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CLIMATOLOGY

An ecohydrological journey of 4500 years reveals
a stable but threatened precipitation–groundwater
recharge relation around Jerusalem
Simone Fatichi1*†, Nadav Peleg2,3†, Theodoros Mastrotheodoros2,
Christoforos Pappas4,5, Gabriele Manoli6
Groundwater is a key water resource in semiarid and seasonally dry regions around the world, which is replenished
by intermittent precipitation events and mediated by vegetation, soil, and regolith properties. Here, a climate
reconstruction of 4500 years for the Jerusalem region was used to determine the relation between climate, vegetation,
and groundwater recharge. Despite changes in air temperature and vegetation characteristics, simulated recharge
remained linearly related to precipitation over the entire analyzed period, with drier decades having lower rates
of recharge for a given annual precipitation due to soil memory effects. We show that in recent decades, the lack of
changes in the precipitation–groundwater recharge relation results from the compensating responses of vegetation
to increasing CO2, i.e., increased leaf area and reduced stomatal conductance. This multicentury relation is
expected to be modified by climate change, with changes up to −20% in recharge for unchanged precipitation,
potentially jeopardizing water resource availability.

INTRODUCTION

Depletion of groundwater storage has been reported in several
regions worldwide (1, 2), and while groundwater pumping is one of the
main reasons (3), changes in climatic variables might also have a considerable role on groundwater storage and recharge (4, 5). Groundwater
recharge is the residual of precipitation minus the sum of evapotranspiration (ET) and runoff and hence is strongly affected by climate
variability, vegetation, soil, and regolith properties (6). In semiarid regions,
even relatively minor changes in ET can strongly influence groundwater recharge, as recharge is a small flux in comparison to precipitation and ET, and runoff is also a tiny fraction of precipitation (7).
Although small in magnitude, groundwater recharge in semiarid
regions is key for water resource management as it replenishes deep
aquifers that, in turn, through perennial springs and/or through
direct pumping, provide the only continuous source of water (8, 9).
In this regard, the impact of water availability on the thriving and
decay of early civilizations living in semiarid or seasonally dry
regions has been often reported (10, 11). In particular in the Levant,
links between precipitation and societal changes have been documented (12–15). In these regions, the first few meters of soil (vadose
zone) are an important control of groundwater recharge amount, as
geological and deep subsurface properties mainly control the timing
of aquifer refill, the flow patterns, and the seasonality of spring
discharge (7). Yet, studies on groundwater recharge generally focused
on the role of geologic formation or soil properties on water flow
(16–18), with less emphasis on vegetation and its impact on
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ET. Even ecohydrological studies examining the role of vegetation
on groundwater recharge either focus on quantifying the amount of
plant water uptake directly from groundwater (19, 20) or are limited
to relatively short time scales (few years or decades). A broader
perspective on the role of vegetation in mediating groundwater
recharge fluxes necessitates longer time scales, which are also
extremely useful to frame the effects of relatively recent anthropogenic
climate change in a multicentury perspective.
Here, we analyze the role of vegetation and soil moisture dynamics
on groundwater recharge with a mechanistic ecohydrological model
(21, 22), validated by reproducing groundwater recharge observations in the Jerusalem region (see Materials and Methods), rather
than focusing on aquifer properties and saturated flow in deep
geological formations. We use a recently reconstructed 4500-year time
series of annual precipitation for the Jerusalem area (15), paleoclimate
reconstructions using proxies (23, 24) and models (25, 26) for other
climatic variables, and an hourly weather generator (27, 28). This
allows extending the analysis of groundwater recharge to temporal
scales that are typical of paleoclimate studies but unprecedented in
mechanistic ecohydrological studies (see Materials and Methods).
With these model simulations, we address the following questions:
(i) Has the relation between precipitation and groundwater recharge
been affected by other variables during the past 4500 years?; and (ii)
how is the relation between precipitation and groundwater recharge
going to change in the future with increasing temperature and elevated CO2? Answering these questions sheds light on the long-term
linkage between vegetation dynamics and groundwater recharge
and can provide guidance for reliable water resources management
under climate change in the Jerusalem area and, more generally, in
other semiarid regions characterized by seasonal precipitation.
RESULTS

4500 years of ecohydrological data
The combination of paleoclimate reconstructions, a weather generator,
and a mechanistic ecohydrological model allowed for the simulation
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of more than 4500 years of hourly water and carbon dynamics over
a grass/shrub biome typical of natural vegetation surrounding the
Jerusalem area. Reconstructed meteorological forcing (precipitation
and air temperature) and simulated vegetation gross primary
production (GPP) and groundwater recharge (GR) reflect the signature
of major climatic events that occurred in the past 4500 years, such
as the Iron Age Cold Epoch, the Roman and Medieval warm periods,
the Little Ice Age, and the recent global warming, which is very
evident in the temperature time series, especially in the past 50 years
(Fig. 1). In this region, colder periods of the past are typically
associated with drier conditions and vice versa as often observed in
geological records (29) and also in global model projections (30).
The highest precipitation in the record is during the Roman warm
period when the 30-year average precipitation exceeded 650 mm
year−1. Recharge patterns follow closely precipitation patterns with
recharge decreasing from ~100 mm year−1 to roughly 30 to 35 mm
year−1 in the first 1000 years, increasing back to 120 mm year−1
around year 75 BCE and with oscillations leading to the highest
30-year average recharge peaks (~170 mm year−1) in the years
402–415 CE and low values ~30 to 50 mm year−1 in the 650–900 CE
and 1400–1620 CE. The past 200 years are characterized by an
initial positive (up to 1900 CE) and then a negative trend in recharge
with an average value of 128 mm year−1. A negative trend (−1.7 mm
year−2) is simulated in the past 20 years. Vegetation is responsive to
climatic fluctuations and especially to increase in precipitation with
a peak in GPP during the Roman warm period at 485 gC m−2 year−1.
GPP is increasing since 1800 CE first in response to increased precipitation, but then in the past 20 years, when precipitation trends have
reversed, GPP has still increased or remained stable in response to
CO2. This is because of CO2 stimulation of photosynthesis and
increasing trends in water use efficiency (WUE) (31, 32). The 30-year
average GPP reached a peak of 554 gC m−2 year−1 in 1983 and
1995 CE—unprecedented levels for the past 4500 years. Changes in
GPP are associated with simulated changes in vegetation cover in
terms of leaf area index (LAI), which on a 30-year average ranges

between 0.6 and 0.9 in the simulated period (fig. S1), with a clear
positive trend since the 1950s.
The changes in air temperature and CO2 (and consequently
vegetation) occurred mostly in the past 50 years but do not seem to
considerably modify the relation between precipitation and groundwater
recharge (Fig. 1). Even other components of the hydrological budget,
once normalized with precipitation, do not show any consistent
trend from 1850 to 2000 CE (fig. S2). This is supported by a relatively
stable relation between mean 30-year precipitation (Pr*) and mean
30-year groundwater recharge (GR*) (Fig. 2). The stability of this
relation for 4500 years, despite the fluctuations in other variables
(fig. S3), underlines the dominant role of precipitation in controlling
groundwater recharge. The effects of temperature and CO2 generate
small deviations from this line, more distinct during the past 60 years
(two 30-year blocks); however, only two 30-year intervals (191–220 BCE
and 921–950 CE) are not within the 5 to 95% confidence interval of
the linear Pr*-GR* relation (Fig. 2).
The reason for the stability in the Pr*-GR* relation might be
associated with the much larger fluctuations in precipitation (the
variable with the highest interannual variability; Fig. 1) than for
other meteorological variables (fig. S3). However, this does not
provide a sufficient explanation for the past few decades when air
temperature, CO2, and vegetation (GPP and LAI) changed considerably
in comparison to the previous 4500 years. Therefore, the water budget
of the last 30 simulated years (1971–2000 CE) was scrutinized further
by computing the hydrological budget components and comparing
with two hypothetical experiments where CO2 or biomass pools
(e.g., leaves, fine roots) are kept to the preindustrial level (Fig. 3).
Two compensating effects, an increase in LAI and a decrease in
stomatal conductance, led to minor changes in transpiration despite a considerable increase in GPP and LAI and maintained stable
groundwater recharge over this period. Increased LAI in response to
increasing CO2 should lead to higher transpiration rates (per unit of
ground) and lower recharge, but this is compensated by the physiological effect of stomatal closure with elevated CO2, which leads to

Fig. 1. Time series of meteorological forcing and simulated ecohydrological responses. The 30-year moving average of reconstructed meteorological forcing [near-surface
air temperature (Ta), red line; precipitation (Pr), blue line] and simulated vegetation GPP (green line) and groundwater recharge (GR, orange line) between 2500 BCE and
2000 CE. Triangles show the maximum values of each variable in the time series. Major known cold and warm climatic epochs are framed in blue and red areas (respectively);
GW, the current Global Warming. The past 200 years are zoomed in the inset.
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on a multiannual scale, and that during wetter decades it is easier to
recharge the aquifer for the same amount of annual precipitation.

Fig. 2. Precipitation–groundwater recharge relation across 4500 years. Mean
30-year groundwater recharge (GR*) as a function of the mean 30-year precipitation
(Pr*) for the simulated period between 2500 BCE and 2000 CE [GR* = 0.47Pr*−144.5;
R2 (coefficient of determination) = 0.96 and P < 0.0001]. Mean 30-year CO2 levels
are represented by symbol size, while symbol colors represent the mean 30-year
air temperature. The shaded area represents the 5 to 95% confidence interval of
the Pr*-GR* linear regression.

water savings (i.e., less transpiration per unit of leaf area). When
CO2 is kept to the preindustrial level (Fig. 3B), simulated groundwater recharge is similar (+1.4%) as vegetation does not grow as
much as in the reference scenario (testified by lower evaporation
from interception, −31%, and higher ground evaporation, +1.4%)
but it does not close stomata either. However, if we allow only CO2
physiological effects and keep biomass pools, including LAI, to
preindustrial levels (Fig. 3C), then the simulated transpiration and
evaporation from interception are reduced (−2.6 and −29%,
respectively) because LAI does not increase, which cascades in a
considerable +5.5% change in groundwater recharge. These potential
water savings do not actually occur because recent climate change
stimulates production of leaves and a larger LAI, which implies that
vegetation uses more water than would be expected from CO2-
induced stomatal closure alone (31–33). The net result is that
transpiration and groundwater recharge remain stable despite the
non-negligible vegetation dynamics that occurred in the past 30 to
50 years.
Stability of the Pr*-GR* relation over a 30-year time scale does
not mean that at the annual scale recharge might not be affected by
other climatic conditions or legacy effects. Specifically, we found a
pronounced role of the mean precipitation of a 30-year period on
the annual recharge for a given annual precipitation amount
(Fig. 4). For each of the simulated 30-year periods between 2500 BCE
and 2000 CE, we fit the annual Pr-GR relation and extract the GR
value at the reference annual precipitation of today (550 mm year−1).
This computed value, which corresponds to the same nominal
amount of annual precipitation, varies through time quite considerably
(Fig. 4A) and largely depends on the mean precipitation of the
30-year periods [R2 (coefficient of determination) = 0.68; Fig. 4B].
This supports the hypothesis that memory effects related to soil
moisture, mostly driven by decadal precipitation, control the recharge
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Sensitivity to CO2 and temperature increase
The changes in vegetation and temperature that occurred in the
past 30 years raise concerns that the remarkable stability in the
historical Pr*-GR* relation (Fig. 2) might be broken in the future
with increasing air temperature (Ta) and CO2. To examine this,
we analyzed the simulated deviations from the expected Pr*-GR*
relation for several scenarios of temperature and CO2 increases
(Fig. 5A). For scenarios with a small increase in temperature (by up
to +0.4°C), we simulate recharge increases by up to +7.3 mm year−1
(+6.4%) from the historical Pr*-GR* relation. This is mostly the result of CO2-induced stomatal closure (fig. S4, A and B). However,
for most combinations of increased Ta-CO2, a negative deviation
from the historical recharge is detected (Fig. 5A), which might
reach a change of −25 mm year−1 (corresponding to a −22% change
from the expected Pr*-GR* relation). The stability of the “historical
recharge” might break (i.e., GR* exceeds the 5th to 95th confidence
interval of the historical relation) as soon as CO2 levels and Ta
increase by 145 parts per million (ppm) and 1.8°C, respectively,
compared with the means of the 1971–2000 CE period (Fig. 5A).
Note that this is obtained for an unchanged Pr* of 550 mm year−1.
Changes in groundwater recharge are mostly induced by changes in
ET (Fig. 5B) and are more pronounced when the increase in Ta is
above 2° to 2.5°C. Higher Ta increases transpiration and ground
evaporation because of larger vapor pressure deficits (VPDs), even
when changes in LAI are constrained by augmented water stress
(fig. S4, A, C, and D). LAI increases considerably for a relatively
small increase in Ta and a high increase in CO2. However, for fixed
CO2, LAI decreases with increasing Ta (fig. S5B). This occurs because a larger winter transpiration (fig. S5A) caused by higher VPDs
(fig. S5C) triggers an earlier onset of vegetation water stress at the
end of the wet season (fig. S5D). A similar pattern toward increased
water stress has been also documented in places where the growing
season starts earlier (34). The net result is that climate change (higher
Ta and CO2) can push the Pr*-GR* relation out of the historical
envelope, decreasing considerably groundwater recharge even for
unchanged precipitation.
DISCUSSION

The present
The importance of groundwater recharge in semiarid regions for
water resources management is undisputable (7). In these regions,
groundwater recharge emerges from the delicate balance between
precipitation and ET, which are typically much larger than the
groundwater recharge itself. Global warming has increased and will
further increase the atmospheric demand for water over land (35),
and rising CO2 has been postulated to contribute considerably to
carbon uptake and “greening” of semiarid ecosystems (36). Both
factors might increase ET and reduce groundwater recharge. However,
we found little change in recharge over the past 30 years despite
considerable changes in temperature and vegetation productivity.
We show that this is the result of two contrasting and largely
compensating roles that atmospheric CO2 exerts on vegetation.
Increasing atmospheric CO2 has stimulated vegetation productivity
and LAI not only in the model simulations but also in reality as
observed in many semiarid regions (31). However, it has also
3 of 8
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Fig. 3. Hydrological budget components for the 1971–2000 period. The mean water budget components (millimeter per year) simulated with Tethys-Chloris forced
with (A) AWE-GEN simulated meteorological variables for the period 1971–2000 CE (GPP, 545 gC m−2 year−1 and LAI, 0.97 m2 m−2); (B) same forcing but with CO2 fixed to
preindustrial levels of 280 ppm (GPP, 455 gC m−2 year−1 and LAI, 0.83 m2 m−2); and (C) same forcing but with biomass pools (e.g., leaves, roots) kept to the preindustrial
level (GPP, 510 gC m−2 year−1 and LAI, 0.83 m2 m−2). Pr, precipitation; T, transpiration; EG, ground evaporation, EIn, evaporation from interception; R, runoff; and GR,
groundwater recharge.

increased WUE, decreasing leaf-level transpiration for a unit of
assimilated carbon (37), as documented by modeling (32, 38) and
observational studies (39). In the Jerusalem case study, these two
“biophysical” and “physiological” effects have largely canceled each
other, leaving transpiration relatively unchanged in recent years
(fig. S2). Furthermore, the recent increase in air temperature was
not large enough to substantially modify VPD and consequently
alter ground evaporation and transpiration. As precipitation has
fluctuated but without a clear trend, this has largely preserved a
stable recharge (~120 mm year−1; Fig. 1) over the past six decades in
the Jerusalem region despite considerable climate change effects.
The past
The 4500-year time span studied here is unique for detailed ecohydrological analyses [but see (40) for a more conceptual approach],
which often focus on a few decades only. Under the assumption of
natural land cover without species modification, reconstructing
4500 years of climate shows considerable changes in 30-year average recharge ranging from less than 40 mm year−1 during the Iron
Age Cold Epoch and Little Ice Age, up to 160 mm year−1 during the
Roman warm period and the late 19th century (Fig. 1). The results
remark the overwhelming role of precipitation fluctuations for
recharge found in other studies (9) with the other climate variables
and vegetation dynamics creating only small deviations from an
unexpectedly stable Pr*-GR* relation (only two statistically significant deviations in a simulated record of 150 × 30-year periods;
Fig. 2). Such stability is the result of (i) the much larger variability of
precipitation in comparison to other climatic variables across
centuries (Fig. 1 and fig. S3); and (ii) the strong seasonality of
precipitation, typical of Mediterranean climate, with most of the
groundwater recharge occurring in winter when temperatures are
lower and vegetation is less active than in spring, i.e., the system is
energy-limited (fig. S6). Although vegetation responds by increasing GPP and LAI in wetter epochs (Fig. 1), it is not able to fully
exploit the additional amount of water available and convert it into
ET as precipitation mostly occurs in the winter and favors recharge
rather than transpiration (fig. S6). Weather simulations over
4500 years produce many different combinations of precipitation
events and interannual variability, but they do not generate systematic
shifts in the precipitation seasonality, which are not documented
and thus not implemented in the weather generator. If occurred,
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then changes in seasonality could potentially modify this pattern.
Precipitation is not only dominant in determining the average
recharge over 30 years but there is also a strong correlation between
annual precipitation and annual recharge. Simulations show that
soil moisture memory effects, exemplified by the mean long-term
precipitation (Fig. 4B), modify the expected value of recharge for a
given amount of annual precipitation, i.e., the recharge for a nominal annual precipitation is higher during wetter periods. Although
we simply consider a 2-m soil profile, soil moisture effects in deeper
layers (>1 m) of the soil profile persist for years and overwhelm the
contribution of larger vegetation biomass in wet periods, which
should rather generate a negative feedback on recharge.
The future
The sensitivity analysis to changes in air temperature and atmospheric CO2 for fixed average precipitation (Fig. 5) shows that while
deviations from the historical Pr*-GR* relation over natural vegetation have not occurred in the past, they can occur in the future.
Deviations of up to −25 mm year−1 from the expected recharge
of ~120 mm year−1 for a 550 mm year−1 precipitation are simulated
by the model for warming exceeding 2°C. While recharge of 80 to
100 mm year−1 is not unprecedented in the past 4500 years, as
several centuries had lower recharge rates (down to 30 mm year−1),
they will be completely unprecedented for a 550 mm year−1 precipitation. This implies that while climate change has not pushed the
response of the natural system out of the historical envelope yet, it
can do so in the future. If these changes are combined with negative
fluctuations in precipitation [plausible for the Jerusalem region (41)
although much harder to predict than CO2 or Ta changes], then
groundwater recharge might be reduced to values never experienced in the past 4500 years with clear implications for water
resource management. Mitigating these impacts will demand preventing CO2 to rise to critical values and/or diversifying water supply sources. If the increase in CO2 is accompanied by only moderate
warming below 1.5°C (and assuming no change in precipitation),
then the physiological effects of reducing stomatal opening, thus
increasing WUE, would be dominant and recharge will remain
largely stable, as the reduction in transpiration will compensate the
increase in ground evaporation and evaporation from interception
associated with higher VPD. However, this scenario is unlikely as
the increase in CO2 and warming are largely linearly related (42)
4 of 8
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Fig. 4. Variability in groundwater recharge for a reference annual precipitation. (A) Thirty-year mean annual groundwater recharge computed for a reference annual
precipitation of 550 mm year−1 (GR550) between 2500 BCE and 2000 CE and (B) the linear relation (dashed line, R2 = 0.68 and P < 0.0001) between GR550 and the mean
precipitation Pr* of each 30-year interval.

Fig. 5. Sensitivity to CO2 and air temperature increase. (A) Changes from the historical Pr*-GR* relation (shown in Fig. 3) of groundwater recharge GR* [millimeter per
year], for several combinations of increasing Ta and CO2 (fig. S8). (B) Changes in ET, ET* [millimeter per year] from present-day conditions (Ta* = 0 and CO2* = 0) for the
same combinations of increasing Ta* and CO2* as in (A). The dashed line marks in both subplots the lower boundary of the area where estimates of GR* exceed the 5th to
95th confidence interval of the natural Pr*-GR* relation.

and a strong CO2 increase is accompanied by strong warming although
with different regional magnitudes.
Limits of interpretation
The presented results are based on a mechanistic ecohydrological
model that conserves mass and energy and relies on well-established
model components and parameterizations. However, some assumptions might dampen the variability in vegetation response. While the
two simulated vegetation types, C3 grass and evergreen shrubs, can
modify their leaf area and other carbon pools, the overall ground area
occupied by vegetation (90%) is fixed, as are the vegetation rooting
depth, soil properties and soil depth. A 2-m soil depth is a compromise between realism in describing the system and matching
Fatichi et al., Sci. Adv. 2021; 7 : eabe6303
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temporal dynamics of spring discharge (fig. S7). The vegetation
parameters are also static, in lack of better information, which
prevents the simulation of potential changes, due to local scale
adaptation and plasticity of plant traits (38, 43). CO2 feedbacks on
belowground root dynamics are also limited to a change in fine-root
biomass and thus soil-to-root conductance, while more complex
root-associated ecological processes are not simulated (44, 45).
All these limitations imply that the study might underestimate
the role of vegetation feedbacks. However, simulated GPP and
LAI change by more than 50% across centuries already. In addition, the potential trends in wind speed (46) or changes in diurnal
patterns and seasonality are not simulated by the weather generator,
which might lead to further underestimation of the variability of
5 of 8
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ecohydrological responses. Anthropogenic activities, cultivars, and
potential land-use changes are also not considered in this study. However,
given the paramount role of precipitation changes in the past and of
CO2-induced feedbacks in the future, which are driven by first-order
hydrological and physiological dynamics, these limitations unlikely
have substantial implications on the main conclusions.
MATERIALS AND METHODS

Study site and datasets for annual climate reconstruction
The analyzed region is representative of the rural area southwest of
the city of Jerusalem (“Judea Group outcrops”) that recharges the
regional Western Mountain Aquifer, which is the main groundwater
source in the area (16). The region is in the transition between
Mediterranean and semiarid climate; its rainy season lasts from
October to April (annual mean precipitation in the period 1994–
2019 is 470 mm), while months from May to September are dry
and hot.
Hourly meteorological forcing in terms of precipitation, air temperature, relative humidity, shortwave radiation, wind speed, and
atmospheric pressure were obtained from the meteorological station
“Jerusalem Center” [31.78°N, 35.22°E, 810 m a.s.l. (above sea level)]
of the Israel Meteorological Service (https://ims.gov.il/en/node/102)
for the control period 1 September 1994 to 15 June 2019, which
recorded a precipitation 8% larger than the proxy-based 4500-year
average. These time series are used as forcing for the ecohydrological
model during the “control period” and to parameterize the weather
generator at the hourly scale.
Time series for mean annual precipitation and corresponding
variance over the past 4500 years were recently reconstructed from an
archive of sediment records that represent historical changes in the
Dead Sea levels (15). This information was used to construct 2500 BCE
to 1950 CE time series of annual precipitation that was then fed to the
weather generator. Concurrently, time series of annual temperature
was reconstructed for the period 2500 BCE to 849 CE and 850 CE to
1950 CE from the TraCE-21ka [Community Climate System Model
version 3 (CCSM3), (25)] and Community Earth System Model Last
Millennium Ensemble [CCSM4, (26)] models (www.earthsystemgrid.
org/), respectively. Annual precipitation and daily temperature
records derived from the observational ECA&D dataset [(47); www.
ecad.eu/] were then used for the most recent years 1951–2000. Solar
constant values to determine the incoming shortwave radiation at
the top of the atmosphere were also varied across the 2500 BCE to
1885 CE period [(24); www2.mps.mpg.de/projects/sun-climate/].
The solar radiation at the surface was then computed by a weather
generator (see below) assuming constant atmospheric properties
except for CO2. The atmospheric CO2 data were taken from (23) for the
period 2500 BCE to 1859 CE and are based on NASA reconstruction for the period 1860–1975 CE (https://data.giss.nasa.gov/) and
on direct observations for the most recent years 1976–2019 CE
(www.esrl.noaa.gov/gmd/dv/data/).
Weather generator: Past climate and sensitivity analysis
To reconstruct hourly time series of meteorological data for the
2500 BCE to 2000 CE period and to create hypothetical meteorological
time series for the sensitivity analysis, we used the stochastic weather
generator AWE-GEN (27, 28) that is designed to reproduce time
series of climate variables based on local observations. It simulates
precipitation, cloud cover, air temperature, vapor pressure, wind
Fatichi et al., Sci. Adv. 2021; 7 : eabe6303
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speed, atmospheric pressure, and shortwave incoming radiation.
The weather generator can reproduce several statistics of meteorological variables across a wide range of temporal scales, including
extremes and interannual variability. In the basic configuration, the
weather generator can stochastically reproduce the present climate
assuming stationarity. Here, AWE-GEN was first parameterized
using the control period—25-year (1994–2019 CE) meteorological
observations from the Jerusalem station. AWE-GEN can also account
for additional information as annual values of precipitation, air
temperature, and solar constant can be externally prescribed relaxing the assumption of stationarity. In this case, the seasonality and
diurnal variability, as well as higher-order statistics, still depend on
the original hourly scale parameterization, but the annual precipitation and mean air temperature will match the externally prescribed
values. Because of cross-correlation among climatic variables, values
of precipitation, air temperature, and solar constant might also affect
other variables, e.g., cloud cover, solar radiation, and relative humidity, although seasonality and diurnal cycles are strongly linked to
the original parameterization. The described method allows to stochastically simulate time series of the past 4500 years at the hourly
scale combining 25 years of recent observations and the reconstructed annual values of precipitation, air temperature, and top of
the atmosphere shortwave radiation.
In addition to the reconstruction of the historical climate, the
parameters representing the control period were used to construct
synthetic climate time series to force the ecohydrological model
with modified Ta and CO2, but with prescribed long-term mean precipitation equal to 550 mm year−1 corresponding to the 1971–2000 CE
period. As the increase in Ta and CO2 will be mostly linearly correlated in the future (42) but with local-scale variabilities, nine different
scenarios were simulated where annual air temperature increases by
up to 6°C in comparison to the 1971–2000’s CE mean annual temperature and CO2 level increases from 360 ppm (a reference value
equal to the CO2 concentration in 1995) up to 920 ppm (fig. S8). To
mediate the internal (stochastic) climate variability (28) in the other
variables, nine realizations were simulated for every scenario for a
total of 81 simulations.
Ecohydrological modeling
The coupled water, energy, and carbon cycles were simulated with
the mechanistic ecohydrological model Tethys-Chloris [T&C; (21, 22)].
T&C resolves the mass and energy budgets at the land surface and
describes physiological vegetation processes including photosynthesis,
phenology, carbon allocation, and tissue turnover. A detailed model
description is provided in previous studies, and the model has been
extensively tested in several climates and ecosystems, including
semiarid and Mediterranean ecosystems [e.g., (21, 22, 32, 48–50)].
For this study, the vegetation parameterization (table S1) is taken
from the Matta location [(51); 31.71°N, 35.07°E, 620 m a.s.l.], roughly
15 km southwest of Jerusalem. The local vegetation is composed of
annual grasses covering roughly 50% of the area and dwarf shrubs,
mostly Sarcopoterium spinosum that cover 40% of the area, with the
remaining 10% assumed to be bare soil. Such a vegetation cover is
common in the natural conditions in the region (52), although we
acknowledge that part of the landscape is also occupied by olives,
almonds, and pines, which may have deeper roots and a different
ecohydrological response. For the case study of Matta, T&C provides
realistic simulations of aboveground net primary productivity
(ANPP) and reproduces the ANPP response to irrigation and
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precipitation exclusion experiments within the uncertainty of
observations (53). Plant water stress is indicated by a  factor that
accounts for the soil water potential integrated over the root zone
and plant-specific water potential thresholds to control stomatal
conductance, carbon allocation, and leaf turnover rates (21, 53).
Soil textural properties were obtained from the Soil-Grids map (54)
using the average of the top 30 cm; specifically, we used 10% sand
content and 23% clay content as characteristic values that were then
converted into hydraulic properties using pedotransfer functions
(55). The soil hydraulic properties were assumed to be vertically
homogenous; in the model, the soil column was discretized using
20 vertical layers, with increasing depth from near the surface (1 cm)
to the bedrock (25 cm), which was assumed to be at 2 m. A free
drainage boundary condition was assumed at the interface between
soil and bedrock. Fine-root biomass was distributed vertically using
an exponential profile, and a maximum rooting depth of 35 cm was
assumed for grass and shrubs (53). As the transfer of water through
the bedrock to reach deep aquifers was not simulated, the 2-m
bedrock depth is simply a compromise (obtained after a few trials)
between considering recharge at a depth that is not influenced
directly by surface processes (e.g., evaporation) but without imposing
a too deep unrealistic soil profile. Water that percolates into the
bedrock is generally assumed sheltered from ET and contributes to
deep aquifer recharge.

Design of the ecohydrological numerical experiments
We used the hourly meteorological observations for the control period
1994–2019 CE, the AWE-GEN reconstructed hourly meteorological
forcing from 2500 BCE to 2000 CE, and nine scenarios with modified Ta and CO2 to run the T&C model. Two additional scenarios
were simulated, in which first, CO2 for the period 1790–2000 CE
was fixed to the preindustrial level of 280 ppm to remove any
CO2-induced effect; and second, leaf and other biomass pools were
fixed to the preindustrial CO2 conditions imposing a predetermined
LAI and biomass time series derived from the previous simulation
but allowing CO2 to change, i.e., enabling for CO2 physiological
effects but removing any feedback on aboveground and belowground
vegetation growth.
In the other simulations, vegetation is dynamic in terms of
carbon pools (e.g., LAI and fine-root biomass change throughout
the simulation) but rooting depth and the ground fraction occupied
by vegetation were fixed—by model construction. Model results were
analyzed in terms of groundwater recharge, runoff, ET, LAI, and
GPP. ET was further partitioned into its main components: transpiration, ground evaporation, and evaporation from interception. Hourly
values were aggregated at the annual scale using hydrological (for
validation) or calendar (for result analysis) year or at multiannual
(e.g., 30 years) time scale as a simple average of the annual values.

Model confirmation: Groundwater recharge estimates
and remotely sensed LAI
Consistency of the response of the T&C model with stochastically
generated meteorological forcing versus observations for the control
period 1994–2019 CE was preliminary checked (fig. S9). The response
in terms of the main ecohydrological variables was similar using both
forcings, confirming the suitability of AWE-GEN in generating realistic climatic inputs for Jerusalem to be used in land surface models.
The LAI MODIS (Moderate Resolution Imaging Spectroradiometer)
estimates (MOD15A2H v006; https://lpdaac.usgs.gov/products/
mod15a2hv006/) for the period 2000–2019 CE of the Matta site were
used to compare ecohydrological simulations of vegetation dynamics
with independent observations. However, MODIS data should be
interpreted cautiously as they are an indirect estimation of LAI
only. The simulated LAI magnitude, in the range 0.7 to 1.4, and
seasonality for the period of available remote sensing observations
compare well with the MODIS LAI, although simulations show a
more pronounced LAI peak at the end of the wet season in April in
comparison to the remote sensing inference (fig. S7, A and B).
Remotely sensed LAI also shows lower interannual variability in
comparison to mechanistic simulations.
The 25 years (1994–2019 CE) of simulations are used to fit
the relation between annual precipitation and annual groundwater
recharge. We followed previous estimates based on discharge and
precipitation data from five springs draining local perched aquifers
in the region (17). These springs have different recharge areas,
substrate geology, and mean precipitation. We note that these estimates are in the low envelope of the precipitation-recharge relations
computed for the regional aquifer by other studies [e.g., (16, 18)],
but better represent the study area south of Jerusalem. The simulated
annual precipitation–groundwater recharge (Pr-GR) relation is
comparable with the estimates made in (17) and shows the expected
exponential increase of annual groundwater recharge with annual
precipitation (fig. S7C).

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abe6303
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