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Abstract. A climatic, physiographic, and hydrological homogeneity across the Mediterranean has been detected
but not yet confirmed. Mediterranean climate is known for its precipitation seasonality and the alternation of hu-
mid winters and dry summers which conditions rivers flow regimes, landcover, agriculture and consequently any
water resources management plan. Several physiographic traits could be also observed across the Mediterranean,
like the elevated and exposed karstic features, and the cultivated and managed areas. Hydrologically, global river
regimes were classified based on monthly average flows only, and Mediterranean regimes were identified under
3 of Haines’ 15 global classes with a clear relation to Koppen’s Mediterranean climate. Thus, we first studied
the flow regimes of 55 Mediterranean catchments to verify if Mediterranean rivers fall into same regime class.
Second, we characterized the Mediterranean hydrological response through different water balance functional
models as advanced by Budyko, L'vovich and elaborated by Ponce & Shetty and Sivapalan. The water balance
analysis highlighted the Mediterranean trend following the general climatic setting from the wet Northern region
to the arid Southern region; it also showed hydrological homogeneity for mountainous karstic, and snow influ-
enced catchments which yield the highest baseflows and runoff coefficients, especially if located in moderate
climate.
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the 15 global classes, finding a clear relation to Koppen’s
Mediterranean climate (Haines et al., 1988).

However, a specific Mediterranean hydrology is long to
be defined yet and requires additional research to determine
the relation between catchments climatic indices on one hand

1 Introduction

A climatic, physiographic, and hydrological homogeneity
across the Mediterranean has been detected but not yet con-
firmed. Mediterranean climate is known for its precipitation
seasonality and the alternation of humid winters and dry
summers which conditions rivers flow regimes, landcover,
agriculture and consequently any water resources manage-
ment plan (Allam et al., 2020b). Several physiographic traits
could be also observed across the Mediterranean, like the el-
evated and exposed karstic features, and the cultivated and
managed areas that cover 30 % of the Mediterranean, with
the symbolic olive tree that is considered one of its iconic
bioindicators (Allam et al., 2020a). Hydrologically, global
river regimes were classified based on monthly average flows
only, and Mediterranean regimes were identified under 3 of

and the hydrological processes on the other. Since there is a
great interest and benefit in sharing knowledge for sustain-
able water resources management between developed coun-
tries, mostly in the North, and underdeveloped countries in
the South, a quest to understand the actual and future hydro-
logical behaviour of Mediterranean catchments was launched
through the analysis of hydrological similarity and variabil-
ity. Thus, the objective is to carry out an extensive wa-
ter balance analysis of Mediterranean catchments based on
different water balance functional models to check the hy-
drological variability and similarity between all catchments
and catchments within the same climatic classes, a similar
work to the one carried out by Sivapalan on MOPEX dataset
for the United States (Sivapalan et al., 2011). Thus, we
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characterised the Mediterranean hydrological response of 55
Mediterranean catchments through different water balance
functional models as advanced by Budyko, L’vovich and
elaborated by Ponce & Shetty and Sivapalan. The analysis of
the functional models across the Mediterranean and through
the climatic classes characterised furthermore the hydrologi-
cal behaviour similarity and variability, and the competition
between the water balance components of the Mediterranean
catchments.

This paper is structured into 6 main sections; Sect. 1 In-
troduction, Sect. 2 presents the definition of the Mediter-
ranean boundaries and a brief description of the hydrological
datasets; Sect. 3 presents the methodology; Sect. 4 presents
the hydrological characterisation results of the 55 selected
Mediterranean catchments through water balance calculation
based on the functional approach followed by a discussion in
Sect. 5 and Conclusion in Sect. 6.

2 Study area and database

Mediterranean boundary, catchments, and hydrometric
data

The Mediterranean refers to the sea and bordering region
located in the middle of the European, African and Asiatic
continents. With Koppen’s classification the definition desig-
nated henceforth a moderate climate and extended geograph-
ically beyond the limits of the Mediterranean Sea (Koppen,
1936). However, the Mediterranean could be defined with
several boundaries based on the field of practice; The hydro-
logical boundary defined by the set of catchments draining
towards the Mediterranean Sea was adopted for this study
(Milano et al., 2013).

Since the geographic extent of the study is very wide,
the delimitation of catchments was imported from interna-
tional references. European catchments and some adjacent
countries were imported from the Joint Research Centre
(JRC) (De Jager and Vogt, 2010), catchments in the Middle
East and Northern Africa were imported from HydroSHEDS
database of World Wildlife Fund’s project (Lehner and Grill,
2013).

The selection of catchments and their hydroclimatic data
was very challenging as no single database gathers all the
available stations in the region. The selected catchments
cover a wide geographic domain spread across 15 coun-
tries in different physiographic settings. Despite the exten-
sive work performed on data collection, some minor excep-
tions were still to be found. Some timeseries presented dis-
continuities and therefore only complete hydrological years
were considered.
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3 Methodology

3.1 Climatic classification

With multiple studies raising serious concerns of climate
shifts and aridity expansion in the region, Allam has estab-
lished a new high resolution classification for hydrology pur-
poses based on Mediterranean specific climate indices (Al-
lam et al., 2020b). The proposed approach includes the use of
classic climatic indices and the definition of new climatic in-
dices mainly precipitation seasonality index I or evapotran-
spiration threshold Spgt both in line with river flow regimes.
The classification was set and validated by WorldClim-2 at
1 km high resolution gridded data for the 1970-2000 base-
line period. Climatic classes coincided with a geographical
distribution in the Mediterranean ranging from the most sea-
sonal and dry class 1 in the south to the least seasonal and
most humid class 5 in the North, showing up the climatic
continuity from one place to another and enhancing the visi-
bility of change trends. The K-means classification shown in
Fig. 1 is distributed into five classes.

3.2 Functional modelling

The functional approach for annual water balance estima-
tion took birth from the empirical model of L'vovich and
the process-based approach of Horton; L'vovich advanced an
empirical approach for the two-stage distribution of annual
precipitation. The first stage separates the precipitation into
surface runoff or quickflow S and wetting W with P = S4+W
and the second stage partitioning separated the wetting W
into Slow flow U and Vaporisation V with W=U+V
(L’vovich, 1979) while Horton introduced the ratio of the
vaporisation V' to the wetting W and named as Horton in-
dex, H =V/W in a trial to search for catchments capacity
to store the infiltrated water, depending on the soil type and
the evaporation controlled by the vegetation type (Horton,
1933).

Ponce and Shetty have developed a simple conceptual
model from the water balance equations to separate precipi-
tation into different flows (Ponce and Shetty, 1995a, b). This
model has been proposed as an alternative to empirical mod-
els, which have a limited applicability. Ponce et Shetty has
adopted the same 2 partitioning stages as L’vovich and cal-
ibrated the initial abstraction coefficients surface runoff Ag,
baseflow 1,, wetting potential W, and vaporisation poten-
tial V}, through the application of their equations on the same
database and tented to classify the climatic regions accord-
ing to the range of values they obtained. The mountainous
conifer forests of North Africa close to the Mediterranean
region has shown high W, with low A and a high V|, with
high A,,.

In the empirical approach, the annual water balance is es-
timated based on a systematic analysis of long-term rain-
fall and runoff series observed in different climatic regions
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Figure 1. Geographical distribution of the Mediterranean climatic classes (Allam et al., 2020b).

and an empirical analysis of the effect of physiographic and
climatic descriptors on the water balance (Sivapalan et al.,
2011). The value of the empirical approaches lies in the sim-
plicity of the relations which govern the annual assessment
on the long term, and which appeared from the coevolution
and the self-organization of climates, soils, topography and
vegetations of the different regions.

4 Results

4.1 The water balance partitioning model of Lvovich

The water balance partitioning was carried out and repro-
duced accurately the empirical relations for most of the
catchments. The charts have shown the well-marked inter-
annual variability for all water balance components, with
the same observation for the inter-catchment variability with
different ranges between catchments. We set as an example
Nahr Ibrahim catchment in Lebanon which is highly watered
with a mean annual precipitation MAP of 1450 mm, yield-
ing a mean annual runoff MAQ of 1052 mm; a surface flow
S ranging between 100 and 550 mm, a baseflow U showing
remarkable high values ranging between 200 and 1350 mm,
and vaporisation V showing an upper limit, reached every
year due to water availability in contrast with other catch-
ments. The water balance partitioning charts are presented in
Fig. 2.
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4.2 The conceptual water balance model of Ponce and
Shetty

The Ponce et Shetty models were fitted over L'vovich par-
titioning charts. Some catchments did not yield very good
results, this inaccuracy returns to either interrupted flows by
dams and lakes, catchments interconnection or simply poor
quality of data. The sensitivity analysis conducted on the US
MOPEX dataset, showed that Ponce and Shetty curves fitting
was insensitive to extremes and that the distribution returned
a linear fit (Sivapalan et al., 2011). Those extremes were ob-
served in the Mediterranean wherever the flow regime was
dominated by the groundwater runoff, case of Nahr el Assi
in Lebanon; or wherever the precipitation was very low, case
of Andarax in Spain, or Alcantara in Italy. The runoff and
baseflow threshold of all the catchments according to Ponce
and Shetty (1995a) are summarized in Table 1 and shown in
red on the same charts for Ibrahim in Fig. 2.

The spatial distribution of Ponce and Shetty water balance
parameters reflected a wide geographical variability across
the Mediterranean without any clear pattern or regional clus-
tering despite some adjacent catchments yielding neighbour-
ing values. The French catchments yielded the lowest values
for all parameters with both A;W, and A, V,, below 100 mm
except for Hérault river (A;Wp = 122 mm; A, V, = 1 mm). In
Cyprus, AsW,, show close values ranging between 175 and
350 mm. These values are among the highest in the Mediter-
ranean due to the high soil permeability on the island; this
is confirmed with the high wetting potential W}, values rang-
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Figure 2. L'vovich water balance components proportional curves extracted for Ibrahim, Lebanon.
Table 1. Summary of the fitting curves parameters according to Ponce and Shetty (1995a).
Summary Ag Au Wy W AWp AV
Average 0.02 0.10 10853 4213 88 118
Minimum 0.00 0.00 1897 182 3 0
Maximum 0.09 0.88 78982 39167 347 469
Standard Dev 0.02 0.18 14854 7353 101 131
Abs. Confidence interval ~ 0.01  0.05 3926 1943 27 35
Rel. Confidence interval 39% 46 % 36 % 46% 30% 29%

ing between 5000 and 9000 mm. The Lebanese coast have
a wide variability of AsW,, ranging from 7 to 270 mm be-
tween adjacent catchments as well as for W), ranging from
5000 to 27000 mm (except for Nahr el Assi in Lebanon);
same observations could be described for A, V), and V), vari-
ability. We noticed across the Mediterranean, some matching
catchments which share remarkable water balance similari-
ties despite their geographical, climatic, or landscape differ-
ence. These catchments could be considered twin catchments
like Lez in Franc and Erzenit in Albania (CC4); Fium-alto in
France and Fluminimaggiore in Italy (CC4); Mirna in Croa-
tia and Alento in Italy (CCS5). The water balance similarity
between these catchments could be caused by an underly-
ing physiographic similarity like snow or karst components
which make these catchments interesting to examine closely.

The diversity of both microclimates and physiography be-
tween catchments stands behind the water balance variability
as hydrological response on the same climatic forcing differs
according to catchments’ landform, landcover, soil types and
other physiographic features, and despite some close catch-
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ments between Spain, France and Italy, no geographical pat-
tern was detected.

4.3 The nondimensional water balance functional model
of Sivapalan et al. (2011)

We verified the nondimensional formulation as suggested by
Sivapalan et al. (2011) to check if any water balance pattern
could be extracted from Mediterranean site-specific water
balance results that express their common hydrological be-
haviour. The different non dimensional water balance com-
ponents W*, §*, U* and V* were estimated from the values
of W, S, U and V. A summary is shown here representing the
annual average of all the catchments and coloured according
to their climatic classes in Fig. 3 in a trial to discover any pat-
tern behind, the average values of each climatic class were
also added. The charts show the nature of competition be-
tween different water balance components of Mediterranean
catchments as suggested by Sivapalan, where, at a first stage,
quick flow S* is competing with the storage W* and at a sec-
ond stage slow flow U* is competing with vaporisation V*.
The climatic illustration of W* and $* vs P shows that this
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A. Allam et al.: Hydrological Characterization of Mediterranean Catchments

107

Table 2. Summary of the water balance components and nondimensional metrics averaged by climatic classes.

Climatic Class (55 Catchments) P(mm) Q(mm) U(mm) S@mm) W(mm) V(mm) Ky Kv Kp KR
CC2(3) 473 16 4 12 461 457 097 090 0.02 0.10
CC3 (17) 839 297 215 82 756 541 0.69 063 026 037
CC4 (17) 758 263 171 92 667 496 072 064 023 036
CC5 (18) 1047 522 365 158 885 521 057 050 035 0.50
10 o slow flow peaking at 0.71 and total runoff at 0.94, due to high
W 5 e snowmelt contribution and high karstification with a similar
T o 1 observation for Spercheios, Nahr el Kalb and other.
’ t This finding completes the one advanced by Sivapalan
et al. (2011) on baseflow metric variability stating that the
03 wettest catchments have yielded the highest baseflow contri-
bution and that soil types and topographic features govern the
T subsurface flow as part of the self-organisation of the vegeta-
—t tion with the climate as proposed by Horton (1933).
s GO =
; -
Y s 5 Discussion

Figure 3. Inter-catchment variability of mean annual water bal-
ance nondimensional estimates of W* and S* versus annual cli-
matic driver P for all 55 catchments coloured according to climatic
classification. Small points represent each catchment data and large
points represent class averages and dashed lines are theoretical.

competition is gradually evolving from climatic CC2 in the
South, where low precipitation and low quick flows domi-
nate, to CCS5 in the North where high precipitation and high
quick flows dominate.

The maps in Fig. 4 show an interesting spatial distri-
bution where Ky and Ky gradually decrease from South
to North while Kg and KR gradually decrease from North
to South, nonetheless some exceptions were noticed where
some Lebanese catchments showed an inverted distribution.
The geographical distribution coincided with the Mediter-
ranean climatic classification, therefore we searched for
which climatic index is mostly affecting this distribution and
found that the water balance metrics of all catchments are
slightly correlated with the mean annual aridity index E, /P
(R = 0.55) which is also correlated to the non-dimensional
aridity index ¢ with R = 0.63 (r> = 0.4), hence supporting
Sivapalan finding on US MOPEX data where r*> = 0.46. It is
therefore possible to say, to certain extent, that annual water
balance metrics Ky and Kv increase while Kg and KR de-
crease when seasonality increases, which suggests that intra-
annual variability is responsible for the inter-catchment vari-
ability. We also noticed that some CC3 and CC4 catchments
yielded lower aridity ¢ than CC5 which is unusual. And
looking to their physiography, we noticed that those were
mountainous karstic catchments under snow influence, case
of Nahr Ibrahim in North Lebanon which yielded the highest
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L’vovich (1979) model showed a breakdown of the annual
water balance advancing more info on the surface runoff §
and groundwater runoff U which indicates the physiographic
forcing on hydrology. It also permitted a precise interannual
comparison with precious info on water resources. Ponce
and Shetty (1995a) generalized L’vovich model from annual
values to continuous curves which helps in predicting the
available water resources throughout the years. The model
equations are dependent from runoff threshold parameters,
specific for each catchment which permits more precise in-
ter catchment comparison, highlighting Mediterranean vari-
ability. In addition, these parameters also reflect the physio-
graphic forcing on hydrology. Sivapalan et al. (2011) model
went further with non dimensionalising Ponce and Shetty
equations which permitted in addition to interannual and in-
ter catchment comparison, an inter climatic and inter phys-
iographic comparison, useful in our study to uncover the
variability and homogeneity of Mediterranenan catchments
through nondimensional metrics Ky, K, Kr and Kvy. These
metrics showed the special setting of Mediterranean catch-
ments in correspondence to aridity index ¢ = V/P. Siva-
palan model showed a space time symmetry where functional
curves fit both to individual catchments for interannual anal-
ysis or to mean annual water balances for inter catchment
analysis despite their variability.

The calculation of the dimensionless water balance met-
rics Ky, KB, Kv, Kr endorsed the previous findings as arid-
ity index ¢ = V/ P turned to be a primary determinant of the
mean annual water balance. The charts showed that Ky and
Kv were increasing with aridity, suggesting that in general,
the vaporisation V' (energy) takes over the wetting W and
consequently the slow flow component U while moving to-
wards arid catchments. In reverse Kg and Kr were decreas-
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Figure 4. Spatial distribution of the water balance Runoff index KR, Horton index Ky, Baseflow index Kg, and Vaporisation index Ky .

ing with aridity except for, once again, mountainous catch-
ments which showed to be independent to climate variability.
Therefore we state that “In the Mediterranean, the mountain-
ous, snow and karst influenced catchments yield the highest
slow flow and runoff especially if located in high seasonal re-
gion (Southern Mediterranean CC3 regions) where precipita-
tion are concentrated in winter and runoff are concentrated in
winter and spring seasons, when minimum vegetation cover
the land and vaporisation (or evapotranspiration) is at low-
est, part of the self-organisation of the vegetation with the
climate as proposed by Horton (1933) but at the intra-annual
scale.”

6 Conclusions

The water balance models highlighted similar Mediterranean
trends following the general Mediterranean climatic setting
from the wet Northern region to the arid Southern region
and showed hydrological homogeneity for specific physio-
graphic classes like mountainous snow and karst influenced
catchments. However, to characterise the Mediterranean hy-
drological variability and homogeneity, we will rely on base-
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flow and runoff coefficients K; and K,, which are also useful
to estimate catchments’ resources.

These observations and findings shall be verified and com-
pleted with the Canonical Correlation Analysis to first dis-
cover which specific climatic and physiographic indices gov-
ern the Mediterranean hydrological behaviour, second pre-
dict the water balance coefficients values on all Mediter-
ranean catchments and third check the climatic evolution im-
pact on the hydrological behaviour of Mediterranean catch-
ments in case of RCP scenarios.

Data availability. All the climatic data are freely available on-
line. The WorldClim-2 data are available from the World-
Clim website at https://www.worldclim.org/data/worldclim21.html
(Fick and Hijmans, 2017). The ground weather station data
are available from the Global Historical Climatology Network
website at https://www.ncei.noaa.gov/products/land-based-station/
global-historical-climatology-network-daily (NCEI, 2023). The
ALADIN and CCLM simulations used in the current work can
be downloaded from the Med-CORDEX database at https://www.
medcordex.eu/ (CORDEX, 2023).
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Streamflow time series data used in this study were collected
from several national and regional hydrological agencies and ser-
vices. Catalan Agency for Water — ACA, Hydrological Automatic
Information System — SAIH (Spain); Banque HYDRO (France);
Superior Institute for the Protection of Environmental Resources —
ISPRA (Italy); Slovenian Republic Environment Agency — ARSO;
Croatian Meteorological and Hydrological Service —- DHMZ; Litani
River Authority — LRA (Lebanon); Greek ministry of Environment
and Energy — YPEKA; Systeme d’Informations Environnementales
sur les Ressources en Eau et leur Modélisation — SIEREM (Alge-
ria, Morocco, and Tunis); Global Runoff Discharge Centre — GRDC
(Cyprus, Turkey, and Israel); Mediterranean Hydrological Cycle
Observing System — MedHyCOS (Albania, Cyprus, and Montene-
gro) for three sub catchments.
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