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The Pinios Hydrologic Observatory (PHO) is located in the River Pinios basin,
which is one of the most productive basins in Greece. The PHO was established
to develop deep knowledge of water balance at the river basin scale and to
improve understanding of the major hydrodynamic mechanisms to improve
hydrological modeling and ultimately sustainable water resource management.
The PHO comprises three meteorological stations, 12 groundwater monitoring
sites, and one soil moisture monitoring site, which includes frequency domain
reflectometry sensors (SoilNet) and a cosmic-ray neutron sensor (CRNS) probe.
Although the PHO was recently established (at the end of 2015), the preliminary
findings from data analysis are promising. Calculated reference evapotrans-
piration (ETo) gradients demonstrate differences regarding their annual cycle,
total amount, and altitude level. Moreover, climate analysis indicates noctur-
nal mountain-valley winds. Groundwater level spatial distribution indicates the
dominant recharge mechanisms to the alluvial aquifer system. These findings
are also supported by the hydrochemical data analysis (electrical conductiv-
ity and, secondarily, NO; distribution). Locally elevated NO; concentrations are
attributed to agricultural activities and call for review of the adopted farming
practices. Results from the soil moisture monitoring site indicate a very good
match between the CRNS probe and the average SoilNet data. Future per-
spectives of the PHO include geophysical surveys to accurately delineate the
geometry of the groundwater system, the expansion of groundwater and soil
moisture observation networks, and the application of the mGROWA hydro-
logic model to accurately simulate the hydrological processes in the PHO and
upscale in the entire River Pinios basin. Finally, in support of the local farmers,
we plan to develop and implement a distributed irrigation programming pro-
tocol in the entire area of the PHO.

Abbreviations: CRNS, cosmic-ray neutron sensor; CS, Climate Station; EC, electrical conductivity; ET, actual
evapotranspiration; ETo, reference evapotranspiration; PHO, Pinios Hydrologic Observatory; RPB, River
Pinios basin; TR, total runoff.

Efficient water resources management is of critical importance to sustain
anthropogenic activities and preserve ecological functions, especially in the water-stressed
southern European belt and the circum-Mediterranean region in which climate change
impacts are expected to be severe (Bangash et al., 2013; Chenoweth et al., 2011; Garcia-
Ruiz et al.,, 2011; Milano et al., 2013). The profound uneven spatiotemporal distribution
of precipitation and the ever-increasing water demands to sustain economic activities
of all sectors of the industry often lead to water shortages, overexploitation of available
reserves, and water quality deterioration (Milano et al., 2013; Roson and Sartori, 2010).
The United Nations, through the 17 Sustainable Development Goals, prioritize rational
water resources management (United Nations, 2015), and the European Commission has
developed a comprehensive toolbox to support and impose sustainable water resources
management (Water Framework Directive 2000/60/EC, Groundwater Directive
2006/118/EC, Nitrates Directive 91/676/EEC). Water governance strategies have also




been developed to this end. These tools are based on the compila-
tion of specific water resources management plans at the river basin
scale that incorporate suites of measures tested for their efficacy
and appropriateness with the aid of mathematical models.

The effectiveness of the compiled measures relies on the accu-
racy of the characterization and assessment of water systems and
the reliability of the compiled models, which in turn depend on
the quality, adequacy, frequency, representativeness, and length of
available hydrological and hydrogeological data. In several cases,
a lack of sufficient data and/or data of low reliability is common
and impedes any attempt to manage available water resources in a
sustainable and efficient manner.

The River Pinios basin (RPB), located in the central part of
Greece, is a typical case of a basin were data availability partially
enables assessment of the current status and evolution of water
resources. However, it does not allow development of a deep under-
standing and quantification of key hydrodynamic mechanisms
and systematic observation of water quality characteristics. Due
to this shortfall, modeling exercises may lack accuracy and reli-
ability. The RPB has a spatial extent of ~11,000 km? and is one
of the most productive areas of the country. More than 80% of the
total fresh water consumption in the basin is used for irrigation,
predominantly through a dense network of wells and surface water
resources directly abstracted from River Pinios, its tributaries, and
numerous karstic springs that emerge at the margins of the plains.
Groundwater overexploitation and quality deterioration triggered
by prolonged droughts and poor management practices in the mid-
1980s is well documented (e.g., Alexandridis et al., 2014; Hellenic
Special Secretariat for Water, 2012; Kaplanidis and Fountoulis,
1997; Marinos et al., 1997; Panagopoulos, 1995, 1996) and jeop-
ardizes regional socio-economic stability and growth in the future.
Efficient and sustainable water and soil resources management,
especially in view of climate change impacts, is therefore of para-
mount importance to ensure water sufficiency and to safeguard
food security for the future.

Since 2000, most of the RPB has been declared as being
sensitive to NO; pollution originating from agricultural regions
(Karyotis et al., 2002). In 2017, the reviewed water resources
management plan at the river basin scale was compiled incorpo-
rating a suite of specific management measures (Hellenic Special
Secretariat for Water, 2017). However, there are unanswered ques-
tions regarding the management options to effectively preserve
water and soil resources of the basin and to efficiently manage
water availability on the basis of natural recharge occurrence
and water production to sustain irrigated agriculture along with
domestic and other uses in the region. Water management authori-
ties and stakeholders are thus posing pressing questions, such as:

1. Will there be enough water reserves to sustain demands, including
those associated with agricultural production?

2. How will drought episodes affect water reserves, and what are the best
management practices to sustain soil and water resources?

3. To what extent will a decrease in natural recharge affect groundwater
reserves in terms of quantity and quality, and will there be irreversible
damage caused to soil resources?

4. Can we support water governance through a decision support system
only on the basis of existing monitoring data?

To answer stakeholders” practical questions, such as those
presented above, and the science questions presented below,
the agriculture- and hydrology-oriented Pinios Hydrologic
Observatory (PHO) was established in 2015. The PHO belongs
to the International Long Term Ecological Research Network
established in 1993 and represents over 700 long-term ecological
research sites (Mirtl et al., 2018).

Here we (i) explain the motivation of establishing the PHO;
(ii) describe basic characteristics of the PHO and the existing
instrumentation; (iii) describe the advancements made through
the establishment and operation of the PHO, including prelimi-
nary insights about evapotranspiration, water balance, soil water
content, and groundwater quantity and quality; and (iv) present

future perspectives for the utilization and expansion of the PHO.

Motivation

In response to some of the aforementioned questions, a
number of water balance models have been applied in the RPB or
in its sub-basins (e.g., Koukidou and Panagopoulos, 2010; Pikounis
et al., 2003; Psomas et al., 2016). These researchers applied the
fully distributed, semi-empirical GROWA model (Herrmann
et al., 2015; Kunkel and Wendland, 2002; Panagopoulos et al.,
2015, 2016) and the fully distributed deterministic nGROWA
model (Panagopoulos et al., 2017), which enables spatiotemporal
discretization of the soil zone hydrodynamic evolution. Although
the application of the nGROWA model to other Mediterranean
basins and beyond (Ehlers et al., 2016; Herrmann et al., 2016;
Tetzlaff et al., 2015) produced accurate results, the outcome for
the RPB remained questionable due to a lack of reliable model
input data and profound knowledge about the hydrodynamic evo-
lution mechanisms (pathways of groundwater recharge from the
surrounding marginal aquifer systems into the basin). These prob-
lems, accompanied by other critical questions and issues, resulted
in eight motives that led us to establish the PHO.

Motive 1: Lack of Detailed and Accurate Daily
Reference Evapotranspiration Values across the
Entire Basin and Its Altitudinal Gradient
Evapotranspiration constitutes one of the most crucial
water budget factors in Mediterranean basins because it is the
major water sink. In hydrological modeling practice and in the
mGROWA model, actual evapotranspiration (ET) is often
calculated based on reference evapotranspiration (ETo) under
consideration of vegetation-specific functions and parameters.
Reference evapotranspiration is commonly calculated for a grass-
covered reference surface using only observed climate variables (e.g.,
near-surface air temperature, wind speed, humidity). Whereas the
network of precipitation stations in RPB is relatively dense, the
density of the climate station network is low. Additionally, it shows
significant data gaps, and, except for precipitation, the only avail-

able climate variable on a daily basis is temperature. This situation
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hampers the computation of consistent and reliable gridded fields
of temperature and ETo on a daily basis, which are, in addition to
precipitation, the main climatic drivers of hydrologic models. This
shortcoming compromises water budget calculations because crop
water requirements, which account for 80% of the annual water
demands at the regional level, may not be accurately approximated.

The most important precondition for a successful assessment of
ETo is the availability of the full range of measurable climate variables
in a small representative pilot area that is embedded in a larger model
domain. Against this background, the climate stations installed in
the PHO at different altitudes but relatively close to each other sup-
port the derivation of reliable ETo values for the whole RPB.

Motive 2: Missing Parameters with Relation to
Calculation of Actual Evapotranspiration

Significant parts of the mountain ranges and their transition
zone to the basin are coved by Mediterranean scrubland, suggest-
ing that evapotranspiration, and thus runoff formation processes
in the transition zone, are significantly controlled by this vege-
tation type, as they are by the soil water storage capacity of the
prevailing Leptosol soils. Ehlers et al. (2016) emphasized that
comprehensive modeling studies dealing with soil moisture and
evapotranspiration of Mediterranean scrublands are rare. Thus, a
solid and well-proven parameter set to determine ET rates with the
mGROWA model is lacking for these site conditions and vegeta-
tion types. Against this background, the soil moisture observations
in the PHO are intended to contribute calibration data for those
site conditions. Because ET is not measured directly in the PHO,
we plan to derive evapotranspiration fluxes from measured fluctua-
tion patterns of soil moisture.

Motive 3: Lack of Justified Quantification of
Major Hydrodynamic Evolution Mechanisms

In the RPB and in the PHO, significant amounts of water are
transported laterally from the mountainous regions as surface and
subsurface runoff to the aquifers of the basins (Panagopoulos et
al., 2015). Based on the detailed knowledge of the geometry and
the hydrogeology of the RPB, which is controlled by active fault
tectonics, the dominant controlling mechanism of groundwater
recharge is the lateral crossflow from surrounding marginal aquifer
systems to the main alluvial systems of the basin. In most cases,
crossflow is enhanced by a favorable hydraulic properties transition
zone that is formed of coarse material in the form of talus cones
and/or scree, depending on the location across the basin. Even
though the occurrence and importance of this mechanism across
the respective transition zone are identified and acknowledged, no

detailed quantification has been accomplished.

Motive 4: Upscaling of Hydrodynamic Evolution
Mechanisms and Hydrological Cycle Elements
to Larger Scales

Studying in detail the hydrodynamic evolution mecha-

nisms described above in a limited-size, well-controlled basin

that resembles the characteristics and properties of the core part
of the RPB would enable developing deep understanding and
quantification. Hence, the primary vision for the PHO is to
serve as a pilot/model basin to study in detail under “controlled”
conditions and to quantify the hydrological cycle elements and
hydrodynamic evolution mechanisms that will then be trans-
ferred to regional scales.

Motive 5: Implementation of High Spatial
Resolution and/or Frequency Monitoring in
Water Budgeting and Advanced Hydrologic
Data Analysis

High-frequency data series obtained from a dense network
of high-resolution groundwater level and electrical conductivity
(EC) sensors, coupled with water abstraction loggers, would pro-
vide information regarding the response of the groundwater system
to natural recharge and the stress imposed during the summer peak
water demand periods and would provide detailed calculations of
hydraulic properties and groundwater flows. In conjunction with
detailed calculations of natural vegetation and evapotranspira-
tion evolution of cultivated crops over the year and throughout
the altitudinal range of such a basin, through the analysis of high-
frequency raw data collected from fully equipped climate stations,
detailed water budget estimates could be made .

Motive 6: Development of Efficient and
Innovative Water Management Strategies and
Transfer to Larger Scales

In-depth study of processes taking place at the agrosphere
zone in a predominantly agricultural environment is extremely
important to understand the interactions between the atmo-
sphere, crops, soil, water, and geological formations, especially
regarding one of the dominant production areas of the country. It
is believed that, through developing a deep understanding of such
interactions and quantifying them, improved management and
protection of available natural resources would be enabled. Having
accomplished this task in a representative agricultural basin of the
country, it was envisaged that lessons learned and management
methodologies developed may be transferred to larger scales of the

same and nei oring basins.
d neighboring b

Motive 7: Development of Services for
Stakeholders and the General Public

Numerous services to the scientific community and predomi-
nantly to the local society are envisaged through the long-term
operation of the observatory, thus linking research to community.
These include irrigation programming, rationalized manage-
ment of available water resources through accurate calculations of
annual recharge water volumes, drought management, soil preser-
vation, approximation of the hydraulic properties of groundwater
systems to better design and operate abstraction works, proactive
plant protection, and efficient forest-fire risk management through

the analysis of climate station monitoring data.
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Motive 8: Development and Operation of
Multiscale Monitoring Networks
and Big Data Analysis

Detailed instrumented monitoring of key parameters that
control the hydrologic evolution and balance is among the key driv-
ers of compiling the PHO. Developing deep knowledge on big data
management and efficient long-term operation management of
such networks is a key target. Experience gained from this exercise
is perceived as the foundation to expand instrumented telemetric
monitoring across large basins and at a national scale. It is strongly
believed that the success and long-term viability of such systems
depend predominantly on the actual problem-solving they support
and the level of dependence created to the local communities. In
other words, for a monitoring system to be accepted and success-
ful, it will have to prove its usefulness, and a dedicated group of
users who depend on the produced data for concluding at least one
function should be established. To this direction, the PHO, as of
its primary stages of development, is fostered by the local munici-
pality and by a group of dedicated farmers who guide the research
group to their data needs and requirements and provide free access

to their fields and farms for installation of necessary equipment.

Catchment Characteristics

The PHO is located at the eastern boundary of the RPB
and covers an area of ~45 km? (Fig. la). According to the hydro-
lithological map presented in Fig. 1b, there are three dominant
hydrolithological units identified in the PHO:

1. Fractured formations of low- to medium-permeability (HA?2) are
located at the northern mountainous part of the watershed and consist
mainly of gneiss, gneiss-schists, and ultrabasic formations (amphibo-
lites and prasinites). Within these units, groundwater flow occurs
predominantly through their tectonically driven fractures (secondary
porosity) and to a lesser extent through the primary porosity.

2. Alluvial deposits of variable permeability (HP1) consist mainly of
recent deposits of variable texture, including lateral screes that fill
the basin at the southern plain part of the PHO watershed in which
a groundwater system of medium potential is formed.

3. Old talus cones and scree of variable permeability (HP4) favor direct
infiltration of precipitation compared with the alluvia.

As previous hydrogeological studies have suggested (Hellenic
Ministry of Agricultural Development and Food, 2012), lateral
crossflows from the adjacent weathered crystalline rock formations
at the northern parts of the basin (HA2) and the extensive transi-
tion zone that has developed along the same border of the basin
(HP4) constitute the major groundwater recharge mechanism
of the aquifer system that develops within the alluvium (HP1).
Direct recharge through precipitation is important at the infiltra-
tion—transition zone (HP4) and occurs over the entire extent of the
basin; however, its importance is reduced considerably there. The
mountainous weathered crystalline rock formations (HA2) are not
used for water production, and therefore no production wells exist
in this system. Typically, this is the case in most of the margins
of the entire RPB (i.e., mountainous groundwater systems char-

acterized by discontinuities, such as fractures-fissures or karstic

conduits) and not primary porosity play an essential role to the
recharge of the alluvial aquifers of the plains. The overexploitation
of groundwater reserves, especially along the downstream southern
part of the area, is indicated by the fact that the localized arte-
sian phenomena reported in the past decades (Hellenic Ministry
of Agricultural Development and Food, 2012) do not occur any
longer, except for alimited number of cases and periods over excep-
tionally wet hydrological years. Several creeks confluence to a main
stream flowing across the basin. This used to be a perennial stream
that considerably contributed to groundwater recharge (Hellenic
Ministry of Agricultural Development and Food, 2012); however,
it is currently characterized by intermittent flow after significant
precipitation events, during the snow-cover melting period, and
during wet winters. Only limited groundwater discharge to the
western—southwestern extent of the watershed occurs in the oth-
erwise hydrologically secluded watershed, as reported previously
(Hellenic Ministry of Agricultural Development and Food, 2012).
Limited-extent karstified carbonate rocks crop out within the
watershed; however, according to earlier hydrogeological studies,
these are not hydraulically interconnected to formations outside
the limits of this basin. Numerous springs emerge at the mountain
front of the basin and are mostly used for agricultural purposes and
domestic use. Most of them are ephemeral; however, a number of
high-discharge perennial springs also occur. Overall, hydrogeologi-
cal knowledge of the basin is limited; therefore, developinga deep
understanding of aquifer geometry and hydrodynamics is a key
driver for the PHO that will contribute greatly to the local com-
munity for efficient and sustainable water resources management.

Regarding land cover (Fig. 1c), the northern mountainous
part of the watershed is dominated by mixed forests. Transitional
woodland scrubs, broad-leaved forests, and natural grasslands also
occur. This land cover is developed in a steep slope terrain, with
altitude ranging between 400 and 1500 m. The southern plain part
of the watershed, including the transition zone, is dominated by
fruit trees, the most significant of which are apple (Malus pumila
Mill.) and cherry (Prunus sp.). There are limited areas cultivated
with annual crops, such as winter wheat (Zviticum aestivum L.) and
maize (Zea mays L.). Medium slopes are identified in the transi-
tion zone (altitude range 150-250 m), and low slopes are identified
in the plain zone (altitude range 100-150 m) where the alluvial
groundwater system occurs. Based on data retrieved from five soil
profiles located in the plain zone of the PHO watershed, soils of
sandy loam texture are dominant, although sandy clay loam and
loamy soils have also been identified.

Regarding water resources management status, irrigation
constitutes the major water consumer for the watershed, and
demands are almost exclusively covered by groundwater. The
majority of groundwater wells are private, although there is
a small number of public groundwater wells operated by the
Municipality of Agia through collective pressurized networks.
Administratively, the PHO watershed constitutes part of Thessaly
Water District (EL08) and is included in the RPB (EL0817). The
PHO watershed is situated in the Almiros River surface water body
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(ELO816R000000163N) and in the Mavrovounio-Ossa ground-
water body (EL0800270), the qualitative and quantitative status of
which has been designated as good in the recently revised regional
water management plans developed in the context of Water
Framework Directive implementation. Nevertheless, according to
Tziricis ec al. (2016), agriculeure constitutes a controlling factor for
the hydrogeochemical conditions of the wider area, as reflected
by the locally high NO; concentrations observed in the alluvial
groundwater system. Morcover, the irrational irrigation practices
applied in the arca are reflected by locally increased salinization,
which is attributed o irrigation water return flow. The salinity of
applied ferrilizers is being studied as another potential source of

the identified issue.

Pinios Hydrologic Observatory
Installation Setup
Precipitation and Climate Observation Devices

The current basic observations setup in the PHO watershed
is briefly described in Table 1. The spatial distribution of the net-
work is presented in Fig. 1d. The PHO comprises three climate
stations (Vaisala WX T520) in which precipitation, air tempera-
ture, air humidity, solar radiation, and wind speed and direction
are monitored at a 10-min time interval. Climate Station (CS)1
was installed in October 2015 at an alticude of 152 m, CS2 was
installed in November 2015 at 599 m, and CS3 was installed in
April 2017 at 1031 m. Thus, a wide range of altitudes within the
watershed is covered. In addition to the piezoclectric rainfall sen-
sors installed at all three climate stations, weighing rain gauges
(Pluvio?, OTT) have been installed at CS1 and CS3 to ensure
high-precision rainfall monitoring. A tipping bucket rain gauge
(Rain-O-Matic Professional, Pronamic) has been installed in CS2

to compare rainfall amounts with the corresponding amounts

Table 1. Overview of basic monitoring parameters measured in the
Pinios Hydrologic Observatory watershed.

No. of monitoring  Recording time
Parameter sites/sensors interval

min

Climate
Rainfall 3/6 10
Air temperature 3/3 10
Air humidity 3/3 10
Wind speed 3/3 10
Wind direction 3/3 10
Solar radiation 3/3 10
Snow depth 1/1 10
Groundwater
Level 12/13 15
Temperature 12/13 15
Electric conductivity 3/3 15
Abstractions 11/11 10

from the piezoelectric sensor. All climate stations are telemetric
and are equipped with logging facilities and zero-power modems
that ensure low energy consumption despite the fact they are
energy sclf-sustained through the use of electric circuitry driven
by solar panels. A wind generator was installed at CS3, where a
sonic snow depth sensor is also installed, to meet increased energy
demands for antifrost protection of the station during winter,
thus ensuring seamless and uninterrupted monitoring operation.
Raw data collected from the climate stations are uploaded at fre-
quent intervals on a dedicated web server and are made available
to the involved research teams from Forschungszentrum Jilich
Agrosphere Institute (IBG-3) and the Soil and Water Resources
Institute of the Hellenic Agriculcural Organization and to inter-
ested regional authorities, including the Municipality of Agia, the
Regional Forestry Service, and the Regional Water Directorate.

More details about data management are given below.

Soil Moisture Observation Devices

Soil moisture observation devices have been established
around the area of CS3 (Fig. 1d), which comprises three SoilNet
nodes (Bogena et al., 2010) implementing the Frequency Domain
Reflectometry technology and one CRS-2000/B cosmic-ray neu-
tron sensor (CRNS) probe (Hydroinnova LLC). Each SoilNet
node comprises six SMT100 soil moisture sensors (Bogena et al.,
2017) installed in pairs at 5, 20, and 50 cm soil depth, and the data
recording interval is 15 min.

The CRNS probes detect fast neutron intensities produced
by cosmic radiation, which are sensitive to soil moisture because
they are strongly moderated by collisions with hydrogen nuclei
(Bogena et al., 2015; Zreda et al., 2012). Therefore, soil moisture is
inversely proportional to neutron intensity. Conversion of neutron
intensity to soil moisture is described elsewhere (Andreasen etal.,
2017; Desilets et al., 2010). The CRNS probe measures integral soil
moisture in a circular footprint centered on the detector (radius
range, 130-240 m) with penetration depths between 55 and 15 cm
for soil moisture from 0.05 to 0.55 cm? cm™> (Kohli et al., 2015;
Schrén etal,, 2017). The temporal resolution is 1 d. We used gravi-
metric samples taken within the CRNS footprint according to
Schron et al. (2017) to calibrate the CRNS probe.

The location of the SoilNet nodes and the CRNS probe
accompanied by the approximate footprint area of the CRNS
probe is presented in Fig. 2. In total, 90 gravimetric soil sam-
ples have been taken at 16 locations (from 0 to 30 cm depth in
5-cm increments) wichin the footprint of the CRNS probe. The
irregular distribution of the sample locations is due to the steep
topography, especially in the southeastern part of the CRNS
footprint. Further soil sampling campaigns will be undertaken to
better cover the whole footprint area. One of the SoilNet nodes
and the CRNS probe were installed in the center of the small patch
of low-sloped terrain covered by grass and herbs and very close
to the CS3 climate station. The other two SoilNet nodes were
installed underneath the scrubs surrounding the site (Fig. 2). The
slope exposition of the CRNS footprint is to the south, and the
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Fig. 2. Soil moisture observation site located at the high-altitude level
of the Pinios Hydrologic Observatory (PHO) at 1031 m asl (yellow
circle: climate station; blue circle: CRS-2000/B cosmic-ray neu-
tron probe; red circles denote locations of the SoilNet nodes, each
equipped with six SMT100 sensors; white crosses indicate locations
of gravimetric samples). The 185-m circle indicates the approximate
average footprint arca of the cosmic-ray neutron sensor probe. (Satel-

lite imagery: ESRI.)

slope angles are between 15 and 25°. The soil (Lithic Leptosol)
shows highly variable rock contents and occasionally bare rock
outcrops depending on the slope angle. Approximately 90% of
the footprint area is covered by medium to high Mediterranean

scrubland (Phrygana), and 10% is covered by grass and herbs.

Groundwater Observation Devices

The groundwater observation devices setup in the PHO
watershed is briefly described in Table 1. After a detailed inven-
tory of existing groundwater wells within the PHO watershed,
a cluster of 12 groundwater monitoring stations was established,
the spatial discribution of which is presented in Fig. 1d. Selection
of monitoring wells was dictated by their spatial distribution to
achieve the best possible spatial coverage of the alluvial ground-
water system, focusing on the transition zone as its most critical
part. All groundwater monitoring stations have been equipped
with groundwater-level loggers of small size (DIVER micro-diver
and mini-diver, Schlumberger Water Services) to obtain instal-
lation flexibility. The sensors’ measuring range was carefully
selected for each monitoring point according to well construc-
tion depth and groundwater level fluctuations, especially during
abstractions, to maintain maximum accuracy. Three sites are
additionally monitoring EC (CTD-DIVER, Schlumberger
Water Services) to enhance the understanding of the hydrody-

namic evolution mechanisms and to assist in quantification.

Another crucial parameter monitored is groundwater abstraction.
This is achieved by installing pulse water abstraction meters in
productive groundwater wells, accompanied by miniature loggers
(OM-CP-PULSEI01A, Omega Engineering). In the cases where
groundwater level monitoring wells were not productive, the clos-
est productive well was selected (satellite piezometer) to install
the water abstraction meter (5-20 m apart). In this way, correla-
tion of the monitoring wells to adjacent production wells enables
the analysis of pumping test data, thus allowing for the derivation
of reliable values for key hydraulic parameters of the groundwater
system. Furthermore, analysis of groundwater level fluctuations
within the productive groundwater well enables calculations of
the well efficiency of the related wells, which in turn allows for
better calculations of appropriate groundwater abstraction rates
and overall management of available resources and pumping
equipment in a way to maximize efficiency and reduce energy
consumption. At Cl, sensors monitoring groundwater level and
temperature have been installed on both the productive well and
the nearest satellite well. Moreover, by correlating groundwater
abstractions to the irrigated areas, irrigation water management
will be investigated and assessed, which is crucial because no rel-
evant data are available.

Groundwater monitoring sites established in the PHO can
be distinguished in two well-defined groups. The first group of
monitoring sites, flagged as “W,” is situated in the transition zone
and was installed in December 2015. The second group, flagged
as “C,” is situated in the alluvial zone (Fig. 1d) and was installed
in April 2017. Both groups sufficiently cover groundwater moni-
toring in the aforementioned hydrolithological units, and cheir
spatial distribution enables calculation of transmissivities and
compilation of piezometric maps. The density of monitoring
sites established in the transition zone is higher due to the higher
hydraulic slopes indicated in this unit and its importance in the
hydrodynamic evolution of the alluvial groundwater system.
Data retrieval from groundwater observations network is per-
formed quarterly.

To identify and monitor the hydrogeochemical characteristics
and the evolution of groundwater in the PHO, a groundwater qual-
ity-monitoring network was established, including the 12 stations
(wells) of the basic observations network mentioned previously.
Groundwater sampling was performed biannually: in late spring
(before the start of irrigation period and at the end of recharge
period) and in carly autumn (after che end of irrigation period and
before the end of dry season). In sicu monitoring of pH, water tem-
perature, EC, dissolved 0,, and oxidation-reduction potential was

made using a YSI EXO2 multiparameter sonde. A wide range of

hydrogeochemical parameters were determined in the accredited
(after ELOT EN ISO/IEC 17025) laboratory of Soil and Water
Resources Institute, including major and minor cations (K*, Na™,
Ca?t, Mg?*, NH,*), anions (CI", HCO,™, 50427, and NO;™),
and heavy metals/metalloids (B, Cu, Zn, Fe, Mn, Pb, Ni, Cd, Cr,
As, Hg). Until now, two groundwater sampling surveys had been
conducted (25 May 2017 and 19 Oct. 2017).




Data Management And Policy

Data collected with sensors installed at the PHO are made
publicly available via the Sensor Observation Service of the dis-
tributed spatial data infrastructure TEODOOR (Kunkel et al.,
2013) at hteps://deos-id.org:8000/20.500.11952/DEOS/PHO.
Before being published, data undergo a quality-checking procedure
in which each dataset gets assigned a quality flag as described in
Devaraju et al. (2015). The TEODOOR data portal was developed
in the framework of the Terrestrial Environmental Observatories
(TERENO) initiative (Zacharias et al., 2011) and is described
in more detail in Bogena et al. (2018). In response to the needs
expressed by the local farmers for easy-to-comprehend visual-
ized results of the climate station monitoring and in accordance
with Motive 7, a fact sheet for each climate station of the last 14-d
evolution of key meteorological parameters, along with a time-
stamped set of measured values with a time lag of ~4 h, is made
available through the following links that are communicated to
the regional society: CS1, https://deos-id.org:8000/20.500.11952/
DEOS.MEDINET/00000708; CS2, https://deos-id.
0rg:8000/20.500.11952/DEOS.MEDINET/00000709;
CS3, https://deos-id.org:8000/20.500.11952/DEOS.
MEDINET/1056009574.

Preliminary Scientific Findings
and Insights

Evaluation of Data from Precipitation
and Climate Observation Devices

The most common approach implemented in water balance
models for determining ETo is based on the Penman—Monteith
equation (Allen et al., 1994; Monteith, 1965). However, this
approach requires four observed climatic variables: near-surface
air temperature, humidity, wind speed, and net solar radiation.
The Hargreaves equation (Hargreaves and Samani, 1985) pro-
vides a good approximation of ETo using temperature as the only
(observed) climate variable, whereas the second variable (i.e., solar
radiation) is taken into account by calculated (theoretical) values
of extraterrestrial radiation at the top of the atmosphere. Therefore,
the Hargreaves equation is often applied in regions where available
climate data are sparse.

In many regions, a bias remains when ETo values from the
Hargreaves equation are compared with those obtained with
the Penman—Monteith approach. Consequently, Allen et al.
(1998) recommend correcting these biases whenever possible. In
recent studies, significant effort has been made to recalibrate the
Hargreaves equation and to implement altitudinal gradients of
mountainous terrains into gridding algorithms for the computa-
tion of ETo fields (e.g., Aguilar and Polo, 2011; Feng et al., 2017;
Haslinger and Bartsch, 2016).

Contributing to Motives 1, 2, and 4 and after 1 yr (1 May 2017
to 30 Apr. 2018) of simultaneous operation of CS1 (located in the
plain of PHO at 113 m asl) and CS3 (located in the mountains
north of the PHO at 1033 m asl), the relation between ground

surface altitude and measured climatic parameters has been
analyzed preliminarily. Figure 3 shows the monthly statistics of alti-
tudinal gradients of daily ETo fields from the Penman—Monteith
equation (upper left) and from the Hargreaves equation (upper
right). Both graphs show the highest decrease of ETo with altitude
during summer, whereas the curves drawn by monthly median gra-
dients (bold lines in boxes) take different courses. Thus, daily ETo
gradients from both equations differ not only in their total amount
and annual cycle also in that the bias of the Hargreaves approach
varies with the altitude level. This fact should be considered when
implementing the gridding procedure for ETo in the whole RPB
domain.

In meteorology, the “lapse rate” is the rate at which air cools
with elevation change. The adiabatic lapse rate (i.e., no heat
exchange) varies between —0.98 K per 100 m (dry) and —0.4 K per
100 m (saturated). Due to several processes (e.g., evaporation or
condensation of moisture, advection of air masses, and heating or
cooling at the surface), lapse rates can be regarded as predominantly
nonadiabatic. In this case they are designated as environmental lapse
rates (Barry and Chorley, 1987; Dodson and Marks, 1997). Average
global (environmental) lapse rates referred to in the literature range
from —0.55 to —0.65 K per 100 m. They are assumed to represent
rough approximations and are therefore not recommended for
precise modeling studies (Rolland, 2003). The calculation of envi-
ronmental lapse rates in the PHO is constrained by two altitude
levels. To be consistent with the term “altitudinal gradients of ETo,”
we term environmental lapse rates here as “altitudinal gradients of
temperature.” The statistics of temperature gradients indirectly
influence the statistics of ETo gradients.

Figure 3 shows the statistics of altitudinal gradients of the
daily minimum (lower left) and maximum (lower right) near-sur-
face minimum and maximum air temperature (Tmin and Tmax,
respectively). The median gradients of Tmax are in quite good
agreement with the average global (environmental) lapse rates
stated above, whereas the median gradients of Tmin show a con-
trary pattern. This might be caused by nocturnal mountain-valley
winds (i.e., the orographic upslope flow of air masses that regularly
heat up over the wider PHO plain area and the eastern Thessaly
plain during the days with positive radiation balance; details in
Piclke [1984]). These air masses rise up in the mountain range and
therefore increase measured Tmin at higher altitude over night.
The comparatively large range of Tmin gradients from positive
to negative is caused by the frequently varying atmospheric insta-
bility. Also, temperature inversions occur regularly. In addition
to the relevance of temperature gradients in the computation of
ETo fields, the gradients presented here are intended to be used in
the nGROWA model for adjusting the temperature index—based
snowpack module.

Evaluation of Soil Water Content Observations
for First Period Observation Year

Figure 4 illustrates preliminary results from the first obser-
vation year (May 2017 to March 2018). During this period, we
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Fig. 3. Altitudinal gradients of reference evapotranspiration and near-surface air temperature based on measurements at climate stations CS1 and CS3

(at 113 and 1033 m asl).

observed 1233 mm of precipitation, with maximum rainfall inten-
sities of 111 mm d L. The average air temperature was 12.3°C
(range, —2.5 to 30.6°C). During the winter, three distinctive
snow events occurred in which the maximum snow depths ranged
between 20 and 45 cm. Soil moisture, as measured by the SoilNet
nodes, varied during the year at 5 cm depth from 0.05 t0 0.29 cm?
cm 3 (average, 0.16 cm? cm3) and ac 50 ¢m depth from 0.12 to
0.39 cm? cm ™2 (average, 0.24 cm? cm73). Figure 4 shows the aver-
age soil moisture at all depths. A strong soil moisture response was
observed especially during the summer after intensive precipitation
events. The temporal resolution of the soil moisture determined
by the CRNS probes is 1 d, and no smoothing was applied. These
values coincide very well with the average SoilNet data (RMSE,
0.033 cm3 cm™3).

Systematic deviations can be observed during the summer and

winter periods. The former might be explained by the influence

of biomass (e.g., Baatz et al., 2015; Jakobi et al., 2018) or by stron-
ger gradients in the soil profile after precipitation events because

SoilNet measurements start ac S cm, whereas the CRNS probe is

most sensitive to the first 1 cm in the soil (Jakobi et al.,, 2018). The

lateer can be explained by the occurrence of snow covers. Because

snow contains hydrogen, the fast neutron count rate drastically
decreases, leading to overestimation of soil moisture in winter
(Schattan et al., 2017). The above results demonstrate the potential

of the PHO to be used as a testing facility for soil moisture—moni-
toring sensors, thus contributing to Motive 8.

After some seasons in operation, the soil moisture data are
intended to serve as a storage term in the framework of calibracion
of mGROWA parameters with relation of ET fluxes emerging by
Mediterrancan scrubland. Because ET is not measured directly in
the PHO, ET time series will be derived using the water balance

equation (i.c., from precipitation, total soil water storage capacity,
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Fig. 4. Rainfall, snow depth, and soil water content measured from May 2017 to March 2018 at the soil moisture observation site at 1033 m asl (CS3).

The rain gauge had a malfunction during the first snow event in January 2018.

and rooting zone determined from laboratory and in situ analysis)

and the measured fluctuation patterns of soil moisture.

Conceptualization of Water Balance and
Evaluation of Data from Groundwater
Observation Devices

There is a wide range of methods and equations applied for
water balance representation, ranging from the simple form to
mote complex and comprehensive approaches, such as that of Li
et al. (2018). Regarding Motives 3 and 5, a simplified version of
water balance has been adopted that focuses on the basin fluxes,

according to the zones demonstrated in Fig. 5:
P 4+LL,=>ET,+>TR,;+GA, +GA,+L0O, [1]

where 7 is the water balance zone number, P is precipitation, LI
is lateral groundwater inflow, ET is evapotranspiration, TR is
the total runoff (direct runoff and baseflow), GA is groundwater
abstractions, and LO is lateral groundwater outflow.

Zone 1 includes fractured formations (mainly gneiss and
gneiss-schists) in which there are no groundwater abstractions
and lateral inflows or outflows. Therefore, the TR and ET con-
stitute the only outflows from Zone 1 because it is hydrologically
and hydrogeologically isolated. Given that two meteorologi-
cal stations are installed in this zone, P is efficiently monitored.

Morteover, the results of the snow depth sensor are expected to

give significant insight to the contribution of snow to the water
balance. Regarding ET, the SoilNet clusters and CNRS sensor

accompanied by meteorological data and modeling are expected

to give significant information about the crop coefficient factor
of the native vegetation on the mountainous arcas and therefore
approach ET calculation more efficiently. Considering that £ and
ET are satisfactorily measured and calculated, TR can be simulated
using the fully distributed mGROWA model.

Total runoff from Zone 1 is transferred to Zone 2, com-
prising of old scree cones and screes, which form the core of the
transition zone. Except for ET, which is the main outflow from
Zone 2, groundwater abstractions to satisfy irrigation needs have
to be considered. The latcer are satisfactorily monitored through
water abstraction loggers, which will provide insight about irriga-
tion practices not only for Zone 2 bur also for Zone 3. Moreover,
the SoilNet installed in Zone 2 will give information not only
for irrigation practices effects in soil water balance but also about
groundwater recharge in the transition zone (through modeling),
and therefore it will provide insight about total runoff separation
in the transition zone as simulated with mGROWA. The ground-
water-level monitoring network in Zone 2, accompanied by all
the above, will give the appropriate data for the development of a
groundwater flow model in the transition zone that will provide
new evidence about its hydrologic behavior.

Total runoff from the transition zone (Zone 2) is transferred to
Zone 3, which is developed within the alluvial deposits of the plain
arca. In addition to precipitation, ET, and TR, lateral groundwater
inflows and outflows have to be taken into account in the water bal-
ance because Zone 3 is not hydrogeologically isolated. Precipitation
and the meteorological parameters assisting ET calculation with
the Penman—Monteith method are adequately monitored in CS1.

Actual groundwater abstractions monitoring in the five key points
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n Fractured-weathered formations, no groundwater abstractions and lateral inflows or outflows

; j Transition zone, inflows from zone 1 and outflows to zone 3, groundwater abstractions

n Alluvial deposits, significant groundwater abstractions and inflows from zone 2

n Serpentines and limited karstic formations, small contribution of inflows to zone 3

in Zone 3 will give significant information about the actual ground-
water abstractions for irrigation. Groundwater level accompanied
by TR simulation with mGROWA will assist the development of a
groundwater flow model, which will further give information about
the alluvial aquifer and its lateral hydraulic interactions.

Zone 4 covers a small part of the PHO and consists mainly of
serpentines of very low to low permeability, accompanied by karstic
formations of limited size. Zone 4 is not hydrologically connected
to the transition zone, but it is expected to have a very small con-
tribution to the alluvial aquifer in Zone 3.

Relying on data retrieved from groundwater level-moni-
toring stations, the spatial distributions of groundwater level
for April and October 2017 were produced and are presented
in Fig. 6. April was selected because it is representative of the
maximum groundwater level distribution corresponding to the
end of the wet period, just before initiation of irrigation. In a
similar way, October was sclected as representative of the mini-
mum groundwater level distribution corresponding to the end
of the dry period, just after the end of irrigation. The common
characteristics of groundwater level distribution for both peri-
ods are (i) higher hydraulic slopes are observed in the transition
zone (HP4 unit), which become milder to the south wichin che
alluvial deposits, and (ii) the general groundwater flow direc-
tion remains constant from northwest to the southeast. To more
clearly identify changes in groundwater level spatial distribution,

a third map (Fig. 6¢) was produced presenting groundwater level

change between October and April 2017. Studying this map,

Fig. 5. Spatial distribution of the major
water balance zones in the Pinios

Hydrologic Observatory.

more complex groundwater level change patterns are revealed
in the northern half of the transition zone ranging from 1.4 to
6 m. Groundwater level change becomes more uniform in the
alluvial deposits. On average, and for both hydrolithological
units, groundwater level change was 2.8 m. By calculating the
volume included between the two groundwater level surfaces and
assumingan average cffective porosity value of 10% on the basis
of literature referring to similar alluvium deposits in the wider
region (Alexandridis et al., 2014; Panagopoulos, 1995), ground-
water losses during the period April to October 2017 (including
irrigation and hydraulic interaction gains and losses in the allu-
vial deposits) was estimated at 2.8 Mm? or about 290 mm.
Regarding groundwater quality, the descriptive statistics of
physicochemical parameters monitored through the two ground-
water sampling surveys performed in 2017 are summarized in
Table 2. Based on the median values of the measured variables,
groundwater is circumneutral (7.3), and EC is 508 pS em L, indi-
cating good quality for irrigation water. The dominant cation in
groundwater is CaZt, followed by Mngr and Na', in descending
order. The dominant anion in groundwater is HCO{, followed
by NO; ™ and CI™. The presence of nitrates among the dominant
anions is indicative of the anthropogenic impact due to agricultural
activities; however, its median concentration is relatively low (17
mg Lfl), and the impact is mainly observed locally (concentrations
up t0 86.5 mg L~ 1). The concentrations of heavy metals/metalloids
arc low and fall within the typical margins of natural groundwaters

(Hem, 1985). No significant variations were observed among the
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two sampling periods. Nevertheless, sulfates are rather low in the

Table 2. Descriptive statistics of groundwater samples (7 = 12). first period, probably indicating a temporal reducing environment
25May 19 Oct. affecting their concentration.
2017 2017 Allperiods All groundwater samples have the same water type (Ca-
Variable LT [Medin [Median | SD | Bdind| [ Mediin| Bz HCO,), which is evident from their common hydrodynamic
oH o = = 7_7 characterization, which classifies them as recharge waters. Their
common hydrogeochemical signature is also cleatly identified
EC4pSeml 07 539 508 149 324 508 986 ) LAy e . -
: in the Piper diagram in Fig. 7. These observations are in line
i _
K mgL ! 1.2 1 e 1.2 21 with the geological and hydrogeological regime of the PHO, con-
4 =il
W mg I Uk g2 w58 W e firming that the area constitutes a recharge window, where the
2 1
Ca®, mgL 2.6 944 84 264 585 868 1625 lateral crossflows from the metamorphic bedrock recharges the
Mg, mgL™! 08 18.7 18.2 48 73 184 257 alluvium plain through a general norch—south direction. Along
HCO;~ = 292 281 305 179 287 574 the same direction, EC values and NO{ concentrations increase
Cl- mgL™! 05 13.6 12.8 5.7 800 130332 with distance from the transition zone. Hence, EC values vary
SO mgL! - 2.1 145 187 05 59 735 from 0.49 t0 0.62 mS cm ™! and NO," concentrations from 8.8
NO, ,mgL1 - 17.8 18.8 191 1.0 170 86.5 to 31.5 mg L1, which may suggest the contribution of pristine
NH,tmgL! - 0.1 0.1 02 0 0.1 0.9 water quality lateral crossflows from the transition zone to the
B, g i 52 10 i 20 0 14 79 alluvial groundwater system.
G gL s 04 T 04 g1 Based on the calculated saturacion indices (logQ/K) for the
i . main mineral phases expected, calcite and dolomite are oversatu-
-1 10 22.2 15%5 16. 1.3 17.7 86.5 ; ; o
Fe, pgL rated in all samples; hence, these phases are the main precipitates
Mn, pg L1 65 1.0 15 62 05 1.3 313 that are deposited in the aquifer matrix. The molar ratios of Ca/
Ni, pg L1 5 0.6 19 19 0 14 8.0 HCO; of all samples are <0.5 (range 0.28-0.38). Considering the
Cd, gL 03 0 0.1 01 0 0 03 overall geological regime, the primary source of calcium is possibly
e 5 = 0 o 16 5 attributed to the ion exchange process (Hounslow, 1995; Tziritis
‘ et al,, 2016). Specifically, Na*, which is enriched in solute due
—1 1 0.3 0. 0.7 0 0.5 2.7 . . . . .
Aspgl to metamorphic rocks, exchanges with CaZt, which is hosted in
Zn,pgL! 200 35 26 » 17 % 183 Ca-rich feldspars such as anorthite (CaAl,Si,Og). This process
H - also explains the relatively low Na't concentrations in groundwa-
gl 1 0 0 0o 0 0 0 Iso explains the relatively low Na* ions in ground
Pb, jig L1 5 0 0 0o 0 0 0 ter, contradictory to those expected according to bedrock geology.
Calcium may also originate from the weathering of Ca-rich sili-
+ Limit ofquantiﬂcation. . . L . .
% Electrical conductivity cate minerals (c.g., diopsidic pyroxene [CaMgSi, O]), which are
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Fig. 7. Piper diagram for groundwater samples (average values of two

periods).

abundant in the metamorphic bedrock. Indeed, in-depth investiga-
tion of regional hydrogeochemistry to decipher prevalent evolution
mechanisms is among the research fields currently being developed
in the PHO.

The average daily variation of EC and groundwater level on the
three groundwater wells equipped with conductivity, temperature,
and depth sensors (C5, W9, and W13) (Fig. 1d) are presented in Fig,
8. Whereas EC variation for W13 is low (~40 S cm™1), the varia-
tion for the other two monitoring points is much higher; the highest
variation was observed at C5 and was observed mainly during the
irrigation period. Monitoring station W13 is the furthest upstream
monitoring well of our network and hence is mostly influenced by
fresh recharge surges from the mountainous region through the
transition zone and receives the least pressure from imposed agri-
cultural activities. Monitoring station W9 is also located within
the transition zone but further downstream compared with W13.
Therefore, resident groundwater along with recharge water mounds
control groundwater chemistry at that zone. Monitoring station
C5 is located at the plain and close to the end point members of the
alluvial groundwater system. Hence, hydrogeochemical evolution at
C5 is mostly controlled by resident groundwater thar is influenced
predominantly by practiced activities on topsoil and by the miner-
alogy of the aquifer matrix. In addition to these observations, the
observed variations and differences between the three monitoring
points may be attributed to (i) abstractions from different aquifer
layers as the groundwater level is falling during the irrigation period
and (ii) the leaching and remobilization of precipitated salts in the
aquifer matrix. The latter is a process that occurs naturally wich
regular groundwater flow; nevertheless, it is a relatively slow process

and depends on groundwater velocity. During the irrigation period,

pumping may trigger elevated groundwater fluxes, thus enhancing
the naturally occurring process of leaching and resulting in increased
EC values. However, the impact is local and cannot be generalized
to the entire groundwater system. This is also supported by the fact
that higher EC increments are observed in boreholes that abstract
higher volumes of groundwater (based on irrigation needs), whereas
in borcholes, whose abstraction is significantly lower, the EC values
are practically constant. Another interesting observation from the
high-frequency conductivity, temperature, and depth measurements
on these borcholes is that EC variations exhibit an houtly pattern in
most cases coincide with pumping times. This observation is in line
with the seasonal variation exhibited and demonstrates the potential
of high-frequency monitoring for giving new insight about hydrogeo-
chemical processes taking place in the aquifer with respect to Motive
5. In fact, EC variations are inversely proportional to groundwater
level fluctuation.

Based on hydrogeochemical assessments, the composition
of the leached precipitates should be dominated by calcite and
dolomite, both being oversaturated to groundwater solute. The
leaching of accumulated salts (or fertilizers) on the topsoil due
to the applied irrigation water should be excluded because in that
casc a defined time-lag between EC increment and irrigation water
application should exist. On the contrary, the EC variations crig-
gered almost coincide with the irrigation period, leading to the
conclusion that leaching and enrichment of solids in groundwater

solute is an internal process that occurs in the saturated zone.

Future Perspectives
The PHO has already started yielding valuable information

on the hydro-geo environment of the Agia basin. Its potential is
high and will be exploited within the next years (i.c., under consid-
eration of longer time series of the parameters assessed). Detailed
calculation of hydrologic water balance based on the collected data
is the top priority for future studies (Motives 3 and 5). Key water
balance elements will be calculated in the immediate future on
the basis of the collected and analyzed data. Hence, in addition
to precipitation, which is accurately measured, and ETo, which is
calculated using the standard Penman—Monteith equation (Allen
et al., 1998), groundwater recharge will be closely approximated.
The driving recharge mechanisms to the alluvial aquifer system
have been identified based on the installed groundwater level
sensors and the hydrochemical analyses and will be quantified in
the near future using further methods of investigation, including
isotope hydrology. Regarding Motive 4, appropriate transfer func-
tions from the local to the regional scale regarding lateral crossflow
description and quantification is the next step once the previously
discussed calculations arc adequately documented. This task will
enhance the ongoing modeling exercise at the RPB by rectifying
the defined hydrological budgeting clements of lateral crossflows.

Numerous data sets of short pumping tests have been recorded
from the installed monitoring devices. These consist of high-fre-

quency records of groundwater fluctuations and the corresponding
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Fig. 8. Variation of average daily groundwater level and electric conductivity for monitoring stations W13, W9, and C5.

abstraction rates. Pressure transducers are installed in the production
or in satellite wells. Additionally, EC values are recorded at three
monitoring points. Available abstraction time series are rather short
and vary from an hour during winter and springtime to a day in peak
demand periods and hence are not representative of a pumping test
analysis time series duration. A common shortcoming not only in the
PHO and nationwide but in most basins is the lack of reliable data
about hydraulic properties. Against this background and with respect
to Motive 5, the PHO will be used as a case study area for the develop-
ment of a robust methodology to analyze successive short-duration
pumping test scries with the aim to derive hydraulic properties and
assess the efficiency of production wells. As the methodology is
designed as an inexpensive but reliable alternative to expensive pump-
ing tests for hydraulic property assessments and periodic review of well
construction characteristics, its transfer to numerous basins across the

globe is an ambitious buc still realizable option.

Based on the experience gained so far, a three-fold expansion

for the PHO is foreseen:

1.

The soil monitoring network needs to be expanded to obtain better
coverage of the entire test basin. This will include the installation
of more SoilNet nodes and CRNS probes, thus contributing to
Motives 1, 2, and 3. Conventional pedologic studies are planned to
contribute to the knowledge gained for the basin and will include
analysis of hydraulic soil properties, organic matter, and nutrients and
micronutrients.

The groundwater monitoring network needs to be expanded and
to incorporate surface water monitoring sites thar are missing in
the present installation set-up to increase the accuracy and decrease
the uncertainty in water budgeting and hydrodynamic evolution
research. Additional quality parameters will also be measured,
including environmental isotopes, for further hydrodynamical
and hydrogeochemical characterization. This expansion will pro-
vide better understanding and thus control of the system. All the
above are contributing to the majority of our motives for PHO
establishment.




3. Loggingequipment must be converted to telemetric stations, and key
water quality sensors must be installed. This will increase the poten-
tial of offering services to the community (Motive 7).

The overall target of this expansion is to initiate a distributed
irrigation programming protocol that we envisage to fully imple-
ment in the entire area covered by the PHO. This will act as a pilot
and subsequently as a demo basin for farmers and stakeholders
involved in irrigation water management at regional and national
scales. Irrigation management in the PHO is seen only as part of an
integrated water resources management scheme, and such schemes
are only successful if applied at local scales where an active, par-
ticipatory approach is adopted and practiced. Hence, a key future
perspective for the PHO is to develop water governance strategies
for effective water management based on decision support tools
driven by the network and models and the active participation of
local stakeholders (Motives 6 and 8).

The PHO offers a challenging environment for the entire
spectrum of environmental sciences and socioeconomics. As
such, it will be expanded as a multidisciplinary scientific forum
for researchers to work on by testing methodologies for advanced
analysis, hydrologic models, sensors, and instruments, thus con-
tributing to Motives 5 and 8. Furthermore, beinga field laboratory,
academics and students have begun to study the PHO for under-
graduate and postgraduate theses. This is a function we are keen
to establish and expand, offering in cooperation with environmen-
tal agencies and environmental education groups and customized
programs of scientific information/training for every level of edu-

cation (primary, secondary, and academic).
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