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1 INTRODUCTION

1 Introduction

Tunisia is the Maghreb country with the most severe water deficit. It exhibits
an average availability of fresh water below 500m?/year/inhabitant that is con-
sidered as a threshold of absolute water scarcity (Rapport national du secteur de
I'eau, 2019). In addition, climate change projections for 2050 according the Rep-
resentative Concentration Pathway (RCP)’s 4.5 and 8.5 emission scenario predict
an increase of respectively 1 to 1.8 C° and 2 to 2.3 C*° for Tunisia compared to
the pre-industrial society. These scenarios suggest also a decrease in average an-
nual precipitation and longer extreme heat events (CCNUCC, 2018). Tunisia is
therefore situated in a hotspot region affected by climate change. Climate change
reduces considerably availability of water resources, affecting the resilience of the
tunisian society. In this context, Tunisia is expected to strengthen its drought
management strategy. Drought management strategies encompass different com-
ponents, such as drought monitoring, drought adaptation and mitigation.

With respect to drought monitoring, most monitoring systems concentrate pri-
marily on meteorological drought. Different meterological drought indices are pro-
posed that directly can be calculated from monitored meteorological data. In other
cases, hydrological and agronomical drought indices are monitored that incoporate
the monitoring of water storage in soil, rivers, lakes and/or the monitoring of veg-
etation vigour. In yet other cases, drought indices can be produced that consider
the availability of water in the groundwater reserves. For these latter cases, oper-
ational groundwater monitoring is required.

With respect to adaptation strategies, strategies include the development of
institutional and physical infrastructure to cope with drought. With respect to
physical infrastructure, water conservation measures can be proposed such as the
creation of retention bassins, surface water reservoir and groundwater reinfiltra-
tion. The use of groundwater reservoirs for implementing water conservation is
attractive, since it fully exploits natural resources to store the water, it implies
low cost infrastructure (infiltration basin) and it protects the water against ex-
cessive evaporation losses. The groundwater exploitation potential in Tunisia is
estimated at 2190 Mm? (DGRE, 2018), which represents more or less 45% of to-
tal freshwater potential of the country. The groundwater component is therefore
important to be considered in the drought management strategy of Tunisia.

In this master’s thesis, the role of the groundwater component in drought as-
sessment methodologies is further elaborated. The general objective of the master
thesis is to propose and test a methodology that integrates groundwater resources
in a drought diagnosis. This would allow for a more holistic assessment of the
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1 INTRODUCTION

impact of drought on available water resources. The aim is also to ensure that the
methodology can become operational for water resource management in Tunisia.
The methodology should therefore be based on data coming from existing moni-
toring infrastructure.

To reach these objectives, a research action is implemented using the Siliana
catchment as case study. The Siliana catchment is a tributary of the Medjerda
river which is the largest permanent river of the country. The catchment is sit-
uated in the northern part of Tunisia. The research action is structured along 4
different items.

Firstly, a literature review is made on drought assessment methodologies, with
the emphasis on methodologies that allow the integration of groundwater resources
in drought diagnostics.

Secondly, droughts are assessed using three different methods that will be com-
pared. The first methodology is a meteorological based reference methodology. In
this method, satellite based precipitation data are used to evaluate a meteoro-
logical drought indicator (the SPI indicator). The second methodology is a hy-
drologeological oriented methodology based on groundwater body observations. A
diagnostic of in situ available piezometric data is made for the study area that al-
lows for drought assessment. This method allows determining the spatio-temporal
and technical limitations of drought dynamics analysis that are based on available
groundwater data. For the third method, a hydrological model is implemented for
the Siliana catchment with Soil and Water Assessment Tool (SWAT)+ and QGIS.
This model allows assessing water infiltration, and hence groundwater recharge.

This master’s thesis is developed within the SMART Medjerda project (2019-
2023), implemented by Ecole Supérieure des Ingénieurs de Medjez El Bab (ESIM)
and Earth and Life Institute (ELIE) UCLouvain and supported by Wallonie-
Bruxelles International (WBI). The aim of the SMART Medjerda project is to
strengthen the capacity of Tunisian actors in the area of water management and
hence increase the resilience of water management in a changing climate environ-
ment.
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2 State of the art

2.1 Drought definition

Drought is considered as one of the most complex natural hazards due to its com-
plicated nebulous features and lack of universal definition (Wilhite et al., 2007).
The beginning, the end and the spatial distribution of a drought episode are not
explicit (Wilhite et al., 2007; Hisdal and Tallasken, 2000). Also, the intensity de-
pends on the context where it occurs (Gordon, 1992). It depends on the climatic
regime, the vulnerability of the region and the societal risk management skills of
humans in the considered region. It’s also the most common natural disaster af-
fecting people, with 69.1% of all disasters attributed to drought (Guha-Sapir et
al., 2017).

Some other phenomenona can be mistakenly attributed to drought and it is
important to distinguish them before.

2.1.1 Aridity

Aridity is defined as a permanent moisture deficit under normal conditions (Mid-
dleton and Thomas, 1997) where drought is a temporary phenomenon represented
by a water deficit (Maliva and Missimer, 2012). Aridity is therefore climatologi-
cally related to water availability and different specific definitions are available to
define it (Spinoni et al., 2015). Using the mean annual precipitation, for instance,
aridity can be classified into four groups (See table 1) (Holzapfel, 2008).

Precipitation
Extreme arid P < 60-100 mm
Arid 60-100 < P < 150-250 mm
Semi-arid 150-250 < P < 250-500 mm
Mesic P > 500 mm

Table 1: Aridity classes based on annual precipitation mean (mm)

Nonetheless, to get a more precise classification, the Aridity Index (AI) sug-
gested by the Food and Agriculture Organization (FAO) takes into account as
well the Potential Evapotranspiration (PET) as the precipitation during 30 years
to evaluate aridity (see equation 1) (Spinoni et al., 2014).
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30 (P
> il PET, )

30

Al =

where :

e i : the specific year;
e P, : the precipitation for a given year (mm); and

e PET; : the potential Evapotranspiration for a given year (mm).

Four classes are identified for dryland regions (See table 2)

Aridity index
Hyper arid Al < 0.05
Arid 0.06 < AT < 0.2
Semi-arid 02 <Al <05
Dry subhumid | 0.5 < AI < 0.65

Table 2: Classes of climates based on Al

2.1.2 Desertification

The first time this concept appeared was in 1927 by Louis Lavauden and popular-
ized by Aubréville in 1949 (Darkoh, 2003). Used to define the extreme environ-
mental degradation of tropical and subtropical forest in Africa, the signification
of this word was widely debated during the second part of the twentieth century
(Verstraete, 1986).

The United Nations Conventions to Combat Desertification (UNCDD) pro-
poses the following definition (UNCCD, 2017):

“Land degradation in arid, semi-arid and dry sub-humid areas resuls from various
factors, including climatic variations and human activities.”

Following this definition, we can see that desertification depends partly on hu-
man pressure. Nonetheless, notions like reversibility, location, rate of progression,
causes and cures pointed out by Verstraete (1986) must be always kept in mind
when desertification is discussed.
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2.1.3 The drought concept

Despite the lack of a universal definition for drought, four aspects outline the
drought concept (Funk and Shukla, 2020):

e A slow-onset phenomenon. This aspect provides the possibility to im-
plement early warning system but complicates the identification of switch
period to drought situation.

e The multidimensionality. This aspect aims to highlight the magnitude of
the phenomenon through 3 criteria (Sheffield and Wood, 2012; Wilhite and
Glantz, 1985):

— Intensity

— Duration

— Ezxtent
The timing when drought occurs will also influence the vulnerability of soci-
eties and ecosystems to drought (war, economic crisis, water pollution, etc).

e The multidisciplinary and multisectoral nature of droughts.

Four types of drought are commonly developed (OSS, 2008):
— Meteorological drought. This type of drought is based on the abnormal
decrease of rainfall in a certain period of time relatively to historical

records. For the historical records, at least thirty years of data should
be considered;

— Agronomic drought. This type is based on soil water humidity deficit;

— Hydrological/hydrogeological drought. The hydrological /hydrogeological
drought is based respectively on surface and groundwater deficit; and

— Socio-economic drought. Such drought type reflects the consequences
of the other drought types on the organization of human society.

Those types of drought can be concomitant but the first phenomenon is
generally always a meteorological drought.

e The complexity of drought impacts.

With respect to impacts, droughts can affect different sectors :

— The environmental sector by damaging wildlife habitats, fauna and
flora, water quality etc.;

16
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— The economic sector by direct losses for agriculture, industries, energy
production etc.;

— The social sector by water and food shortages, food price increase,
conflicts etc.

Using these definitions, descriptive tools are necessary to cope with the com-
plexity of drought.

2.2 Drought diagnostic tools
2.2.1 Meteorological drought
e Standardized Precipitation Index (SPI)

Developed by (McKee et al, 1993), the SPI is based on the normalization of a
cumulative probability of observed monthly precipitation for a given month.
At least 30 years of continuous monthly precipitation data are needed to have
a reliable index and the longer the historical data, the better the reliability
(Guttman, 1994). The two assumptions for a precipitation-based index are
(Vicente-Serrano et al., 2010) :

— The variability of precipitation is more important and more determinant
than other variables such as temperature and evapotranspiration.

— The other variables do not show important temporal dynamics which
allows to neglect them.

SPI is generally calculated by a two-parameter probability distribution and
the most suitable is the Gamma distribution (Guttman, 1999) but other
distributions are possible like the Poisson-Gamma distribution (Lana et al.,
2001) or a non-parametric distribution (Kumar et al., 2016). The SPI index
classify the rarity of a precipitation episode in a scale that can take both neg-
ative and positive values. It represents respectively dry and wet conditions.
The intensity of a drought or a flood episode is determined by the deviation
of SPI from the median value shown on Table 3 (McKee et al, 1993).

SPI can use different time windows to evaluate droughts (Edwards, 1997).
For example, to calculate a 3-month SPI for january, the range of observed
precipitation will take november, december and january precipitation data
into account. The length of the time window will determine some specific
drought types:

— the 3-month SPI is used to assess a short-term or seasonal drought;
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Classes SPI
Extremely wet > 2.0
Very wet 1.99 to 1.49

Moderately wet | 1.49 to 1.0
Near normal -0.99 to 0.99

Moderately dry | -1.0 to -1.49
Severely dry | -1.49 to -1.99

Extremely dry <-2.0

Table 3: SPI values and intensity of drought/wet episodes (McKee et al, 1993)

— the 12-month SPI is used for evaluating an intermediate-term drought;
and

— the 48-month is used for assessing long-term droughts.

The cumulative probability of historical monthly rainfall records is standard-
ized to calculate values shown on Table 3. The SPI calculated with different
time windows can identify different drought types. For instance the 12-month
SPI may be more indicative for hydrological droughts (WMO, 2012).

Yet, the use of long term window based SPI indices may become problem-
atic to assess hydrogeological drought. Kumar et al., (2016) for instance
assessed hydrogeological droughts in South Germany and the Netherlands,
using data from more than 2000 wells that did not exhibit significant an-
thropogenic influence. Use was made of Standardized Groundwater Index
(SGI) to assess hydrogeological drought. Sheffield et al. (2004) introduced
the quantile-based index SGI for representing anomalies in the groundwater
heads. Values below 0.2 suggest a hydrogeological drought episode (Sheffield
et al., 2004; Andreadis et al., 2005; Vidal et al., 2010; Samaniego et al., 2013;
Kumar et al., 2016). The SGI can be compared with the long time window
SPI. Based on such analysis, Kumar et al., (2016) suggests that different time
spans for evaluating SPI must be considered for different locations due to the
variability of (hydro)geological characteristics of each groundwater well.

One of the main criticism concerning the SPI is the univariate approach, ig-
noring the role of other variables like temperature, evapotranspiration, wind
speed and soil water holding capacity in drought evaluation (Vicente-Serrano
et al., 2010). Nonetheless, rainfall deficit is the reference variable for all types
of drought (Glantz and Wilhite, 1985). Yet, one of the main advantages
is that reliable long term rainfall observations become now available at the
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global scale (Heim, 2002), allowing for a robust assessment of global droughs.
Hence, SPI remains the primary indicator to be evaluated for droughts.

Standardized Precipitation and Evapotranspiration Index (SPEI)

Eigthy % of rainfall is consumed by evapotranspiration (Abramopoulos et al.,
1988). Hence introducing knowledge about the evapotranspiration allows im-
proving assessing drought.The Standardized Precipitation and Evapotranspi-
ration Index (SPEI) allows doing this. The SPEI is built on the same princi-
ple of SPI, but instead of monthly precipitation, the difference between rain-
fall and Potential Evapotranspiration (PET) is calculated (Vicente-Serrano
et al., 2010).

with :

— 7 : a specific month;
— P, : the precipitation for a given month i;

— PFET, : the potential evapotranspiration for a given month i;

The physically based method of Penman-Monteith is considered as the stan-
dard approach for PET calculation by Food and Agriculture Organization
(FAO), International Commission on Irrigation and Drainage (ICID) and
American Society of Civil Engineers (ASCE). The parameters that are needed
are solar radiation, temperature, wind speed, and relative humidity (Vicente-
Serrano et al., 2010).

Nonetheless, for regions where those parameters are not available, the differ-
ence between simple and complex potential evapotranspiration method for
assessing SPEI is not significant (Mavromatis, 2007). Therefore the SPEI
proposed by (Vicente-Serrano et al., 2010) use the simplified method elabo-
rated by Thornthwaite (1948) for evaluating SPEI (see Equation 3) :

PET = 16K<¥)m (3)

with :

— K : the correction coefficient computed as a function of the latitude
and month;
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— T : the monthly mean temperature [C°|

— I : the heat index calculated as the sum of 12 monthly index values i;

— = (%)1.514; and

—m=0675*10""* [F-771 %1075 * [? + 1.79 * 1072 * T + 0.492

The SPEI, unlike the SPI, requires a three-parameter distribution model
to take into account negative values from the water balance calculated via
equation 2. The most suitable fitting curve was shown to be a log-logistic
distribution (Vicente-Serrano, 2010).

Vicente-Serrano (2010) have shown that SPEI identifies the same drought
episodes than SPI, which suggests that SPEI is an efficient drought indicator.
In the context of global warming and increased temperature scenarios, the
SPEI is however relevant in order to assess the severity of drought episodes.

2.2.2 Hydrogeological drought

The annual global groundwater abstraction of about 1000 km3/year estimated in
2010, is considered as the most extracted raw material on Earth (Margat and van
der Gun, 2013). Nonetheless, the limitation of groundwater data induces difficul-
ties to implement efficient groundwater resources (Vrbo and Lippanen, 2007). Yet,
the efficient monitoring of groundwater dynamic is essential for sustainable water
resources management, especially for countries where drought episodes often occur
(Aghakouchak et al., 2014).

e Simple and in situ indices

Six indices have been proposed by (Van Camp et al., 2010) in order to assess
the groundwater depletion and hence hydrogeological drought (See Table 4)

Indicator Explanation Definition
FI Filling Index FI; = pr=lgrm
AFI Accumulated FI AFI =%" FI,
RDR Recharge—Discharge Ratio RDR = gﬁ%‘%}li !
ARDR Accumulated RDR ARDR =>"" RDR;
RDD Recharge-Discharge Difference | RDD = RECH; — DISCH,;
ARDD Accumulated RDD ARDD =>"" RDD,

Table 4: Simple indices for groundwater depletion assessment (Van Camp et al.,
2010)

where :
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— FI; : Filling index for month i;

— PL; : Piezometric level (m) for month i;

— PL,, : Minimum piezometric level (m) for the considered time series;
— PLyyg, : Maximum piezometric level (m) for the considered time series;
— RECH, : Aquifer recharge (m?/day) in month i; and

DISCH; : Aquifer discharge (m?®/day) in month i

The two first indices only need piezometric time series, which is easily built
in order to get a quick view on groundwater evolution. The others need a
more complex approach.

In the Shahrekord plain basin in Iran, (Van Camp et al., 2010) used soil
moisture balance approach with the method proposed by (Thornthwaite and
Mather, 1955, 1957) and implemented into the program WATBUG (Will-
mott, 1977) to calculate recharge.

For discharge, irrigation data were used. Streamflow out of the basin was
considered negligable. The aquifer is located in a nearly closed basin which
implies low lateral inflow and outflow. The storage variation therefore de-
pends mainly on exploitation rate and rainfall recharge. In this case, the
substratum of the aquifer was made of limestone.

Fifteen wells with data series from 1984 to 2003, and four beginning in 1987,
were used to calculate the FI and AFI indices. The indices show a good
correlation with the accumulated change in groundwater storage as modeled
with the physical based numerical groundwater flow model MODFLOW. The
best correlation values were obtained for ARDR and ARDD. Nonetheless,
the same recharge estimation and discharge records were used for imple-
menting the model and calculate the indices, which partially enhanced the
correlation observed between the accumulated change in storage calculated
by the model and the ARDR and ARDD.

Another in situ indicator called Groundwater Index (GWI) is proposed by
Thomas et al. (2017). It is based on spatio-temporal approach and the de-
seasonalization method of (Li and Rodell, 2015). The monthly groundwater
storage observations for a specific well are spatialized by Thiessen polygon
analysis following equation 4. The regionalised groundwater storage is cal-
culated for a given month:

" (A .
GWSt — Z'L:l(nZ thz) (4)

=1
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with :

— 1 : a specific month;

— GW S, : Regionalised groundwater storage depending on time (t) [m];
and

— A, : Area of the Thiessen polygon for well i;

The local groundwater storage term (GW,,) can be calculated via equation
5 and depends on specific yield (S5,) of the well. This latter parameter is
determined by soil features and water level observed in wells in meter (h)
(Thomas et al.,2017 ; Frappart et al.,2018).

GW =S, - him] (5)

The seasonality is removed by equation 6 and the GWI is normalized by time
series mean (X;) and standard deviation (sx,) via equation 7:

Xt - GWStm - GWStm (6)

GWI, = Ko = Xe (7)
S X

Li and Rodell (2014) derived the GWI from in situ data and from the Catch-
ment Land Surface Model (CLSM). Monthly groundwater storage data were
calculated via Princeton meteorological dataset with a time resolution of 3
hours and spatial resolution of 1° for precipitation, wind speed, solar radi-
ation, surface air temperature, surface pressure and relative humidity from
1948 to 2010 (Sheffield et al., 2006). Results have shown strong correlation
between in situ and CLSM model-based GWI and also a strong correlation
for both to the SPI-12 and SPI-24, showing similar degrees of severity for
drought events.

The last index presented is the Standardized Groundwater Index (SGI) pro-
posed by Bloomfield and Marchant (2013). It is based on the same approach
than SPI but instead of precipitations, monthly observed groundwater levels
are used. The first statement is the difficulty to find a theoretical distribution
to fit groundwater levels. In the study of Bloomfield and Marchant (2013),
normal score transformation is used on 14 sites accross the United Kingdom.
Unlike SPI, SGI cannot be calculated for different accumulation period since
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groundwater levels are continuous variables. Furthermore, SPI is a drought
index which is not influenced by geographical differences while SGI is highly
affected by location. Autocorrelation of SGI time series is applied for each
site to quantify groundwater drought. A cross correlation is applied between
both indices to study the potential temporal lag and maximum cross corre-
lation scores (0.87) is attained for SPI-10, with a temporal lag of one month
and the minimum (0.70) is attained for SPI-7 and without temporal lag. The
study concludes that SGI identifies well groundwater drought with regard to
previous drought episodes listed in the country.

e Satellite-based index

The observation of water storage dynamics at large scales by remote sensing
satellite which was considered pertinent by (Rodell and Famiglietti, 1999;
Wabhr et al., 2006), is better monitored since the launch of Gravity Recovery
and Climate Experiment (GRACE) satellite by the National Aeronautics
and Space Administration (NASA) in 2002. The service was stopped due
to battery issues in 2017. Chen et al. (2020) and Rowlands et al. (2005)
consider that it can be an additional data source for drought monitoring.
The GRACE satellites measured the variation of Earth gravity field and
related this variation to variation of global water storage (Landered and
Swenson, 2012; Long et al., 2014; Sinha et al., 2019). GRACE satellites
provided a global monthly estimation of Terrestrial Water Storage Anomalies
(TWSA) based on snow water, surface water, soil water, canopy water, and
groundwater (Scanlon et al., 2018) (see equation 4).

TWSA =5 WS+CWS+SWS+SMS +GWS (8)
with :

— TWSA : Terrestrial Water Storage;
— SnW.S : Snow Water Storage;

— CWS : Canopy Water Storage;

— SWS' : Surface Water Storage;

— SMS : Soil Moisture Storage;

— GWS : Groundwater Storage;

Two approaches are proposed for calculating TWSA? (see figure 1): the
Standard Spherical Harmonic (SSH) approach with three processing systems

2https : //grace.jpl.nasa.gov/data/choosing — a — solution/,06/06/2021
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largely used (Jet Propulsion Laboratory (JPL); Center for Space Research at
University of Texas, Austin (CSR); GeoforschungsZentrum Potsdam (GZP));
and the Mass Concentration blocks (MASCON) approach with also three
processing systems available (JPL-M; CSR-M; Goddard Space Flight Center
(GSFC) with GSFC-M).

TWSA

/\

SSH MASCON

T~ T

JPL  CSR GZP JPL-M CSR-M GSFC-M

Figure 1: Monthly gravity solutions proposed by GRACE for TWSA calculation
(Jing et al., 2019; Chen et al., 2020)

The SSH approach used the first decade of GRACE observations (Landered
et al., 2012 ; Swenson, 2012). It suffers from poor solvability in the east-west
gradient (Liu et al., 2010), requiring empirical post-processing filtering of the
data (Chen et al., 2021). For the treatment of the wavelength signal of the
mass variations, main differences between gravity solutions are based on the
post-processing step with spatial filtering of the spherical harmonic coeffi-
cient (Sakumura et al., 2014). The limitations of SSH smoothing, illustrated
by the loss of real geophysical signals, are overcome by the MASCON ap-
proach where geophysical constraints are more easily implemented (Watkins
et al., 2015). The latest products released (CSR RL06 Mascons solutions)
have a resolution of 0.25° % 0.25° 3.

The validation of GRACE-based groundwater storage variations can be per-
formed when in situ well measurements are available, following the equation
5 (Thomas et al., 2017 ; Frappart et al.,2018). For the evaluation of ground-
water storage variation based on GRACE for the California Central Valley
region, Thomas et al. (2017) proposed the Grace Groundwater Drought In-
dex (GGDI) method using the JPL-RL05.1M mascon solution. This method
begins with the Groundwater Storage Anomaly (GWSA) calculation. Sub-
sequently, the climatology index for the region is calculated as follows (see
equation 9) (Thomas et al., 2014).

3http : /Jwww?2.csr.utexas.edu/grace/ RLO6 _mascons.html, 24/05/2021
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C, = it (GWSA) 9)

n;

where i, the considered month; and n; = the time period.

At least 30 years should be needed for the calculation of climatology. Yet,
the GRACE product is only available since 2002. This limits the potential
of this approach. The seasonal influence on groundwater storage is removed
by substracting climatology (equation 9) from groundwater storage changes
(Jasechko et al., 2014). Thomas et al. (2017) substract climatology from
GWSA to get the Groundwater Storage Deviation (GSD) and calculate the
GGDI by the equation 10.

GSD; —ZTasp

SGSD

GGDI = (10)

with :

— Tggp : mean of GSD ;
— Sasp : standard deviation of GSD ; and

— GSD, : GSD function of time.

Thomas et al. (2017) observe a strong relation between GGDI and the in
situ GWI (see equation 7), but weak correlation between GGDI and SPI-1.
The temporal lag of a drought condition was demonstrated when comparing
the groundwater index with SPI-1 five months before the groundwater index
is calculated. Guo et al. (2021) also assessed the temporal lag of a drought
condition by comparing the SGI with SPI, based on 100 wells with less than
5% of missing data over a period ranging from 1981 to 2010 in four different
regions of the United State of America (USA). The best model describing
the distribution of SGI was the lognormal distribution function. The com-
parison, based on the same accumulation period between SPI and SGI, has
shown a moderate negative correlation and the lag period didn’t change in
function of accumulation period for Massachussetts and Washington regions,
but increased for Oklahoma and Georgia. This suggests the influence of hy-
drogeological conditions (vadose zone, lithology, soil, human activity etc.)
on groundwater behavior.
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2.3 Drought episodes in Tunisia
2.3.1 Historical records

A review of the frequency of drought events based on rainfall deficit during the
twentieth century was made by Henia (2003). In this work the annual rainfall
data from 1900-1901 to 1989-1990 were used?. The rainfall data of each time
series have been organized in ascending order and classified in five classes by a
cumulative frequency method (see Table 5) :

Classes cumulative frequency
Very dry p(x) < 15%
Dry 15% < p(x) < 35%
Normal 35% < p(x) < 65%
Humid 65% < p(x) < 85%
Very Humid p(x) > 85%

Table 5: Classes retained by the cumulative frequency approach.

In the table 6, "dry" and "Very dry" classes are not distinguished®. To evaluate
the spatial distribution of drought, the stations are separated in three regions®:

e the northern region with Beja and Tunis;
e the central region with Kairouan and Sousse; and

e the southern region with Sfax, Gabés and Gafsa.

For the column SPI-12 and SPEI-12 in table 6, data comes from the Earth2Observe
Project funded by the European Union (EU). The data are based on remote sens-
ing and in-situ data . The Geographic Information System (GIS) elaborated by
this project is called Water Cycle Generator (WCI).It was decided to choose the
accumulation period of twelve month in order to maintain the same time resolution
with Hénia (2003).

The Tropical Applications of Meteorology using Satellite (TAMSAT) rainfall datasets
are used to calculate the SPI. The spatial resolution is 0.0375%0.0375 degree® with
a temporal resolution of ten days (Fareh et al., 2017).

4The year starts on September 1 and ends on August 31.

5Droughts from 1900-1901 to 1979-1980 are presented on Table 28 in Appendix

6To facilitate the census, when two stations report a drought, a regional drought is considered.
When six stations report a drought, a national drought is considered.

Twww.earth2observe.eu, 27/05/21

8More or less 4 km?(www.Tamsat.org.uk,27/05/21)
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Year (Hénia, 2003) EMDAT SPI-12 SPEI-12
1980-1981 | Center & South
1981-1982 | Center & South
1983-1984 | Center & South
1985-1986 North North & Center North
1987-1988 Tunisia Tunisia (1988) | Tunisia (1988) Tunisia
1988-1989 North
1989-1990 North
1993-1994 South (1994)
1994-1995 Center North & Center(1995)
1995-1996 North North
1996-1997 Tunisia (1997)
2000-2001 Tunisia Tunisia
2001-2002 Tunisia Tunisia
2007-2008 North & Center | North & Center (2008)
2009-2010 Tunisia (2010) Tunisia (2010)

Table 6: Drought episode observed from 1980-1981 to 2011-2012

The Global Land Evaporation Amsterdam Model (GLEAM) satellite is used to
calculate the actual evapotranspiration for the SPEI. The spatial resolution is 25-
50 km with a daily temporal resolution (Fareh et al., 2017).

The timeframe for both datasets goes from 1983 to 2012. Delimited regions and
SPI/SPEI evolutions are shown in Appendix. A drought was noted when the value
was below -1. The SPI and SPEI show most of the time the same drought episode
except for years 1993-1994 and 1996-1997. Spatial differences are observed for

years 1985-1986 and 1994-1995.

For the column Emergency Events Database (EMDAT), data comes from the
Centre for Research on the Epidemiology of Disasters (CRED) and a disaster is
entered into the database when one of the following criteria is fulfilled? :

e At least ten people reported killed;

e At least hundred people affected;

e Declaration of a state emergency; or

e (Call for an international assistance;

The EMDAT database is mainly based on social impact of drought, which
could explain the poor census of drought episodes.

Yhttps : | /www.emdat.be/explanatory — notes, 27/05/21
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2.3.2 Mapping drought

Due to the difficulties of delimiting the spatial influence of a drought and given
that the extent of a drought episode is one of the criteria of its magnitude, geosta-
tistical approaches are needed to be more precise about the geographical impact
of a drought. Concerning Tunisia, Gader et al. (2020) studied the variability of
precipitations and drought patterns over the Medjerda catchment in north Tunisia.
The geostatistical technique used to map this region is the semi-variogram analysis
with an ordinary kriging method to predict the annual mean precipitation for un-
observed locations, a method already used in Greece by Varouchakis et al. (2018).
Results show high spatial variability ranging from 300 mm/year to 1200 mm /year
for Medjerda catchment, rainfall amounts gradually decreasing from north to south
part of the catchment.

Other statistic approaches, such as L-moment method derived from Probabil-
ity Weighted Method (PWM) (Greenwood et al.,1979), can also be used for the
determination of probability distribution parameters of extreme hydrometeorolog-
ical variables (Gubareva and Gartsman, 2010). Since the L-moment estimation
method use only combination of linear functions of observed datasets, it is less af-
fected by bias in estimation, more robust to outliers and able to characterize more
distribution functions than conventional moment methods (Hosking, 1990). This
method was implemented accross Tunisia by Sellami et al. (2021) to elaborate
a regional drought frequency map with the same procedure than the index flood
Regional Frequency Analysis I-Moments (RFA-LM) probabilistic model, which
has already shown relevant results for meteorological drought frequency by Ninez
et al. (2011) in Chile. The approach structures annual mean precipitation of
62 stations by regions with their own homogeneous probability distribution. Via
the quantile estimation of annual precipitation deficit and the return periods of
droughts, a spatio-temporal drought map provides valuable features of drought
episodes and encouraging tool for drought risk assessments.
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3 Materials and methods

In this section, three complementary approaches (an in situ based approach, a
model based approach and an approach based on available climatic data) will be
implemented to assess drought for the Siliana case study :

First, available generic data on average precipitation will be used to calculate
standard meteorological drought indicators, with different lag times.

The piezometric in situ data will provide an observation of the water resources
status but only during low and high water season (summer and winter). An in-
dicator will be elaborated to normalize the piezometric datasets. Based on this
normalised indicator, drought classes inspired from SPI classes will be arbitrary
attributed to specific range of values.

Finally, within the model based approach, a hydrological model will first allow
delineating the catchment into subbasins. This spatial redefinition sets the bound-
aries of the study areas and allows to focus on catchment parts where piezometers
are located. The hydrological model will then be used to estimate recharge for
those areas of interest and provide a spatio-temporal view of the recharge process.
From the recharge datasets, drought classes inspired from SPI classes will also be
arbitrary attributed in function of the amount of percolated water.

The three approaches provide different ways to assess drought. A correlation
analysis and a confusion matrix analysis will then be be made to compare the 3
different approaches.

3.1 Study site description
3.1.1 Location

Located in the North-West of Tunisia!l?, the Siliana catchment drains an area of
1940 km? approximately with a mainly mountainous terrain, ranging from 79 to
1299 m (see figure 2). The Siliana river is a tributary of the Medjerda river, the
main river in Tunisia with a catchment of aproximately 16400 km? on its tunisian
part (Mjera, 2015). The cumulated discharge of the Medjerda river represents
37% of average annual input of surface water of the country (Rapport national du
secteur de l'eau, 2019).

ONorth latitude : 36°30°.0” 35°50’.0” ; East longitude : 9°0’.00” 9°40°.00”
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Figure 2: Siliana catchment

3.1.2 Climate

The Siliana governorate is characterized by a mediterranean climate with tempera-
ture varying from 3.8C°to 13.3C°for minima and from 18,4C°to 35,3C°for maxima.
The average annual rainfall is between 250 to 600 mm.!! For the Siliana catch-
ment, the average annual rainfall for the period from 1979 to 2009 is 580 mm/y,
with december-january being the wettest months and july-august being the dri-
est (El Ghoul, 2017). The catchment situates in the semi-arid bioclimatic zone
(Ozenda, 1975; Mjera 2015) and is characterized by a high evaporation potential
and a marked risk of water stress. The mountainous topography contributes to

Whttp : //www.environnement.gov.tn/GDTS/index.php?option = com__content&view =
article&id = 136&Itemid = 787&lang = fr, 21/07/2021
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high variability in infiltration and Evapotranspiration (ET) dynamics , depending
on influence of climatic parameters over southern an northern slopes of moutains

(see table 7).

Temp. (C°) | Insolation (h) | Wind (m/s) | R.H (%)
Winter 10.0 430 3.3 72.1
Spring 15.8 667.3 3.5 68.3
Summer 26.5 945.6 3.4 51.5
Autumn 19.0 587.2 3.2 67.4

Table 7: Seasonal means of climatic parameters for period 2000-2011 on Siliana

catchment (INM; Mjera, 2015).

3.1.3 Geology

More than 50% of the geological outcrops are represented by four types of rocks:
recent alluvium and marlstone with "yellow balls" (aE2-3), marlstone with cal-
careous interlayers (cC2), recent alluvium (a(Q)) and white chalky limestone (dC2)
with respectively 19.2, 14, 13.5 and 7.7 percent of the Siliana catchment area (see
fig.3 and table 8).
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Figure 3: Geology of Siliana catchment (Limbourg, 2021; Carte géologique
1:500.000)
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Code Era Rock type
Quaternary
aQQ Recent and current alluvium Recent alluvium
cQ Middle and upper continental pleis- | Ancient alluviums, calcareous
tocene and gyspum
mQ Middle and upper marine pleistocene | Coastal beaches and dunes con-
(Mainly tyrrhenian) solidated
Tertiary
PI Marine pliocene Marlstone and sandstone
M-PI Miocene - continental pliocene Conglomerates, sand and clay
O-M1 Aquitanian oligocene Sandy-clay flyschs
0-M2 Upper oligocene - middle miocene Marlstone, sandstone and glau-
conite
M3 Upper miocene Clay, sandstone and conglomer-
ates
E2-3 Lutetian - priabonian Marlstones with "yellow balls"
El Ypresian Calcareous with globigerina and
flint
Cm2-P Maastrichtian-paleocene Marlstone and clay with "yellow
balls"
Secondary
C2 Unsubdivided upper cretaceous
cC2 Lower senonian Marlstone with calcareous inter-
layers
cdC2 Unsubdivided senonian
dC2 Upper senonian White chalky limestone
rC1 Lower cretaceous Perirecifal limestone
scl Lower cretaceous Marlstone, memo-calcareous and
alternating sandstone
T Trias Clay, dolomite, sandstone and

evaporite

Table 8: Geological codes encountered on the Siliana catchment area (Carte
géologique 1:500.000).
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3.1.4 Land use

The study area is mainly dedicated to agriculture with a dominant cereals (wheat)
production (64% of cultivated area). Other productions are smaller with forest
Aleppo pine (11%) and olive groves (7%) (see fig. 4).

Land use
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Figure 4: Land use map for Siliana catchment (El Ghoul, 2017)

3.2 The meteorological based drought assessment approach
3.2.1 Calculation of SPI with CHIRPS database

The Climate Hazards group Infrared Precipitation with Stations (CHIRPS) is
a quasi-global (50°N-50°S), high resolution (0.05°), daily, pentadal and monthly
precipitation dataset (Funk et al., 2015) ranging from 1981 to near present. In
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addition to satellite imagery, in situ station data provide gridded rainfall time se-
ries for trend analysis and seasonal drought monitoring!?. The datasets have been
retrieved from Google Earth Engine (GEE), a platform which provides a large
free catalog of satellite imagery an that can be accessed through the programming
language JavaScript and Python.

In order to target the subbasins where the piezometers of the study are located,
five shapefiles were extracted from QGIS with sometimes grouped subbasins (see
Chapter 3.3).Then, the shapefiles were uploaded on GEE and 1983-2020 precipi-
tation data for each have been downloaded!® via the written code shown in fig.44
(Appendix). SPI is mathematically based on the cumulative probability of some
precipitation recorded at the observation station (Zhang et al., 2017). Guttman
(1999) suggests that the Gamma distribution is the most suitable probability dis-
tribution to model precipitation data. Hence, a Kolmogorov-Smirnov (K-S) test
was applied to the CHIRPS dataset of each subbasin to verify the validity of the
Gamma distribution model.

3.2.2 The Kolmogorov-Smirnov test

The K-S test is a non-parametric, goodness of fit statistical test which allows to
analyse the type of distribution of a given dataset (Soong, 2004). The test is only
valid for continuous distributions. The K-S test measures the deviation of the
observed distribution function F°(x) from the hypothesized distribution function
Fx(x). The maximum of this deviation, noted ds, is calculated via equation 11 :

dy = maz_ | [|F°(x;) — Fx(z;)|]] with i=1,2,..n (11)

where x; are rearranged sample values in increasing order of magnitude and

F°(z) the observed function determined at each (x;) by the relation F°(x;) = *.

Then a level of significance « is choosen and the maximum absolute value on
equation 11 is compared with critical value ¢, , shown in fig.45 (Appendix). The
null hypothesis of same distribution Hj is rejected when ds > ¢, ,. The python
code, written by Creplet (2021) in Spyder software and adapted for the study area,
is shown on Fig.46 and 47 (Appendix).

Lhttps : /Jwww.che.ucsb.edu/data/chirps, 23/07/2021
13Due to large amount of data with daily resolution time, pentad (5 days) resolution time has
been downloaded

35



3 MATERIALS AND METHODS

3.2.3 Gamma probability distribution for SPI
The SPI calculation begins with the Gamma probability density function presented
(12)

1 —x
xa_le(f)

in equation 12 :
g\r) =
)= 5T

where
e o > 0 : a shape parameter;

e 5> 0: ascale parameter;
e 1 > 0 : the precipitation amount; and

e ['(a) : the gamma function.
(13)

—+00

I'(a) = / y*leTVdy

The Gamma function yields:

0

For the optimal estimation of « and  parameters, Thom (1966) proposes the

following Maximimum Likelihood Estimators (equations 14 and 15) :

@:i<1+\/1+%)
(15)

4A

oY

B =

with
o A=In(z)— =h®,
n
e n : precipitation observation number; and

e 7 : mean of precipitation time series.
The integration of equation 12 provides the expression of cumulative probability

presented in equation 16 :
G(x) / (2)d ! / i-1¢75 g (16)
xr) = g(x)dr = — x* e Adx
0 par(a) Jo
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As precipitation datasets may contain zeros, the cumulative probability is
adapted to consider the censored data (equation 17)

H(z) = ¢+ (1-q)G(x) (17)

e = is the probability of no precipitation;

e m : the number of zero in a precipitation dataset; and
e n : number of observations in a precipitation dataset.

To calculate the SPI index, the cumulative probability H (z) must be converted
to a standard random variable Z with mean zero and variance of one (Edwards,
1997). This modification, called an equiprobability transformation, is necessary in
order to move from a [0,1] distribution, like the Gamma distribution, to a standard
normal distribution (Panofsky and Brier, 1958). This transformation is expressed
with equation 18 developed by (Abramowitz and Stegun, 1965) :

coFcitteot?
7 — 9P — — Tdiheiar ). 0<H(z) <05 a8)
2
+(t - gieias ). 05 <H(x) <10
where
In —1s 0< H(z)<05
f () (19
In———, 05<H(z)<10

(1-H(z))*’

dy = 1.432788, dy = 0.189269, ds = 0.001308
cop = 2.515517, ¢; = 0.802853, c2 = 0.010328

All thoses steps described for the calculation of SPI have been encoded in the
GEE platform by Creplet and Alonso (2021)14.

3.2.4 Calculation of the H(x) indicator

In order to facilitate the comparison with other drought indicators, the cumulative
probability of precipitation H(z) is preferred instead of SPI, because it covers
the same bounded range of value [0,1] than the piezometric-based that will be

4For the code, please contact marnik.vanclooster@uclouvain.be from UCLouvain Earth and
Life Institute (ELI)
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presented further. The quantile based approach has been used in many recent
drought studies, considering a drought when the value goes below 0.2 (Sheffield et
al., 2004; Andreadis et al., 2005; Vidal et al., 2010; Samaniego et al., 2013; Kumar
et al., 2015). The correspondence between SPI and H(x) is shown in table!® 9.

SPI cumulative | Cumulative

probability (Z) | probability
(H(x))

-3 0.0014

-2.5 0.0062

-2 0.0228

-1.5 0.0668

-1 0.1587

-0.5 0.3085

0 0.5

0.5 0.6915

1 0.8413

1.5 0.9332

2 0.9772

2.5 0.9938

3 0.9986

Table 9: Corresponding value of H(x) with SPI (Edwards et al, 1997).

3.3 The drought assessment approach based on in situ piezo-
metric data

3.3.1 Available piezometric data

Fifty four piezometers are reported in the SMART Medjerda project database.
Twenty piezometers have been selected as they exhibit data corresponding to the
time period of interest (1997-2013) with an acceptable degree of completeness.
Those data are shown in the tables 10, 11, 12, 13 and 14 and their locations on
Siliana subbasins are presented in fig. 5.

3.3.2 Calculation of indicators

Due to data limitations the simplified Filling Index (FI) and Accumulated Filling
Index (AFI), presented in table 4, was used as a basis to calculate an alternative

15For the calculation of SPI on GEE, the code is made with inversion of correspondance
between H(x) and SPI. So a value above 0.8 is considered as a drought.
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Subbasin(s)| PLmin [m| | PLmax [m| | Start | End Missing

year

Youssef 2,4 12.9 8.03 Apr. 97 | Sep. 09 None

Lab

U-C-P El|24 10.71 4.65 Apr. 97 | Sep. 09 None

Borj

Boujemaa | 2,4 5.86 2.45 Apr. 97 | Sep. 0.9 None

0.

Puits Djel- | 2,4 4.83 0.45 Apr. 97 | Sep. 09 None

ida

U-C-P El|24 15.36 9.69 Apr. 97 | Sep. 09 None

Mch

Bir Abde- | 24 7.71 2.52 Apr. 97 | Sep. 09 06

lati

Ecole Bre- | 2,4 14.41 8.25 Apr. 97 | Sep. 09 None

hga

Table 10: Piezometers located in the Boaraada groundwater body.
Subbasin(s)| PLmin [m| | PLmax [m| | Start | End Missing

year

H. Ben Ab- | 16 29.1 9.99 Apr. 98 | Sep. 13 00/01/02

delmlek

Table 11: Piezometers located in the Siliana upstream groundwater body.

Subbasin(s)| PLmin [m| | PLmax [m| | Start | End Missing
year
M’barek 9 14.45 10 Apr. 97 | Sep. 11 00/01,/02/04
ben Med.
H.
Salah ben | 9 19.18 13.52 Apr. 97 | Sep. 14 00/01,/02/04
A Z.

Table 12: Piezometers located in the Siliana downstream groundwater body.

groundwater based drought indicator. The drought indicators are referred to as
Emptying Index (EI) and Accumulated Emptying Index (AEI) and are defined in
equations 20 and 21.

PL;, — PLpys

EI, =

PLmin -

PLmaa:
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Subbasin(s) | PLmin [m| | PLmax [m| | Start | End Missing

year

Salah Ben | 17 29.06 17.05 Apr. 97 | Apr. 09 00/01

Rabeh

Sassi Ben | 17 18.27 11.56 Apr. 97 | Oct. 09 00/01

Med.

Taleb

Amor Ben | 17 32.98 16.15 Apr. 97 | Oct. 09 00/01

Ahmed C.

Table 13: Piezometers located in the Raas El Maa groundwater body.
Subbasin(s) | PLmin [m| | PLmax [m| | Start | End Missing

year

4343 bis/3 | 10,14,15,16 | 33.11 14.36 Apr 97. | Sep. 14 00/01

4450 bis/3 | 10,14,15,16 | 48.23 14.35 Apr. 97 | Sep. 14 00/01

U2 bis 10,14,15,16 | 44.94 14.13 Apr. 97 | Sep. 14 00/01

P3 BIS 10,14,15,16 | 37.26 14 Apr. 97 | Sep. 14 00,01

Saniet 10,14,15,16 | 33.95 12.35 Apr. 97 | Sep. 14 00/01

Chraiet

Romana 10,14,15,16 | 48.95 22.37 Apr. 97 | Sep. 13 00/01

Boukris 10,14,15,16 | 20.96 12.4 Apr. 97 | Sep. 09 00,01

Table 14: Piezometers located in the Siliana underflow groundwater body.
AEI =) EI, (21)

=1

EI ranges from 0 to 1, showing respectively the highest water level and the

lowest water level observed for a given well.

discharge for a given well.

3.3.3 Drought classes based on EI values

AEI shows the time dynamic of

From the EI range of values, five classes are arbitrary determined to distinguish
drought intensity (table 15).
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Classes EI [-]

Very humid | 0-0.15
Humid 0.15-0.35
Normal 0.35-0.65
Dry 0.65-0.85

Very dry 0.85-1

Table 15: Classes retained for EI.

3.4 Drought assessment based on hydrological modelling

3.4.1 Description of the model and data available

The Soil and Water Assessment Tool (SWAT') model is a physically based hydro-
logical model elaborated in order to predict impact of soil management on water,
sediments and agricultural chemical yields in ungaged basins. With the use of
readily available inputs, long period simulations are possible without calibration
(Arnold et al., 1998). Physically based models are mathematical idealization of real
phenomenon, with parameters depending on time and characteristics of the study
area (Devia et al., 2015). The water balance calculated by SWAT is presented in
equation 22 :

t
SWt = SWO —+ Z(RU - Qs - ET - Wseep - ng) (22>
i=1
with :

e STV, : Soil water content at time t [mm];
e ST, : Soil water content at time 0 [mm];

e R, : Rainfall volume during the time increment [mm);

e () : Surface runoff during the time increment [mml];

e ET : Evapotranspiration during the time increment [mm)];

o Wy, o Infiltration from soil to underlying layers during the time increment
[mm];

e Qg : Groundwater runoff during time increment [mm|; and

e ¢ : Time [days].
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The infiltration model proposed by SWAT+ for daily rainfall inputs is based on
the Curve Number method (USDA-NRCS, 2004). This empirical model calculates
surface runoff and subsurface flow by integrating land use, soil type and humidity.
The PET is calculated via the Penman-Monteith method (Neitsch et al., 2005).
All data available are shown in table 16.

Data Resolution Source

Precipitation Daily (1979-2009) 7 stations (DGRE
Tunisia)

Temperature Daily (1979-2009) 9 climatic stations
(SWAT generated 22
Km grid)

Wind/Solar  radia- | Daily (1979-2009) 9 climatic stations

tion,/ Humidity (SWAT generated 22
Km grid)

DEM 30 m SRTM

Soil data 1: 50 000 Agricultural map
Soil database (Sellami
et al., 2014)

Landuse 1: 5000 Agricultural map
(Khlifi, Projet WBI)
Landuse database
(SWAT model crop
database)

Flow rate Daily (09/1975- | DGRE (Tunisia)

08,/2008)

Table 16: Input data for SWAT+ model (El Ghoul, 2017).

The model has already been used in Tunisia, showing good performance to

simulate flow rates, erosion and sediment behaviour (Aouissi et al., 2014; Ouessar
et al., 2009; Sellami et al., 2016; El Ghoul, 2017).

The data used for this section have been made available by El Ghoul (2017) who
implemented previously the SWAT model in the ARC-SWAT version of the model.
In this section the implementation of SWAT+ within the QGIS environment is
explained.
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3.4.2 Watershed delineation and soil/land use databases integration

The first step in setting up the hydrological model constists in the delineation of the
Siliana catchment and the watershed network. Use is made of the Digital Elevation
Model (DEM) provided by the Shuttle Radar Topography Mission (SRTM).This
step separates the watershed into 19 subbasins, presented on fig. 5.

Piezometer

PZ Raas El Maa

PZ Boaraada

PZ Upstream Siliana
PZ Underflow Siliana

©  PZ downstream Siliana

e o o o

Elevation [m]

79
[ ]384
I 689
1994
B 1299

Figure 5: Siliana subbasins generated by the watershed delineation.

After the delineation of the geometrical properties of the catchment, land use
and soil databases are integrated in the model. The tunisian soil characteristics
were provided by Sellami et al. (2014) and added to the SWAT database. The
following parameters were integrated: soil depth, water holding capacity, soil pro-
file, grain size etc. Eleven soil types and fifteen land use classes were identified
for the region (see table 17). The catchment has been separated into two classes
of slopes, lower and higher than 5 %. The soil and land use feature of the differ-
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Soil code Soil type!® Land use | Land use type!”
code
S-700 Lithosol /Regosol WWHT Wheat
S-701 Undeveloped soil GRAR Row crops
S-702 Rendzina PINE Pine tree
S-703 Brown calcareous soil | BARR Barren
S-705 Vertisol FRST Forest
S-706 Isohumic soil OAK Oak tree
S-708 Fersiallitic soil OLIV Olive groves
S-709 Halomorphic soil ORCD Orchard/Vineyard
S-711 Complex soil PAST Pasture
S-712 Urban Area RANG Range grasses
S-714 Wadi TOMA Tomato
URHD Urban high density
URML Urban  medium-low
density
URMD Urban medium den-
sity
WATR Water

Table 17: Soil and land use types for the Siliana catchment.

ent subbasins are presented in table 18. Wheat production is dominant in every
subbasin, excepted for the second one where pine forest is the dominant land use.
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Subbasin | Area [km?| | Mean ele- | Slope < | Dominant | Dominant
vation [m| | 5% (%) soil texture | land  use
(%) (%)
1 122.53 238.53 17.91 S-711 WWHT
(35.92) (46.80)
2 25.72 310.53 18.51 S-711 PINE
(45.65) (39.71)
3 293.88 327.35 26.57 S-703 WWHT
(28.04) (64.68)
4 69.33 315.69 26.12 S-703 WWHT
(46.74) (75.77)
5 56.81 250.76 30.95 S-703 WWHT
(37.31) (82.67)
6 596.73 449.05 18.31 S-703 WWHT
(29.98) (57.07)
7 50.68 405.32 27.22 S-702 WWHT
(39.54) (78.92)
8 147.64 488.72 17.83 S-711 WWHT
(39.55) (73.53)
9 363.87 444777 26.44 S-703 WWHT
(33.18) (69.24)
10 100.29 064.17 24.61 S-705 WWHT
(22.31) (77.34)
11 65.74 673.35 22.67 S-711 WWHT
(36.81) (70.72)
12 118.04 634.32 20.63 S-700 WWHT
(27.74) (73.50)
13 99.55 675.45 19.96 S-711 WWHT
(43.69) (49.28)
14 1.38 446.01 46.19 S-701 WWHT
(98.76) (80.63)
15 15.21 205.30 29.91 S-703 WWHT
(37.50) (39.24)
16 175.34 707.82 18.28 S-700 WWHT
(29.23) (47.34)
17 04.17 607.17 29.99 S-711 WWHT
(46.31) (30.79)
18 24.75 815.55 28.33 S-703 WWHT
(35.73) (84.57)
19 109.46 865.75 19.49 S-701 WWHT
(26.04) (69.22)

Table 18: Physical attribu#ds of the Siliana subbasins.
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3.4.3 Creating HRU

SWAT+ is a semi-distributed model which, in addition to a spatial division into
subbasins, proposes a division into Hydrological Response Unit (HRU). Spatial
discretization into HRU’s is determined by the slope class, soil type and land use.
The HRU allows representing the spatial heterogeneity of the study area. The
number of HRU’s is manually selected in SWAT+. In order to avoid too long
calculation processes, 279 HRU’s have been calculated for the model. Then the
HRU with largest area of each subbasin has been considered as representative of
the considered subbasin.

3.4.4 Climatic datasets integration and simulation

The last step concerns the addition of climatic data. Data for seven stations'®

located on the catchment were available for precipitation (see table 16). Other
climatic data such as temperature, wind, solar radiation and humidty comes from
9 climatic locations available in SWAT database'®. The model was implemented
using a monthly time step from 1997 to 2013. A warming-up period of 3 years was
considered, which means that the modelling output is only considered from 2000
to 2013. The time dynamics can be directly observed within the QGIS interface.
No calibration was done in this study, because the software SWATCUP-+ wasn’t
freely available. Nonetheless, the SWAT software has been elaborated with the aim
of predicting hydrological behaviour with a minimum effort of model calibration
(Arnold et al., 1998).

3.4.5 Calculation of recharge based drought indicator

From the model, monthly percolation data are retrieved for each subbasin where
piezometers are located, by selecting HRU’s where percolation occurs. This indi-
cator, called Percolation Drought Index (PDI), is only based on classes related to
recharge amount ranges and presented on table 19.

Table 19: Classes retained for PDI.

Classes PDI [mm)|
Very humid > 50
Humid 30-50
Normal 15-30
Dry 0-15
Very dry 0-5

8Bargou, Bousalem, Bouarada, Bargou, Makthar, Touboursouk, Siliana

D : swat.tamu.eau
Ontt t.t d
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3.5 Correlation between H(x) and EI

The correlation between H(x) and EI is calculated to analyse the consistency be-
tween the meteorological drought and hydrogeological drought assessment. The
correlation code has been written in a Jupyter Notebook software with Python
language and it is available in appendix (Fig.48, 49, 50 and 51). An example of
plot for the evolution of EI for Youssef Lab piezometer and the H(x)-9 for the
subbasins 2 and 4 is presented in fig.6. The test used is the Spearman’s rank
correlation test

H(x)/El evolution for Youssef Lab PZ

IRV A
AT ALY A
RUERIILN .
AREN Y

1996 2000 2004 2008 012 2016 2020

—_
—_—

Figure 6: Evolution of EI and H(x)-9 for the Youssef lab piezometer.

The Spearman’s rank correlation coefficient presented in equation 23 is a robust
non-parametric test elaborated by Spearman (1904) which evaluates the statistical
dependence between the ranks of two observed variables instead of their actual
values, as it is the case with the Pearson correlation (Croux and Dehon, 2010).
This test assesses to what extent a monotonic function can describe the relation
between two variables. The monotonic should not be a linear function, and the
distribtion of the variables should not be a normal distribution :

2
_q o b2di

n(n? —1) (23)

p

where
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e d : the pairwise distances of the ranks of the variables xi and yi; and

e 1 : the number of samples.

The non-linearity and the non-normal distribution are observed in fig. 7 for
the Abdelmlek piezometer and H(x)-6 for the subbasin 16. For other subbasins,

non-linearity and non normal distribution are observable in appendix (fig. 52 ,53
,54 and 55).

ﬂ.ﬂ h -1 a®

0.6 -

Hx

04 -

0.2 1

0.0 -

10 A - - - 7

05 - L -

064 * L
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0.4 1 ¢ o . ]
02 -

0.0 - - . E

000 025 050 075 0.0 05 10
Hax El

Figure 7: Distribution of EI and H(x)-6 for the Abdelmlek piezometer.

The interpretation of the correlation coefficient score is explained in table 20.
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Coefficient in- | Correlation
terval strength
.000-.199 Very weak
.200-.399 Weak
.400-.599 Medium
.600-.799 Strong
.800-.999 Very strong

Table 20: Interpretation of coefficient correlation.

3.6 Confusion matrix between H(x), PDI and EI

The five classes proposed for EI and PDI in tables 15 and 19 are compared with
existing classes for H(x). The "extremely dry" and "extremely wet" classes from
table 3 are included in "Very dry" class to make the comparison easier. This
comparison aims to validate the potential reliability of proposed classes for EI and
PDI. Then EI and PDI classes will also be compared together. Confusion matrices
and their accuracy are implemented on Jupyter Notebook with the sci-kit Python
library.
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4 Results and discussions

Results and discussions will be subdivided according to groundwater bodies.

Spearman’s correlation tables compare EI of each piezometer with H(x) for
different accumulation periods (see tables 23, 24, 25, 26 and 27). Accumulation
periods range from one to 24 months and aim to identify which accumulation pe-
riod best links meteorological and hydrogeological drought for each groundwater
body.

Then, the evolution PDI in subbasins where groundwaters bodies are located
is compared with H(x) 9, 8, 26 and 27. The use of H(x))-24 is used for these
groundwater bodies where many piezometers are available, based on the observed
coefficient of correlation in tables 23 and 27. For other groundwater bodies where
small number of piezometers are availablee, H(x)-12 is used. This is consistent with
recommandations to assess intermediate-term droughts (Edwards, 1997). Both in-
dicators are further compared with EI evaluated for all piezometers located within
the respective groundwater body.

Finally, confusion matrices between H(x)-12 or H(x)-24 (depending on ground-
water body) and PDI are made. Predicted drought classes for EI are also compared
with H(x) and PDI drought classes for some piezometers selected on each ground-

water body. The accuracy of the confusion matrices is presented in table 21 and
22.

Subbasins Accuracy
2.4 0.01
16 0.02
9 0.05
17 0.02
10,14,15,16 0.05

Table 21: Accuracy of each confusion matrix between PDI and H(x) for different
subbasins in the Siliana catchment.
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Piezometer PDI | H(x)
Boujemaa 0.10 | 0.28
El Borj 0.26 | 0.24
Ecole Bregha 0.20 | 0.15
Youssef Lab 0.40 |0.23
Hammadi Ben A. 0.23 [0.35
Salah Ben Abdelafidh | 0.12 | 0.12
Z.

Mbarek Ben Med H. 0.38 0.11
Amor Ben Ahmed C. | 0.37 | 0.16
Sassi Ben Med. Taleb | 0.37 | 0.12
PZ P3 bis 0.08 |0.39
PZ 4343 bis/3 0.00 |0.39
PZ 4450 bis/3 0.12 |0.19
Romana 0.12 0.35

Table 22: Accuracy for each confusion matrix of EI classes with PDI and H(x)

classes.

4.1 Boaraada groundwater body

H(x)-1 | H(x)-3 | H(x)-6 | H(x)-9 | H(x)-12 | H(x)-18 | H(x)-24
Youssef 0.088 0.255 0.451 0.387 | 0.460 0.517 0.529
Lab
U-C-P El | 0.159 0.402 0.436 0.454 | 0.499 0.535 0.487
Borj
Boujemaa | -0.176 -0.023 0.193 0.343 | 0.274 0.397 0.454
0.
Puits Djel- | -0.097 0.011 0.274 0.504 | 0.481 0.563 0.580
ida
U-C-P EI | -0.139 -0.083 0.025 0.192 | 0.241 0.271 0.293
Mch
Bir Abde- | 0.018 0.125 0.253 0.406 | 0.429 0.480 0.550
lati
Ecole Bre- | -0.111 -0.010 0.221 0.450 | 0.478 0.503 0.549
hga
Table 23: Spearman’s rank correlation coefficient between EI and H(x) for

Boaraada groundwater.
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Figure 8: Evolution of H(x)-24, percolation and EI index for piezometers located
at Boaraada groundwater body (1/2).
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Evolution of H(x)-24 for subbasins 2 & 4
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Figure 9: Evolution of H(x)-24, percolation and EI index for piezometers located
at Boaraada groundwater body (2/2).

The Boaraada piezometers are scattered on subbasins two and four. The land use
of this groundwater body is characterised by a majority of pine tree and wheat
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crops. The soils are complex soils over the subbasin two and brown calcareous soils
over the subbasin four. Most piezometers show that drought is important (fig. 8
and 9) with a quite regular high level for EI from 1997 till 2003. The "Boujemaa
O." piezometer, however, behaves anomalous in this water body. This piezeome-
ter exhibits a low value for the hydrogeological drought indicator for the complete
observed period. The change in the water level in the wells coincides with the
important recharge episode observed with SWAT+ in 2003. This recharge ended
the long drought that affected the whole country from 2000 to 2002. The 2004 and
2006 recharge coincide with expected winter recharge and can be observed in the
dynamic of all piezometers. From 2007 onwards, a rise in the pressure on water
resources is observed. Indeed, 2007 was a year characterised by a drought located
in the north and the center of Tunisia, as confirmed by the evaluation of SPI-12
and SPEI-12 (table 6). Yet this was not assessed by the H(x)-24, showing a value
near from 0.5 and corresponding to a near normal situation following tables 3 and 9.

The Spearman’s rank correlations between H(x) and EI (table 23) increase for
most piezometers in terms of the lag time of H(x), except for "U-C-P El Borj"
piezometer. For this last piezometer the maximum correlation is obtained for H(x)-
18. The coefficients show all medium correlation except for except for "U-C-P El
Mch" piezometer with p = 0.293. The best value is attained by "Puits Djelida"
with p = 0.580. This difference between rank correlation values can be explained
by the depth of well. Indeed, the "U-C-P El Mch" shows the deepest record for
piezometric levels (15.35 m) and "Puits Djelida" the shallowest (4.83 m). This
logic is in accordance with the theoretical expectation about relationship between
accumulation period and depth of water table reported by Li and Rodell (2015)
and observed by Kumar (2016).

54



4 RESULTS AND DISCUSSIONS

ali 0 0 0 21 0

-l 0 0 0 27 0

=

™

X

TAl 0 0 0 0 0

=

-{ 0 0 0 12 0

} T T T ] T
D H N VD  VH

PDI

Figure 10: Confusion matrix between H(x)-24 and PDI for subbasins 2 and 4.

(al 0 0 3 0 0 o 0 0 0 0
1 O 0 0 0 0
3 {1 O 0 0 0
~=z1 0 8 6 4 a
> o
¥ = 6 8 2 4
a1 O 0 0 0 0
=
r{ O 1 0 0 1 a1 O 0 0 0
= >
D H N VD VH D H N VD

Figure 11: Left : Confusion matrix between EI and H(x)-24 for Boujemaa piezome-
ter. Right : Confusion matrix between EI and PDI for Boujemaa piezometer.
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Figure 12: Left : Confusion matrix between EI and H(x)-24 for El Borj piezometer.
Right : Confusion matrix between EI and PDI for El Borj piezometer.
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Figure 13: Left : Confusion matrix between EI and H(x)-24 for Ecole Bregha
piezometer. Right : Confusion matrix between EI and PDI for Ecole Bregha
piezometer.
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Figure 14: Left : Confusion matrix between EI and H(x)-24 for Youssef Lab
piezometer. Right : Confusion matrix between EI and PDI for Youssef Lab
piezometer.

Concerning the confusion matrices, PDI predicted classes and H(x)-24 true
classes exhibit a poor accuracy (table21) with a value close to zero. In contrats,
EI shows better consistency. The largest consistencies between EI and PDI or H (z)
is attained for the Youssef Lab, with an accuracy of 0.40 and for Boujemaa for
EI-H(x)-24 with an accuracy of 0.28. For piezometers, "Normal" class is the most
correctly identified for EI-H(x) and "Very dry" for EI-PDI. Nonetheless, number
of misclassifications is much higher. Those values are too weak, suggesting a bad
drought classification method for PDI and EI classes. Furthermore, "Very dry"
class is predominant in PDI, where all zero values belong to this class which biases
the calculation of the values in the confusion matrix.
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4.2 Siliana upstream groundwater body

H(x)-1 | H(x)-3 |H(x)-6 |H(x)-9|H(x)

12 [H(x)-18 | H(x)-24

Hammadi
Ben A.

-0.265 -0.325 -0.301 -0.210 | -0.155 -0.085 0.044

Table 24: Spearman’s rank correlation coefficient between EI and H(x) for Siliana
upstream groundwater.
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Figure 15: Evolution of H(x)-12, percolation and EI index for piezometer located
at Siliana upstream groundwater body.
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4 RESULTS AND DISCUSSIONS

The Siliana upstream piezometers are located on subbasin sixteen, caracterised by
a dominance of wheat crops and lithosols/regosols. Missing data for 2000-2002
period limit the interpretation (fig. 15). A moderate to high drought pressure is
observed at the beginning of 2003, which shows possible consequences of 2000-2002
drought. This is followed by an important recharge at the beginning of 2004. The
discharge following the drought of 2007 is clearly marked. The consequences of
drought of 2010 seems to be persistant until 2012. In 2012 a long recharge period
occurred which coincides with low values of H(x)-12.

The Spearman’s rank correlation (table 24) shows for this groundwater body
that the best coefficient (p = —0.325) is obtained with H(x)-3. Yet, we should
expect a higher coefficient at longer accumulated period for H(x) (Edwards, 1997)
especially as the well is rather deep with 29,1 m for the deepest level recorded
(Li and Rodell, 2015). The result was not taken into consideration because of the
few wells available. The H(x)-12 has been selected for calculating the confusion
matrices.

Confusion matrices show near zero accuracy for H(x)-PDI classes (a = 0.02)
and weak accuracy for EI-H(x) (a = 0.35) and EI-PDI (a = 0.23) classes, observable
respectively in figures 16 and 21. The normal class is the most coinciding for EI-
H(x) and the very dry class for EI-PDI. "Normal" class is the best identified for
piezometer indicators.
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Figure 16: Confusion matrix between H(x)-12 and PDI for subbasin 16.
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Figure 17: Left : Confusion matrix between EI and H(x)-12 for Hammadi Ben A.
piezometer. Right : Confusion matrix between EI and PDI for Hammadi Ben A.
piezometer.

4.3 Siliana downstream groundwater body

H(x)-1 | H(x)-3 | H(x)-6 | H(x)-9 | H(x)-12 | H(x)-18 | H(x)-24

M’barek 0.338 0.443 0.517 0.523 | 0477 0.461 0.258
ben Med.
H

Salah Ben | 0.093 0.111 0.100 0.405 | 0.413 0.382 0.415
Abdelafidh
7.

Table 25: Spearman’s rank correlation coefficient between EI and H(x) for Siliana
downstream groundwater.
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Figure 18: Evolution of H(x)-12, percolation and EI index for piezometers located
at Siliana downstream groundwater body.

The Siliana downstream piezometers are located in subbasin 9, characterised by a
dominance of wheat crops and brown calcareous soils. These piezometers (Fig.18)
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have quite a lot of missing data (2000-2002, 2004) and the available records be-
gin with a middle/high pressure on water resources, that could be initiated with
the 1997 drougth. The possible consequences of the 2000-2002 drought and the
recharge of 2003 is observable.

For the "M’barek ben Med. H." case, the drought of 2007 is remarkable with
an EI passing from 0.25 at the end of 2006 to 0.80 and above in 2007. Then after
2009 the pressure on water resources is low until the end of records in 2011. In
this place the 2010 drought is not observable. The best coefficient correlation is
observed for H(x)-9 (p = 0.523) (see table 25).

Concerning "Salah ben A.Z.", the drought of 2007 matchs with the rising of EI
from 0 to 0.80. Then a constant normal pressure on water resources is observable
with a value above 0.5 for EI until the end of the records in 2014%°. The best cor-
relation coefficient is observed for H(x)-24 (p = 0.415). The asymmetry in records
length could partly explain the important differences between the Spearman’s rank
results. Indeed, the M’barek ben Med. H. observations stop in september 2011,
while the Salah ben A.Z. observation stop in september 2014 (table 12 in chapter
3).
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Figure 19: Confusion matrix between H(x)-12 and PDI for subbasin 9.

20For the good readability of the graphs, the temporal scale was limited in 2012 coinciding
with the well with the shortest time record
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Figure 20: Left : Confusion matrix between EI and H(x)-12 for Salah Ben Abde-
lafidh Z. piezometer. Right : Confusion matrix between EI and PDI for Salah Ben
Abdelafidh Z. piezometer.
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Figure 21: Left : Confusion matrix between EI and H(x)-12 for Mbarek Ben Med
H. piezometer. Right : Confusion matrix between EI and PDI for Mbarek Ben
Med H. piezometer.

Confusion matrices show near zero accuracy (a = 0.05) for PDI-H(x) classes.
Better accuracy is obtained between EI-PDI drought classes for M’barek ben Med
H. (a = 0.38). Both piezometers are around 0.10 accuracy for EI-H(x). No predom-
inant class well identified except for EI-PDI for M’barek ben Med H. piezometer
with "Very dry" class.
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4.4 Raas El Maa groundwater body
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Figure 22: Evolution of H(x)-12, percolation and EI index for piezometers located
at Raas El Maa groundwater body.
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H(x)-1 | H(x)-3 | H(x)-6 | H(x)-9 | H(x)-12 | H(x)-18 | H(x)-24
Salah Ben | 0.325 -0.004 0.252 0.360 | 0.507 0.505 0.489
Rabeh
Sassi Ben | 0.077 -0.204 0.082 0.166 | 0.330 0.302 0.326
Med.
Taleb
Amor Ben | -0.072 -0.324 0.065 0.028 | 0.196 0.032 0.066
Ahmed
Chelb

Table 26: Spearman’s rank correlation coefficient between EI and H(x) for Raas
El Maa groundwater .

The Raas el Maa piezometers are located in subbasin 17, characterised by the
lowest dominance proportion of wheat crops among all subbasins (30.79%) and
complex soils. A middle/high drought pressure is observed during the period
1997-2000 (fig. 22).

There is no recharge observed on this subbasin, suggesting that recharge occurs
in other parts of the Siliana catchment. The same evolution of water levels than
in other subbasins is noticed. For instance, the recharge of 2003 matches with a
reduction of pressure on water resources for all piezometers. In this period high
water levels persist until 2006 where the maximum of water table depth is recorded
(EI = 0). The drought during 2007 matches with a sudden increase of H(x) with
a maximum recorded around the end of 2007 (E1 = 1). After that the drought
pressure oscillates between normal and high pressure until the end of records.

Concerning the Spearman’s correlation (table 26), all piezometers show the
best correlation value for H(x)-12, with a medium correlation for Salah ben Rabeh
(p = 0.507), a weak correlation for Sassi ben Med. Taleb (p = 0.330) and a very
weak correlation for Amor ben Ahmed Chelb (p = 0.196). The depth of wells
can’t be relevant because the water levels for the Salah ben Rabeh and Amor Ben
Ahmed are more or less at the same depth (respectively 29.06 m and 32.98 m for
the lowest level of water table).
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Figure 23: Confusion matrix between H(x)-12 and PDI for subbasin 17.
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Figure 24: Left : Confusion matrix between EI and H(x)-12 for Amor Ben Ahmed
C. piezometer. Right : Confusion matrix between EI and PDI for Amor Ben
Ahmed C. piezometer.

66



4 RESULTS AND DISCUSSIONS

0 o1 O 0 0 0 0
T T 0 0 0 0 0
™~
—~ j—
4 oz 0 0 0 0 0
X o
> >
T T 0 0 0 0 0
> > T T T T
D H N VD VH
El

Figure 25: Left : Confusion matrix between EI and H(x)-12 for Sassi Ben Med
Taleb piezometer. Right : Confusion matrix between EI and PDI for Sassi Ben
Med. Taleb piezometer.

The confusion matrices still show near zero accuracy (a = 0.02) for PDI-
H(x) classes and similar accuracy value for both piezometers for EI-PDI classes.
The highest value is obtained for Amor ben Ahmed C. between EI-H(x) (a =
0.16)."Normal" class for EI-H(x) and "Very dry" class for EI-PDI are still best
coinciding classes.

4.5 Siliana underflow groundwater body

H(x)-1 | H(x)-3 | H(x)-6 | H(x)-9 | H(x)-12 | H(x)-18 | H(x)-24

PZ 4343 | -0.118 -0.080 -0.158 0.009 | -0.005 0.154 0.241
bis/3

PZ 4450 | 0.068 -0.039 -0.029 0.049 | 0.037 0.173 0.161
bis/3

PZ U2 bis | 0.132 0.120 0.063 0.100 | 0.062 0.258 0.232

PZ P3 BIS | -0.133 -0.110 -0.095 0.056 | 0.051 0.206 0.279

PZ Saniet | -0.015 -0.045 -0.111 0.005 | -0.042 0.176 0.312
Chraiet

PZ Ro- | -0.062 -0.068 -0.043 0.050 | 0.083 0.200 0.240

mana

PZ -0.167 -0.380 -0.077 0.023 | 0.041 0.017 0.059

Boukris

Table 27: Spearman’s rank correlation coefficient between EI and H(x) for Siliana
Underflow groundwater.
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Figure 26: Evolution of H(x)-24, percolation and EI index for piezometers located
at Siliana underflow groundwater body (1/2).
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Evolution of H(x)-24 for subbasins 10,14,15 & 16
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Figure 27: Evolution of H(x)-24, percolation and EI index for piezometers located
at Siliana underflow groundwater body (2/2).

The Siliana underflow piezometers are distributed over subbasins 10, 14, 16 and
17. They are characterised by a dominance of wheat crops over all subbasins
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and respectively a dominance of vertisols, undeveloped soils, regosols/lithosols
and complex soils. Between 1997 and 2000 (fig. 27 and 26), a moderate drought
pressure is observed, except for the Boukris piezometer where the EI is below 0.50.
At the end of 2002, the drought pressure reaches its maximum value (EI = 1) for
all piezometers. Then the recharge of 2003 coincides with the decrease of drought
pressure. In general the level EI stay below 0.5, except for PZ 4343 and Saniet
Chraiet where EI increases above 0.5 after drought of 2010.

Concerning the Spearman’s correlation (table 27), the best coefficient appears
at H(x)-24, except for PZ 4450 and PZ U2 for which the best results is obtained
for H(z) —18) and the PZ Boukris where the best correlation value is attained for
H(z) — 3. Except for the last one, the coefficient scores are globally lower than
those for other groundwater bodies (highest positive value : p = 0.312). This
suggests that depth of the groundwater body affects the sensitivity to drought.
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Figure 28: Confusion matrix between H(x)-24 and PDI for subbasins 10, 14, 15
and 16.
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Figure 29: Left : Confusion matrix between EI and H(x)-24 for PZ P3 bis piezome-
ter. Right : Confusion matrix between EI and PDI for PZ P3 bis piezometer.
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Figure 30: Left : Confusion matrix between EI and H(x)-24 for P2 4343 bis/3
piezometer. Right : Confusion matrix between EI and PDI for PZ 4343 bis/3
piezometer.
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Figure 31: Left : Confusion matrix between EI and H(x)-24 for P2 4450 bis/3
piezometer. Right : Confusion matrix between EI and PDI for PZ 4450 bis/3
piezometer.
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Figure 32: Left : Confusion matrix between EI and H(x)-24 for Romana piezome-
ter. Right : Confusion matrix between EI and PDI for Romana piezometer.

The confusion matrices exhibits again nearly zero accuracy (a = 0.05) for PDI-
H(x) drought classes, and very weak accuracy for EI-PDI (a = 0.12), and weak
accuracy for EI-H(x) (a = 0.39) for highest scores. All piezometers show best
coincidence for "Normal" class between EI and H(x). No specific class is well
identified for EI-PDI.
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5 Conclusion

In this study, three approaches are implemented and compared to assess drought in
the semi-arid Siliana catchment in Tunisia. The first approach (i.e. the approach
using the SPI and SPEI-12 indicators) is based on ready available meteorologi-
cal data. This method is considered as the reference approach. The second and
third approaches are based on hydrogeological properties. The second approach
uses available piezometric data. In this approach the EI is evaluated. The third
approach uses groundwater recharge estimates from a hydrological model. The
resulting indicators are compared using rank correlation analysis and confusion
matrices.

The comparison between drought assessed with SPI/SPEI-12 and those as-

sessed with EI highlights a constistency in the response of well water to drought.
Yet in general a temporal lag is observed between SPI / SPEI and EI. This time
lag may be attributed to the delayed reaction time of groundwater when metero-
logical drought is initiated. Yet the evaluation of the EI is subjected to a lot of
uncertainty due to the low time resolution of datasets. Most piezometers have only
2 to 4 measurement per year, which could be considered unsufficient for evaluating
EI in a robust way. The correlation analysis however show some encouraging re-
sults with a reasonable correlation for instance for the "Puits Djelida" piezometer
(p = 0.580). The correlation is further apparently influenced by the depth of the
groundwater body. The confusion matrices confirm the analysis made in the cor-
relation analysis. Yet, it may be expected that better results would be obtained if
longer datasets with higher temporal resolutions would be available.
The comparisons between drought indices calculated with the hydrological model
and indices based on meteorology or piezometry is generally very poor. The simu-
lated recharge insufficiently addresses the persistency of drought as observed with
the meteorological based or piezometric based indices.

The study was limited by different methodological aspects. First, the quality of
the piezometric data to evaluate the groundwater based drought indicator is poor.
The space-time resolution of the available piezometric data is low, and does not
allow to have a strong robust estimate of the EI indicator. The uncertainty with
the EI indicator could not be assessed in this study. It is therefore recommended
to improve the monitoring of groundwater data in the study catchment. Second,
the hydrological model to evaluate the recharge based drought indicator does not
develop the groundwater component in detail. Indeed, the used SWAT+ model
has merely been used and validated to describe the surface flow components of
the hydrological cycle, and is not sufficiently adapted to describe the groundwater
component. Alternative approaches where SWAT is coupled to a full hydrogeo-
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logical model (e.g. MODFLOW) could be proposed to improve the modelling of
the groundwater levels and hence the more robust evaluation of the groundwater
based drought indicator.
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Appendix

Figure 33: Region selected for North Tunisia on WCI

Figure 34: Region selected for Central Tunisia on WCI
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ndardized Precipiation and Evapotranspiration Index - Global - Vrije Universiteit

Figure 35: Region selected for South Tunisia on WCI
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Figure 36: SPEI for Tunisia from 1983-2012 generated on WCI
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Year Hénia EMDAT
1900-1901 South
1901-1902 South
1907-1908 Tunisia
1909-1910 Center
1911-1912 North
1913-1914 Tunisia
1915-1916 South
1917-1918 North
1918-1919 Center
1919-1920 South
1921-1922 Tunisia
1923-1924 South
1924-1925 North
1925-1926 South
1926-1927 Tunisia
1929-1930 | North & South
1930-1931 | Center & South
1933-1934 South
1935-1936 | Center & South
1936-1937 South
1937-1938 Center
1939-1940 South
1940-1941 Center
1941-1942 South
1942-1943 North
1943-1944 | North & South
1944-1945 Tunisia
1945-1946 Center
1946-1947 North
1947-1948 | North & South
1949-1950 South
1950-1951 Tunisia
1953-1954 South
1954-1955 | North & Center
1959-1960 North
1960-1961 Tunisia
1961-1962 | Center & South
1965-1966 North
1966-1967 North
1968-1969 Tunisia
1970-1971 South III
1976-1977 South Center & South (1977)

Table 28: Drought episodes from 1900-1901 to 1979-1980
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Figure 37: SPEI for North Tunisia from 1983-2012 generated on WCI
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Figure 38: SPEI for Central Tunisia from 1983-2012 generated on WCI
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Figure 39: SPEI for South Tunisia from 1983-2012 generated on WCI
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Figure 40: SPI for Tunisia from 1983-2012 generated on WCI
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Figure 41: SPI for North Tunisia from 1983-2012 generated on WCI
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Figure 42: SPI for Central Tunisia from 1983-2012 generated on WCI
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Date

Figure 43: SPI for South Tunisia from 1983-2012 generated on WCI

Code_Preci_CHIRPS_PENTAD *

* Imports (1 entry) B
» var polygon: Table users/WailSemlali/Subbasin_9

1 var shp = ee.FeatureCollection(polygon);

2

3 Map.addLayer(shp, {}, "My polygon');

4

5 var image = ee.ImageCollection("UCSB-CHG/CHIRPS/PENTAD");
6 var dataset= image.filterDate('2014-01-01",'2020-12-31");
7

8 print(dataset);

9

10 ~ var preci=dataset.map(function(dataset){

11 return dataset.clip(polygon);

12 1)

13 var precipitation = preci.select('precipitation');
15 print(precipitation, 'precipitation’);

17 Map.addLayer(precipitation);

Figure 44: GEE code for CHIRPS precipitation data.
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SAMPLE LEVEL OF SIGNIFICANCE FOR D = MAXIMUM [ Fo[X) - Sa(X)]
SIZE
(N) 20 15 A0 05 01
1 900 925 950 975 995
2 684 726 J76 842 929
3 565 a7 642 .T08 828
4 494 525 564 624 733
5 A46 AT4 510 .565 .BE9
6 A10 436 A70 521 618
7 381 405 A38 AB6 B7T
B8 358 381 411 457 543
9 339 360 388 432 514
10 322 342 368 410 490
11 307 326 352 301 AG8
12 295 313 338 375 450
13 284 302 325 361 433
14 274 292 314 349 418
15 266 283 204 338 A04
16 258 274 .295 328 392
17 250 266 286 318 .381
18 244 .259 278 2309 2371
19 237 252 272 20 363
20 231 .246 264 204 356
25 210 220 240 270 320
30 2190 .200 220 240 2490
35 180 190 210 230 270
1.07 1.14 1.22 1.36 1.63
OVER 35 | _ . _ -
v N v N v N v N v N

Figure 45: Critical value for Kolmogorov-Smirnov test
Source:http://people.cs.pitt.edu/ lipschultz/cs1538 /prob-table S.pdf
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plt.ylabel
plt.xla

Figure 46: Python code on Spyder for Kolmogorov-Smirnov test with gamma
distribution(1/2) (Creplet, 2021)
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Figure 47: Python code on Spyder for Kolmogorov-Smirnov test with gamma
distribution(2/2) (Creplet, 2021)
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In [2]: import numpy as np
import scipy as sc
impert pandas as pd
import matplotlib.pyplot as plt
plt.rcParams[“figure.figsize"]=28,12

In [5]: dfl = pd.read_csv('SB 2 4 Hx 9.csv', names=['Date’,'Hx'], header=8)
df2 = pd.read_csv('Youssef Lab EI.csv', names=['Date’,'EI'], header=8)
dfl['Hx'] = pd.to_numeric(dfl['Hx'], downcast="float")
df2['EI'] = pd.to_numeric(df2['EI'], downcast="float")
dfl['Date’'] = pd.to_datetime(dfl[ 'Date’])
df2['Date’'] = pd.to_datetime(df2[ 'Date’])

In [7]: #df1[dfl[ 'Date'] > *1995-081-81°].plot()
selected_dates = dfl['Date’] » "1995-81-81"
plt.plot{dfl[selected_dates]['Date’'], dfl[selected_dates]['Hx'])
#plt.plot(dflf ‘Date’'], dfif ‘Hx"])
plt.plot(df2[ ‘Date'], df2['EL'], 'o", color="black")

plt.axhline(y=8, color="r', linestyle='--')
plt.title( H{x)/EI evolution for Youssef Lab PZ')
plt.grid{color = 'black’, linestyle = "--', linewidth=8.5)

plt.legend(["H(x)", "EI"])

Figure 48: Python code on Jupyter Notebook for correlation plot and test between
H(x) and EI (1/4)
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In [16]:  impeort numpy as np
import pandas as pd
from pandas import Series, DataFrame
import matplotlib.pyplot as plt

from pylab import rcParams
import seaborn as sb

import scipy
from scipy.stats import spearmanr

In [17]: |dfl = pd.read_csv('SB_16_Hx_6.csv', names=['Date’','Hx'], header=8)
df2 = pd.read_csv('Abdelmlek EI.csv’, names=['Date’,'EI'], header=8)

dfl.merge(df2, how='inner', on=['Date’'])

# utiliser inner join (= nom d'un opérateur

#algébrique sur L'algébre sigma) pour fusionner

#2 colonnes de 2 sets differents sur base de La meme date

#df3 = pd.read_csv( 'Merged_data_FI_Hx.csv', names= [‘'Nan', ‘Date’, ‘Hx', "FI'], header=0)
df3 = dfl.merge(df2, how="inner', on=['Date’])

f3.drop(columns="Nan") #jarter colonne

In [18]: df3

Out[18]:
Date Hx El

o

Apr1,1998 0520 0.000000
Oct1,1998 0.665 0.000000
Apr1,1999 0.356 0.727891

-

Oct1,15999 0.861 0.965986
Apr1,2003 0009 0.732077
Oct1,2003 0408 0.746206
Apr1,2004 0288 0.413396
Oct1,2004 0789 0.459738
Apr1,2005 0674 0.421769
Oct1,2005 0.889 0510727
Apr1,2006 0385 0.427002
Oct1, 2006 0571 0512297

[ T- T - - R S N N U X

= a =
No=

Apr1,2007 0191 0.965986

Figure 49: Python code on Jupyter Notebook for correlation plot between H(x)
and EI (2/4)
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In [11]: df3.plot(x="Hx', y="EI", style ='0")

Out[11]: <matplotlib.axes._subplots.AxesSubplot at @x172d@@ac@ad>
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In [12]: | sb.pairplot(df3)

#pour faire un scatter/histogram des colonnes d'un meme dataframe, sb.pairplot permet de voir si
#1: y a Linéarité entre les 2,

#2 : possible de les fusionner en catégories (numeric value and ordinal)?

#3 distribution normale ?

Out[12]: «<seaborn.axisgrid.PairGrid at @x172deef3160>
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Figure 50: Python code on Jupyter Notebook for correlation plot between H(x)
and EI (3/4)
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In [13]: #On isole Les colonnes qu'on veut pour réaliser un spearman correlation test

EI = df3['EI']
Hx = df3["Hx']

spearmanr_coefficient, p_value = spearmanr(EIL, Hx)
print ("The correlation is %.3f" %Hx.corr(EI, method="spearman™)) # avec

The correlation is -8.301

In [15]: #test khi carré pour voir si H@ d'indépendance entre Les 2 variables est vérifié , si P>8.85 on peut garder l'hypothése nulle

table = pd.crosstab(EI,Hx) # il faut que les variables soient dans une crosstab tab

from scipy.stats import

chi2, p, dof, expected=

chi2_contingency

chi2_contingency(table.values)

print(“Chi-square Statistic %.3f p_value %.3f" % (chi2,p))

Chi-square Statistic 520.88@ p_value @.259

Figure 51: Python code on Jupyter Notebook for correlation plot between H(x)
and EI (4/4)
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Figure 52: Distribution of EI and H(x)-12 for Youssef Lab piezometer
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Figure 53: Distribution of EI and H(x)-12 for Amor Ben Ahmed C. piezometer
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Figure 54: Distribution of EI and H(x)-12 for PZ 4343 bis/3
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Figure 55: Distribution of EI and H(x)-12 for Salah ben A. Z. piezometer
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Figure 57: Legend of the 1:500.000 geological map of Tunisia
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Spatio-temporal modelling of groundwater resources to improve drought risk
assessments
Proposal of indicators for Siliana catchment in Tunisia

Semlali Wail

RESUME

This master’s thesis proposes a monitoring system of hydrogeological
droughts located in the catchment area of the Siliana river, a tributary of the
Medjerda river located in northern Tunisia and dominated by farming. Three
methods are adopted and propose indicators integrating groundwater
resources in the diagnosis of drought over 1997-2013 period.

The first method is a meteorological based drought assessment approach
using CHIRPS database providing rainfall estimates from satellite
observations and in-situ stations. These data are used to calculate the
Standardized Precipitation Index (SPI) and monitor monthly rainfall

anomaly. Precipitation deficit at different time scales ranging from one to
twenty-four months are tested to detect a direct link between rainfall deficit
and groundwater storage variation.

The second method is a hydrogeological oriented approach based on in situ
available piezometric data. Piezometric levels available during the low
(summer) and high (winter) water seasons are normalized and provide a
piezometric indicator of groundwater dynamics for each selected well. This
normalized indicator is divided into water content classes.

For the last method, a hydrological model is implemented using the Soil and
Water Assessment Tool (SWAT) software coupled with QGIS software and
allows assessing groundwater recharge based on water infiltration. This
recharge indicator is divided into volume recharge classes.

Spearman’s rank correlation between SPI and piezometric indicator showed
highest coefficient scores for the twelve (SPI-12) and twenty four (SPI-24)
month time scales, the depth of the groundwater body apparently influencing
the correlation. The confusion matrices tend to confirm the correlation
analysis. In contrast, the comparisons between piezometry or meteorology
drought indicators and the modelled recharge indicator showed very low
result, suggesting that a hydrological model hardly represents hydrogeological
dynamics.
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