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Conundrum of

• What	is	drying – wetting for	water	in	the	landscape	– at	the	surface and	in	
groundwater?
• What	drying – wetting is	driven	by	atmospheric	climate	change	and/or	by	
human	drivers	in	the	landscape?
• What	drying – wetting crosses	critical	thresholds?	

Focus:	
Hydro-climatically vulnerable Southern	Europe – Middle East region
Climate-Food-Water Nexus
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Results

The instrumental period
We find significant negative correlations between 20 year
high-passedfiltered summer (June–August) instrumental
temperature and scPDSI data over Europe for the period
1901–2003 (figures 1; S2, SOM). A similar negative
relationship is observed between high-pass filtered

Figure 1.Correlations between 20 year high-pass and decadally filtered instrumental, reconstructed or simulated temperature and
hydroclimate over 1901–2003. For instrumental data and simulations both summer (June–August, JJA) and spring-summer (March–
August,MAMJJA) season are shown.Grid-cells containing black squaresmark significant (p<0.05) correlations.

4

Environ. Res. Lett. 14 (2019) 084015

confidence level against a red noise background is used
(see supplementary methods, SOM). The spectral and
cross-wavelet analyses cannot be conducted on spatially
resolved data so we calculated arithmetic means of the
grid-cells for three key regions: North-Central Europe
(45–60° N, 5–20° E), Western Mediterranean (35–
45° N, 10° W–5° E), and Eastern Mediterranean
(35–45°N,20–35°E) (seefigure S1, SOM).

Results

The instrumental period
We find significant negative correlations between 20 year
high-passedfiltered summer (June–August) instrumental
temperature and scPDSI data over Europe for the period
1901–2003 (figures 1; S2, SOM). A similar negative
relationship is observed between high-pass filtered

Figure 1.Correlations between 20 year high-pass and decadally filtered instrumental, reconstructed or simulated temperature and
hydroclimate over 1901–2003. For instrumental data and simulations both summer (June–August, JJA) and spring-summer (March–
August,MAMJJA) season are shown.Grid-cells containing black squaresmark significant (p<0.05) correlations.

4

Environ. Res. Lett. 14 (2019) 084015

confidence level against a red noise background is used
(see supplementary methods, SOM). The spectral and
cross-wavelet analyses cannot be conducted on spatially
resolved data so we calculated arithmetic means of the
grid-cells for three key regions: North-Central Europe
(45–60° N, 5–20° E), Western Mediterranean (35–
45° N, 10° W–5° E), and Eastern Mediterranean
(35–45°N,20–35°E) (seefigure S1, SOM).

Results

The instrumental period
We find significant negative correlations between 20 year
high-passedfiltered summer (June–August) instrumental
temperature and scPDSI data over Europe for the period
1901–2003 (figures 1; S2, SOM). A similar negative
relationship is observed between high-pass filtered

Figure 1.Correlations between 20 year high-pass and decadally filtered instrumental, reconstructed or simulated temperature and
hydroclimate over 1901–2003. For instrumental data and simulations both summer (June–August, JJA) and spring-summer (March–
August,MAMJJA) season are shown.Grid-cells containing black squaresmark significant (p<0.05) correlations.

4

Environ. Res. Lett. 14 (2019) 084015

confidence level against a red noise background is used
(see supplementary methods, SOM). The spectral and
cross-wavelet analyses cannot be conducted on spatially
resolved data so we calculated arithmetic means of the
grid-cells for three key regions: North-Central Europe
(45–60° N, 5–20° E), Western Mediterranean (35–
45° N, 10° W–5° E), and Eastern Mediterranean
(35–45°N,20–35°E) (seefigure S1, SOM).

Results

The instrumental period
We find significant negative correlations between 20 year
high-passedfiltered summer (June–August) instrumental
temperature and scPDSI data over Europe for the period
1901–2003 (figures 1; S2, SOM). A similar negative
relationship is observed between high-pass filtered

Figure 1.Correlations between 20 year high-pass and decadally filtered instrumental, reconstructed or simulated temperature and
hydroclimate over 1901–2003. For instrumental data and simulations both summer (June–August, JJA) and spring-summer (March–
August,MAMJJA) season are shown.Grid-cells containing black squaresmark significant (p<0.05) correlations.

4

Environ. Res. Lett. 14 (2019) 084015

Charpentier	
Ljungqvist	et	al.	
(ERL,	2019)

warmer - drier warmer - wetter

Learning	from	history
Warm season co-variation	since 850	CE,	for:

Temperature vs	Precipitation

Temperature vs	Soil Moisture

warmer -
drier

warmer -
drier

warmer -
drier

warmer -
wetter

warmer -
wetter

warmer -
wetter



Regional	example:	Greece – catchments draining into
Aegean &	Ionian Seas

Water 2018, 10, 1645 3 of 19

Finally, in addition to climate change, Greece has undergone considerable agricultural irrigation
developments over the study period 1930–2009, which is chosen due to availability of different types
of relevant data for Greece over this period. Previous studies have reported such developments to be
important drivers of freshwater changes in different parts of the world [7,8,17,22–24]. The occurrence
of such developments over the study period in Greece contributes to making this a relevant case
for studying freshwater changes and their interactions and co-evolution with such human-driven
developments as well as with climate change.
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With regard to the five catchments, the largest one is the total regional catchment (coloured in 
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Mediterranean Sea through different coastline stretches. In addition to Greece (without its numerous 

islands, which are not considered in this study), this total catchment also includes some parts in the 

Figure 1. Location and extent of the nested study catchments. These include: the total regional
catchment (coloured) and within it the catchments of: Mainland Greece (red outline) and Peloponnese
(black outline); and of the Ionian Sea (green area) and the Aegean Sea (light blue area). Data-wise,
the Mainland catchment includes three local catchments (blue outlines) with reasonable openly
reported runoff data series. The Peloponnese catchment includes three water management districts
and associated local catchments (blue outlines) of Northern Peloponnese (NP), Western Peloponnese
(WP) and Eastern Peloponnese (EP) with available temporal average runoff and other freshwater data.

Overall, freshwater conditions, interactions and changes across Greece are here quantified and
interpreted from the available reported data on hydro-climate and irrigated land-use and water-use
for the period 1930–2009. To distinguish freshwater changes and associated uncertainties that may
have been driven by the atmospheric climate change and/or the irrigation development occurring
over Greece during this period, we compare long-term average conditions in relevant water-related
variables between two 20-year sub-periods, 1930–1949 and 1990–2009, for five nested catchments of
different scales (Figure 1). The two comparative sub-periods are chosen long enough to represent
long-term average climate (and not just temporary weather) conditions and with as long time between
them as possible for capturing freshwater changes from an early time with relatively small human
influences on climate and irrigation to the recent time with expected much greater such influences.

With regard to the five catchments, the largest one is the total regional catchment (coloured
in Figure 1; 178,984 km2) that includes the whole of Greece and drains into the eastern part of the
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has decreased in all catchments, the most east-extending and driest catchment (Aegean) exhibits the
smallest P decrease (�35 mm/year) and the most western and wettest catchment (Ionian) exhibits the
largest P decrease (�94 mm/year).

Overall, the atmospheric hydro-climatic changes in T and P from 1930–1949 to 1990–2009 have
driven most catchments (except the Peloponnese and Ionian) toward somewhat warmer conditions
and all catchments toward drier conditions. Furthermore, these changes have decreased the variability
range of average T and P among the nested catchments, from earlier ranges of 3.4 �C (from minimum
11.5 to maximum 15 �C) and 224 mm/year (from 637 to 861 mm/year) to recent ranges of 2.8 �C
(from 12 to 14.8 �C) and 145 mm/year (from 622 to 767 mm/year), respectively.

With regard to irrigation, this has increased greatly in Greece in terms of all associated variables:
irrigated area (Figure 2a) and amount of water used for irrigation in terms of absolute volume
(Figure 2b) and per irrigated area (Figure 2c). These changes imply corresponding irrigation increases
also in the different study catchments (Table 2). As a consequence of these human-driven irrigation
developments, combined with the atmospheric hydro-climatic changes (Figure 5b), the long-term
average values of the landscape hydro-climatic variables ET and R have also changed over Greece and
in the different study catchments. Figures 6 and 7 illustrate the changes in ET and R, respectively, for all
catchments. Further result details are listed in Table 4 for the total regional catchment; corresponding
results for the other catchments are listed in Supplementary Table S2 for Mainland, Table S3 for
Peloponnese, Table S4 for Ionian and Table S5 for Aegean.Water 2018, 10, x FOR PEER REVIEW  13 of 19 
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Finally, in addition to climate change, Greece has undergone considerable agricultural irrigation
developments over the study period 1930–2009, which is chosen due to availability of different types
of relevant data for Greece over this period. Previous studies have reported such developments to be
important drivers of freshwater changes in different parts of the world [7,8,17,22–24]. The occurrence
of such developments over the study period in Greece contributes to making this a relevant case
for studying freshwater changes and their interactions and co-evolution with such human-driven
developments as well as with climate change.
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Figure 1. Location and extent of the nested study catchments. These include: the total regional
catchment (coloured) and within it the catchments of: Mainland Greece (red outline) and Peloponnese
(black outline); and of the Ionian Sea (green area) and the Aegean Sea (light blue area). Data-wise,
the Mainland catchment includes three local catchments (blue outlines) with reasonable openly
reported runoff data series. The Peloponnese catchment includes three water management districts
and associated local catchments (blue outlines) of Northern Peloponnese (NP), Western Peloponnese
(WP) and Eastern Peloponnese (EP) with available temporal average runoff and other freshwater data.

Overall, freshwater conditions, interactions and changes across Greece are here quantified and
interpreted from the available reported data on hydro-climate and irrigated land-use and water-use
for the period 1930–2009. To distinguish freshwater changes and associated uncertainties that may
have been driven by the atmospheric climate change and/or the irrigation development occurring
over Greece during this period, we compare long-term average conditions in relevant water-related
variables between two 20-year sub-periods, 1930–1949 and 1990–2009, for five nested catchments of
different scales (Figure 1). The two comparative sub-periods are chosen long enough to represent
long-term average climate (and not just temporary weather) conditions and with as long time between
them as possible for capturing freshwater changes from an early time with relatively small human
influences on climate and irrigation to the recent time with expected much greater such influences.

With regard to the five catchments, the largest one is the total regional catchment (coloured
in Figure 1; 178,984 km2) that includes the whole of Greece and drains into the eastern part of the
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Figure 6. Evapotranspiration changes from 1930–1949 to 1990–2009 in total (DET) and their climate
(DETclim) and irrigation (DETirr) components. Main bars show mid-range results and error bars
show the range of change estimates for different evaluation scenarios (Table 3 and Supplementary
Table S1). Results are shown for the total regional catchment (TOTAL) and the nested Mainland (ML),
Peloponnese (PEL), Ionian (IONIAN) and Aegean (AEGEAN) catchments.

Table 4. Freshwater changes and main uncertainty estimates for the total regional catchment. The terms
P, ET and R represent precipitation, evapotranspiration and runoff, respectively, while D stands for
change and subscript clim and irr indicate climate driven and irrigation driven change, respectively.
Scenario definitions (Base, Alt.) are as given and explained in Table 3.

Type of Scenario

and Uncertainty

DP (mm/year)

DETclim
(mm/year)

DETirr
(mm/year)

DET
(mm/year)

DRclim
(mm/year)

DRirr
(mm/year)

DR
(mm/year)

P scenarios ±
Irrigation uncertainty

�46 (Base) �12.5 24.9 ± 6 �33.5 �70.9 ± 6
�48.4 (Alt. 1) �11.5 25.9 ± 6 �36.9 �74.3 ± 6
�51 (Alt. 2) �10 27.4 ± 6 �41 �78.4 ± 6

Irrigation (Iww)
scenarios ± P
uncertainty

32.6 (Base) 21.3 ± 1.3 �32.6 �69.7 ± 3.8
33.8 (Alt. 1) 22.5 ± 1.3 �33.8 �70.9 ± 3.8
31.4 (Alt. 2) 20.1 ± 1.3 �31.4 �68.5 ± 3.8
43.4 (Alt. 3) 32.1 ± 1.3 �43.4 �80.6 ± 3.8
42.2 (Alt. 4) 30.9 ± 1.3 �42.2 �79.4 ± 3.8
41 (Alt. 5) 29.7 ± 1.3 �41 �78.2 ± 3.8

All scenarios ± Total
uncertainty �48.5 ± 2.5 �11.3 ±

1.3 37.4 ± 6 26.1 ± 7.3 �37.1 ±
3.8 �37.4 ± 6 �74.6 ± 9.8

Overall, ET has increased to some greater or lesser degree, while R has decreased considerably over
all catchments. For ET, the irrigation developments have driven the largest change component DETirr
(overall increase of around 40 mm/year), while the climate-driven change DETclim is in the opposite
direction (decrease) and mostly of smaller absolute magnitude (around or less than 10 mm/year for
the total, Mainland and Aegean catchments). For the Ionian and Peloponnese catchments, the absolute
magnitude of the decrease DETclim is relatively close to that of the increase DETirr. As a consequence,
the total net increase DET is relatively small in these two catchments (around 15 mm/year in the Ionian
and 4 mm/year in the Peloponnese) and larger in the other catchments (around 25–30 mm/year).

The main reason for the relatively large decreases DETclim of around �27 mm/year and
�35 mm/year in the Ionian and the Peloponnese catchment, respectively, is that they are subject to
the largest precipitation decreases DP (of �94 mm/year and �80 mm/year). These are also combined
with DT conditions of zero warming (Ionian) or even cooling (of �0.2 �C in Peloponnese), which do
not drive ET increase. A question to investigate in further climate-change research for this region is
whether the generally large irrigation-driven ET increase (DETirr component) and the additional latent

Water change in	evapotranspiration (ET)
1930-1949	à 1990-2009

Water 2018, 10, 1645 15 of 19

heat flux that this implies from the land surface to the atmosphere have contributed to significant
local cooling of the land surface, thereby counteracting local warming effects of global climate change.
This has been found in other irrigated regions of the world [17,23] and such irrigation-driven surface
cooling would be consistent with the relatively small increases of local surface T over Greece, including
the cooling and zero warming in the Peloponnese and Ionian catchments with the largest and second
largest increase components DETirr, respectively.
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(Figure 7). In total, ΔR is around: −75 mm/year, −73 mm/year and −65 mm/year in the three largest 
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Figure 7. Runoff changes from 1930–1949 to 1990–2009 in total (DR) and their climate (DRclim) and
irrigation (DRirr) components. Main bars show mid-range results and error bars show the range of
change estimates for different evaluation scenarios (Table 3 and Supplementary Table S1). Results are
shown for the total regional catchment (TOTAL) and the nested Mainland (ML), Peloponnese (PEL),
Ionian (IONIAN) and Aegean (AEGEAN) catchments.

In contrast to ET, the climate and irrigation change components of DR are both in the same
direction, thus reinforcing each other and leading to considerable decrease in R across all catchments
(Figure 7). In total, DR is around: �75 mm/year, �73 mm/year and �65 mm/year in the three
largest catchments, total regional, Mainland and Aegean, respectively; and �91.1 mm/year and
�119 mm/year in the two smallest catchments, Peloponnese and Ionian, respectively. The irrigation
driven change component DRirr = �DETirr (Equation (3)) has similar magnitude (decrease of around
�40 mm/year) across all catchments. In most catchments (total, Mainland, Aegean), the climate-driven
change component DRclim = DP � DETclim (Equation (3)) is also a decrease of somewhat smaller
magnitude (around �35 to �30 mm/year) than DRirr. However, in the Ionian and Peloponnese
catchments, the decrease DRclim is larger (around �75 mm/year and �50 mm/year, respectively) than
DRirr. Overall, the decrease DRclim is mainly due to the precipitation decrease DP across all catchments.

The results of net total increase in average ET and decrease in average R, which for ET masks and
for R exacerbates the decrease expected from only the observed atmospheric climate change (in T and
P), are consistent with corresponding results for other irrigated areas of the world. For example, in the
Indian Mahanadi River catchment, draining into the Bay of Bengal, with decreased long-term average
P by �60 mm/year and increased irrigation water use by 81 mm/year (from 1901–1955 to 1956–2000),
the average ET increased by around 55–70 mm/year while the average R decreased by around
�130–�115 mm/year [39]. Furthermore, in the case of the Aral Sea catchment (ASC), P increased
by 11 mm/year and irrigation water use increased by 23 mm/year (from 1901–1950 to 1983–2002),
while the average ET increased by 15 mm/year and the average R decreased by �28 mm/year [39].
In both of these irrigation cases, as also found here for Greece, the irrigation development has led
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The fundamental basin-scale water balance (Eq. 1) implies that, in order to fully understand a change in R, 
given an associated change in the P water input, it is also necessary to consider the changes in ET and DS over 
the same period. The ET flux connects the land surface and the atmosphere, and changes in ET may be driven 
by both atmospheric climate change and human activities in the landscape1,2,21. No general pattern is observed 
for ET changes from 2001–2016 to 1986–2000 (Fig. 3b), even though there is a non-significant decrease trend 
in country-average ET in consistency with the non-significant decrease trend in country-average P (Table 1). 
In some northeastern, northwestern, and central basins (e.g., 42, 41, 13, 30, 17, 18, and 25), ET has increased in 
spite of decrease in P, which implies more water-limited conditions. In particular, the major decreases seen for 
R in basins 30, 13, and 25 are related to major ET increases, in addition to the P decreases occurring in the same 
basins. Major change is also seen in Fig. 3a for runoff in the Lake Urmia basin (number 30), a well-known exam-
ple of dramatic hydrological change in Iran5. Specifically, Fig. 3a shows a massive decrease in R into Lake Urmia 
(dark red, decrease of 70 mm/year). Figure 3b further shows ET increase in this basin (dark green, increase of 42 
mm/year). The R decrease, resulting from the increase in ET and decrease in P, is consistent with previous find-
ings for the Lake Urmia basin5,7,8 and explains the dramatic shrinkage of Lake Urmia.
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The fundamental basin-scale water balance (Eq. 1) implies that, in order to fully understand a change in R, 
given an associated change in the P water input, it is also necessary to consider the changes in ET and DS over 
the same period. The ET flux connects the land surface and the atmosphere, and changes in ET may be driven 
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In some northeastern, northwestern, and central basins (e.g., 42, 41, 13, 30, 17, 18, and 25), ET has increased in 
spite of decrease in P, which implies more water-limited conditions. In particular, the major decreases seen for 
R in basins 30, 13, and 25 are related to major ET increases, in addition to the P decreases occurring in the same 
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mm/year). The R decrease, resulting from the increase in ET and decrease in P, is consistent with previous find-
ings for the Lake Urmia basin5,7,8 and explains the dramatic shrinkage of Lake Urmia.

Variability and change in water storage. Water storage changes in groundwater and surface water typ-
ically occur seasonally within each year, with long-term average DS remaining around zero under sustainable 
use of water resources1,2,20. If temporal average DS in a hydrological basin systematically deviates from zero over 
many years, this implies systematic lowering (for DS < 0) or raising (for DS > 0) of average water levels over the 
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whole basin. Such changes may be due to consumptive use of water by human activities removing water from the 
basin (e.g., by increased ET and atmospheric transfer of that water to other basins/regions), or by such activities 
adding water to the basin (e.g., through engineered water transfer from other basins/regions). In this study, the 
estimated DS values and their changes between the sub-periods in Iran include changes in both surface water and 
groundwater (Table 1, Fig. 4); see also the Methods section.

Overall, DS exhibits a non-significant decrease trend (Table 1) because it has been negative in Iran over the 
whole study period, with its decrease rate (i.e., the rate of water level decline) being more enhanced in the later 
sub-period (2001–2016; Fig. 4b) than in the earlier period (1986–2000; Fig. 4a) for 22 of the 30 basins. The decline 
rate enhancement between periods is greatest in basins 25, 26, 27, and 28 in the south (Fig. 4c). In eight basins 
(number 11, 23, 42, 44, 48, 16, 52, and 29), the DS decline rate is slower, but still negative, in 2001–2016. The 
systematic negative DS across Iran is likely due to human extraction of groundwater resources15,26. It primarily 
represents a decline in groundwater level, as this extends over the whole basin area, while surface waters cover 
only a small area fraction, although dramatic storage decreases have also occurred in surface water5. Regarding 
the particularly dramatic visible decline in Lake Urmia’s water level, note that Fig. 4a and b show average decline 
rate in the first and second sub-period, respectively, while Fig. 4c shows the shift in this rate between the periods. 
Since storage change in the Lake Urmia basin has been (and still is) negative and decreasing over the whole study 
period, the rate difference between sub-periods is relatively small.

Figure 5 further shows the ratio of annual DS rate to P (DS/P) versus the aridity index PET/P, where PET is the 
mainly T-dependent potential evapotranspiration (see Methods section) for the whole of Iran. The vertical black 
line in Fig. 5 represents the 30-year (1986–2016) country average PET/P, while data points to the right and left of 
this line represent years with drier and wetter conditions than the long-term country average, respectively. Data 
points above and below the horizontal axis represent years with positive and negative annual DS rate, respectively, 
with positive DS rate (storage increase) only seen in the years 1992, 1993, and 1996. The predominant decline in 
water storage across Iran is greater (DS more negative) for drier years (negative slope of regression line), but has 
also occurred under normal and wet conditions (with PET/P close to or lower than the long-term average value, 

Figure 4. Change in mean annual water storage (DS) in the 30 study basins in Iran during (a) 1986–2000 and 
(b) 2001–2016, and (c) differences in the rate of DS between the two periods, the maps in this Figure are drawn 
by ArcGIS 10.6(https://desktop.arcgis.com/en/arcmap). 6SCIENTIFIC REPORTS |         (2020) 10:7450  | https://doi.org/10.1038/s41598-020-64089-y
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respectively). The negative DS in all years of the second sub-period (red circles in Fig. 5) likely indicates increased 
human pressures and more unsustainable exploitation of water resources in Iran, as the country’s hydro-climatic 
conditions have mainly become drier in terms of both P and R from 1986–2000 to 2001–2016. However, unlike P, 
R, and DS, the ET conditions are not systematically drier across Iran in the later sub-period (Fig. 3b), for reasons 
explored further in the next section.

Evapotranspiration shifts in Budyko space. A Budyko space plot of the basin-wise conditions of ET/P 
versus PET/P, and shifts from 1986–2000 (blue symbols) to 2001–2016 (red symbols), provide some important 
insights regarding the fate of the extra water flux provided to the basins by the systematic water storage decline 
(negative DS) over Iran (Fig. 6). The green curve in the diagram represents the expected ET/P for the prevailing 
PET/P value in each hydrological basin, based on the commonly used Budyko equation(19), see also Table S2 in 
SM. Furthermore, the thick black line in the range PET/ P < 1 shows ET = PET as a theoretical upper limit of 
ET; data points of ET ≤ PET for PET/P < 1 indicate basins with energy-limited ET (Fig. 6). For PET/P > 1, the 
horizontal thick black line shows instead ET = P as a theoretical upper limit of ET; data points of ET ≤ P for PET/ 

Figure 5. Water storage change to precipitation ratio (DS/P) plotted against the aridity index of potential 
evapotranspiration (PET) to precipitation ratio (PET/P). Data point values are for the whole of Iran, and the 
diagram is inspired by27.

Figure 6. Budyko plot of conditions and changes in actual evapotranspiration (ET) versus potential 
evapotranspiration (PET) normalized to precipitation (P) in the 30 study basins in Iran in and between the sub-
periods 1986–2000 and 2001–2016.
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Figure 1: GPP anomalies integrated over 8 months during the strongest soil moisture drought 

observed during the study period 2001-2015, expressed as accumulated z-scores. Barplot denotes 

mean anomalies across aridity regions. Regions shown in white have too little soil moisture and/or 

vegetation data to obtain meaningful results (less than 8 years of at least 50% growing season data

availability). 500
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Figure 5: Drought duration further controls drought-induced yearly agricultural yield anomalies 

across various European countries. Different line slopes are found for countries where irrigation is

applied in agriculture (light blue least-squares At) than for countries without large-scale 

agricultural irrigation (gray least-squares At).  
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Fig. 1. The locations of the aquifers under study in the southeastern
Mediterranean (1) Nile Delta aquifer, (2) Israel Coastal aquifer, and
(3) Cyprus Akrotiri aquifer (adapted from http://www.emersonkent.
com/map_archive/eastern_mediterranean.htm).

models up to 2055, is expected to be higher for the North
African rim of the Mediterranean (Döll, 2009).
In this paper, we study three coastal aquifers in the south-

eastern Mediterranean region that are already suffering sea-
water intrusion, with the aim to determine how close these
aquifers are to reaching critical seawater intrusion extents in
relation to different possible groundwater pumping locations
(Koussis et al., 2010a, b) and/or to tipping points for com-
plete seawater intrusion in the aquifer (Mazi et al., 2013).
The studied aquifers (Fig. 1) are (1) that underlying the Nile
Delta (the Nile Delta aquifer, referred to as NDA), which is of
profound importance to Egypt; (2) the Israel Coastal aquifer
(ICA), which is considered to be the most important fresh-
water source in Israel; and (3) the Cyprus Akrotiri aquifer
(CAA), which is a major source of potable and irrigation wa-
ter in Cyprus. These aquifers have been subject to extensive
exploitation and modified hydrologic regime by human ac-
tivities and constructions (e.g., dams), and are located in a
sensitive region of the world, both in climatic and political
respects.
We here review the salinization history and current status

of these aquifers, and quantify their resilience/vulnerability
to current and future exploitation schemes, in terms of pump-
ing location and rate of extraction, and/or hydroclimatically
changed recharge conditions, in view of their respective tip-
ping points and other critical extents of seawater intrusion.
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Fig. 2. Mediterranean aquifers and selected cross sections (red
lines). (a) Nile Delta aquifer: (1) middle Nile Delta and (2) east
Nile Delta (adapted from Sherif, 1999); (b) Israel Coastal aquifer,
light grey area (left) (adapted from Yechieli and Sivan, 2011); and
(c) Cyprus Akrotiri aquifer.

2 Materials and methods

2.1 Site descriptions

In this section we summarize the physical characteristics of
the three regional coastal aquifers (Fig. 1) and present the
manner of their exploitation and the resulting current and
possible future development conditions.

2.1.1 The Nile Delta aquifer (NDA)

The Nile Delta area (22 000 km2) is among the largest deltas
in the world. This area is important as the outflow area of one
of the largest rivers of the world, and because it concentrates
45% of the total population, 45% of the arable land, 50% of
the industrial production, 40% of the agricultural production
and 60% of the fish catch in Egypt (Mikhailova, 2001).
The Nile Delta has its apex near Cairo, approximately

200 km from the Mediterranean Sea, and its base at the
Mediterranean coastline extending from Alexandria to Port
Said, a distance of about 240 km (Fig. 2a). The area of the
Nile Delta is bounded to the east by the Ismailiya and the
Suez canals, to the west by the El Nubariya Canal, and to
the north by the Mediterranean Sea. The Damietta branch of
the Nile, flowing to the northeast, and the Rosetta branch,
flowing to the northwest, divide the NDA into a middle, an
eastern, and a western part.
The average annual rainfall in the Nile Delta ranges from

180mm at the coast to ca. 26mm in the Cairo area, oc-
curring mostly in the winter (Sherif and Singh, 1999). The
alluvial NDA underlies the delta plain and accounts for
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Fig. 4. Seawater intrusion performance curves for the middle and
east Nile Delta aquifer cross sections. Symbols mark the calculated
normalized intrusion toe position, lT/L, as a function of the nor-
malized submarine groundwater discharge qSD/(KL) under constant
boundary head conditions for present and past groundwater pump-
ing and associated net recharge conditions (continuous lines in main
graph and inset), for which the tipping point of full intrusion (open
squares) cannot be reached. The inset shows comparative results
(dashed lines) for variable head conditions at the boundary under
constant net recharge conditions at current levels, for which the tip-
ping point of full intrusion (open squares) can be reached.

aquifer, ldiv =L, for rn = 6.5mmyr�1 in the eNDA and for
rn = 5.7mmyr�1 in the mNDA. The ratio lT/ldiv will then
be 0.69 and 0.64 in the eNDA and mNDA, respectively,
showing that ldiv moves faster than lT under decreasing rn.
Because of the landside HB condition, with piezometric
head at 14m, the aquifer will not be completely invaded by
seawater even if net recharge rn diminishes to zero; under
those conditions lT⇡ 140 km in the eNDA and lT⇡ 131 km
in the mNDA (Eq. 2, Appendix A). In other words, even for
rn = 0, the interface toe lT cannot here intrude to the inland
boundary at L = 180 km in the eNDA and L = 175 km in
the mNDA, if the prescribed hydraulic head and the implied
inflow there are sustained at current levels (Fig. 4). However,
if water management practices and/or climate change in the
hydrological catchment upstream of inland aquifer boundary
decreased the hydraulic head at that boundary, the tipping
point lT/ldiv = 1 of full seawater intrusion could be reached,
even if the net recharge were maintained at current levels
(inset, Fig. 4).
The sensitivity analysis of the combined effect of recharge

and boundary head change for the eNDA and mNDA
shows that, if net aquifer recharge and associated subma-
rine groundwater discharge qSD had remained at their for-
mer greater values, the head at the inland boundary would
not play such a big role for the vulnerability of the aquifer
to seawater intrusion. Specifically, a change of ±10% in the
boundary head would only cause the interface toe to fluc-
tuate by ±350m at the most in the mNDA section and by

Table 2. Interface toe location, lT, for different conditions of net
recharge rate and groundwater head at the inland boundary for the
Nile Delta aquifer sections.

Middle East
Net recharge Head at inland Nile Delta Nile Delta
rate (mmyr�1) boundary (m) lT (km) lT (km)

10 12.6 113.35 123.70
14 98.01 116.04

15.4 91.49 109.37
100 12.6 22.56 35.88

14 22.21 35.46
15.4 21.88 34.60

Fig. 5. Seawater intrusion performance curves for the middle and
east Nile Delta aquifer cross sections for different groundwater
head conditions at the inland boundary. Normalized intrusion toe
position, lT/L, is shown as a function of the normalized subma-
rine groundwater discharge qSD/(KL) for (a) former values of net
recharge and associated qSD/KL (range of higher qSD/(KL) values
in the x axis scale), and (b) current values of net recharge and as-
sociated qSD/(KL) (range of lower qSD/(KL) values in the x axis
scale).

�860m to +420m in the eNDA section (Fig. 5a and Ta-
ble 2). However, under current conditions of net recharge
limited to about 10mmyr�1, a +10% head change causes
the interface to retreat by 6.5 km in both sections, while
a �10% head change causes the interface to advance by
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Conclusion

Consideration	&	disentanglement	needed	for	multifaceted – coupled and	
sometimes	contrasting - aspects	of	drying & wetting in	the	landscape,	
including:	

• Water at	the	surface vs	groundwater
• Water	for	vegetation/crops (food)	vs water	for	other	uses
• Atmospheric climate	change	vs	other	human	drivers	in	the	landscape	–
including	agricultural	intensification/expansion	for	food production
• Goal	conflicts	&	tradeoffs involved	in	avoidance	of	various	critical	
thresholds for	long-term	sustainability	in	the	Climate-Food-Water Nexus


