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The Po PlaininnorthernItaly is a critical agricultural region and one of

thelargest water users in the European Union. Recent dry conditions have
put future water resource availability into question. This study examines
spatio-temporal variations in groundwater storage observed by the
Gravity Recovery and Climate Experiment satellites and more than 1,000
groundwater wells from 2002 to 2022. We find that the rate of groundwater
storage decline more than doubled from 2015 to 2022 as compared to the
2002-2022rate. We also show that seasonal and long-term groundwater
availability is strongly influenced by irrigation activities. Groundwater
storageinirrigated areasis highly correlated to snow accumulationinthe
Alps and shows more stability as compared to non-irrigated areas, which
experience dramatic declines during drought years. This indicates that
inefficientirrigation practice, using water largely supplied by snowmelt,
recharges underground aquifers and helps maintain high water tables,
making aquifers underlyingirrigated farmland resilient to the negative
consequences of drought. These findings can help guide climate-driven
adaptationstoirrigation systems that account for theimpacton
groundwater recharge.

Mountain ranges are essential suppliers of water to populous down-
stream areas', mainly in the form of snowmelt runoff. Much of this
water is used toirrigate crops inimportant food-producing lowlands
such as the Central Valley in California, the Central Valley of Chile, the
Indo-Gangetic Plain, the North ChinaPlain, the Po Plainin Italy,among
others®. Water conveyance infrastructure and groundwater pumping
technology has extended the mountain water supply footprint, allowing
foradramatic expansioninirrigated areasince the early 1900s**. The
increase inirrigated area, in turn, has altered the hydrologic cycle in
agricultural basins resulting in changes toriver outflow, changesin net
groundwater storage and groundwater flow patterns and changes to
precipitation and evaporation**®. Irrigated agriculture is already the
largest water user in the world but will probably require more water in

thefutureasirrigated areas are expanded to feed agrowing population
inawarmer world’. This comes as more mountainous areas are facing
reduced or changing snowmelt patterns and increasing frequency of
drought®.

The northern Italian Plains (Fig. 1a) have among the highest per-
centage of irrigated land of any country in the European Union, sup-
porting more than 35% of agricultural production. During theirrigation
season, which lasts from May through September, water is distributed
to crops largely by inefficient surface irrigation schemes that deliver
water to crops using gravity-fed overland flow of water®'°. The aver-
age efficiency of these systems is estimated to be approximately 50%,
meaning only half of the applied water is retained in the soil to be
used by crops while the rest evaporates, becomes surface runoff or
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Fig.1|PoPlainstudy region. a, Groundwater wells screened in confined (grey)
and unconfined (green) aquifer layers across the Po Plain. Administrative
borders outlined and labelled in grey. Major River basins outlined in blue. Solid
blue shows the Po River Basin, with surface water originating in the headwaters
inthe western Italian Alps, and the dashed blue line shows river basins whose

headwaters originate in the Eastern Italian Alps. b, Conceptual model of the
northern Po Plain aquifer and major sources of groundwater recharge and
discharge. Panel b adapted with permission fromref. 65, Elsevier, and the
location of the Fontanili adapted fromref. 36, Elsevier.

percolates into the shallow aquifer’®. The water used for irrigation
is supplied by snowmelt runoff, distributed to farms via rivers and
man-made canal networks, many of which have been used for centuries.
However, increasingly, the water supply to the northernItalian Plains
is at risk due to changes in both timing and magnitude of snowmelt
and anincrease in water demand" ™. This uncertainty is likely to grow
with future climate change as the Mediterraneanregionis expected to
become hotter and dryer™, and agricultural drought at least twice as
likely with 1.5 °C of warming'*". Recent studies predict climate warming
willreduceirrigation water supply due to changesin Alpine snowmelt,
which will not be offset by increased precipitation over the Plains®'*",
Thus, northern Italy will be forced to use freshwater resources more
sustainably by reducingirrigation water demand through technologi-
cal improvements, reducing the area requiring irrigation, turning to
less water-intensive crops or using other water sources, such as ground-
water, to meet demand.

Groundwater in the northern Italian Plains is an abundant
resource used to supply drinking water to ~-80% of residents'®".
Groundwater flows from the Alps and Apennine Mountains towards
the PoRiver (Fig.1b). Aquifers along the mountain fronts are uncon-
fined and highly permeable. A series of freshwater springs (the Fon-
tanili Belt) separates the unconfined High Plain aquifers from the
confined aquifers of the Low Plain. Groundwater pumping for munici-
pal water uses in the Po River Valley has, in some cases, led to local
groundwater overdraft™. In other cases, areduction in groundwater
pumping hasresulted in nuisance flooding due to high water tables?..
Inthe EmiliaRomagnaregion and in aquifers along the Adriatic Coast,
groundwater overdraft has led to local subsidence and saltwater
intrusion®. In recent history, intense groundwater pumping for manu-
facturing purposes in cities such as Modena, Bologna and Ravenna
caused subsidence with rates up to 60-80 mm yr (refs. 23-25). How-
ever, since the1990s, pumping has reduced dramatically in response
to proactive measures to protect groundwater and halt damaging
subsidence. Though many important local case studies have been
conducted across the Po Plain to assess groundwater quality, seasonal
behaviour, groundwater overdraft and recovery of groundwater
tables?®**?, few studies have addressed regional spatio-temporal
changes in groundwater storage over decadal timescales or have
linked these changes to regional causal factors. As Italy prepares
for future low-snow years, an assessment of the state groundwater

resources is essential as groundwater is likely to be a key alternative
source of the irrigation water supply during dry years.

The severe drought of 2022 offered aglimpse into what the future
might hold for the Po Plain. This drought impacted much of Western
Europe and the Mediterranean, with low precipitation accompanied
by higher-than-average temperatures®. Snow drought in the Ital-
ian Alps was estimated to be the worst since 1930 and is linked to
record low streamflow of the Po River'>. Though the 2022 drought
was considered exceptional compared to historical data, it punctu-
ated the end of a dryer-than-normal 8 years. While the connection
between snowpack and surface water storage during drought is well
understood®, the impact on groundwater resources in the Plains is
not”. Though groundwater has been shown to be more resilient to
short-term drought conditions®, nonlinear relationships between
human-altered and natural sources of recharge and discharge make
predicting the groundwater storage response challenging. The pro-
cesses governing these fluxes may not be homogeneous even over
short spatial scales. Therefore, the impact of the 2022 drought, the
long-term climate conditions preceding the drought and the impact
of future, similar droughts, on groundwater resources is unknown.

Here we calculate groundwater storage (GWS) fluctuations using
terrestrial water storage (TWS) anomalies from the Gravity Recovery
and Climate Experiment (GRACE) and GRACE Follow-On (GFO) satel-
lites and other remotely sensed, in situ and modelled storage com-
ponents within a mass balance framework and an extensive network
of groundwater observation wells (more than 1,000 time series) to
unveil the seasonal behaviour and long-term trends in GWS over two
decadesacross the northernItalian Po Plainand assess processes gov-
erning these fluctuations. The complementary strengths of GRACE/
GFO, supplying consistent, accurate, regional-scale assessment of
hydrologic changes due to climate variability and large-scale human
activities, and in situ observations that capture local-scale processes
create adetailed picture of the various forces controlling water storage
changes. The uniquely high density of in situ observations provides an
opportunity to evaluate the extent to whichlocal variability is captured
by coarse-resolution GRACE/GFO satellite observations.

GRACE and GFO groundwater storage anomalies
The launch of the GRACE satellites, operating from 2002 to 2017, and
the second-generation GFO mission, launched in 2018, have greatly
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Fig.2| GWS anomalies with respect to the mean derived using the GRACE
and GFO mass balance approach. a, Terrestrial water storage (ATWS), soil
moisture (ASM) and snow water equivalent (ASWE) anomalies with respect

to their mean. SM, SWE is subtracted from ATWS to calculate GWS anomalies
(AGWS). b, Original AGWS time series in blue overlain by dashed line showing
long-term component of the AGWS within the shaded band as determined using
the wavelet-based signal decomposition. Groundwater storage anomalies follow
12-month SPEI (grey) closely. Vertical dashed lines indicate boundaries of dry/
wet epochs. ¢, Short-term (seasonal) AGWS. Dataina, band care presented as

mean values + 1standard deviation as indicated by shaded bars and derived as
described in the Methods. d, AGWS rate over the entire GRACE/GFO time series
from April 2002 to April 2023. e, The AGWS rate from April 2014 to September
2022, which shows faster GWS decline than the rate over the entire GRACE/GFO
period. Black outlined regions ind and e show administrative borders labelled in
Fig.1a and groundwater observation well locations in grey. Descriptions of the
AGWS calculation and separation of long- and short-period signal components
canbe foundinthe Methods.

improved our ability to measure regional-scale fluctuations in water
storage. GRACE and GFO measure Earth’s space- and time-variable grav-
ity. Over short temporal scales and after subtracting the mean gravity
field, these gravity anomalies are dominantly attributable to large-scale
variations inwater mass. Though GRACE/GFO observes the entire water
column, thatis, all fluctuations in water stored in ice, snow, soil moisture,
surface water and groundwater, weisolate the contribution of ground-
water storage using a well-established water mass balance approach,
removing remotely sensed and modelled snow, surface water and soil
moisture storage components fromthe GRACE terrestrial water storage
anomalies®. The results are represented in units of equivalent water
height, which can be conceptualized as a concentrated layer of water
withacertain thickness. Short- and long-period signal components are
separated using a wavelet time frequency analysis* (Methods).

From groundwater storage anomalies averaged across the Po
Plain, we find a shallow long-term declining trend of -0.93 cm yr™
(-0.41 km?yr™) that is not constant across the 20-year time series
(Fig. 2b). Since the beginning of water year 2015 through the end of
water year 2022 (1September 2014-31 August 2022), we see a steepen-
ing declining trend of -1.97 cm yr ' (-0.86 km® yr™) that coincides with
an 8-year period of dryer-than-normal conditions as indicated by the
12-month Standardized Precipitation Evapotranspiration Index***
(SPEI-12). This culminates in asharp decline in GWS in water year 2022
(-3.9 km?),ayear of severe hydrological drought across Europe, causing
low streamflow and agricultural losses in the Po Plain™. Using change
pointsinthe curvature of the long-term change in GWS time series, we
identify three distinct periods of decline separated by two short but
intense periods of recovery (Fig. 2b). Results for the total volume loss
during each decline and recovery period can be foundin Table 1.

The most recent period of GWS decline (April 2014-September
2022) coincided with two periods of exceptionally dry conditions as
reported by the 12-month SPEl index (SPEI < -2). One occurred in the
fall of 2017 during the gap between the end of the GRACE mission and
the beginning of the GFO mission. The second lasted from May 2022
throughthe end of the observationrecord considered here. Thoughthe
most severe dry conditions occurredin 2022, more than half of months
after November 2015 showed at least abnormally dry conditions (48
months, SPEI < -1). This is compared to only 21 months across the
entire 21-year study period showing at least abnormally wet conditions
(SPEI > 1). Seasonal groundwater storage consistently peaks in April
(mean day-of-year 113.8 + 15.2) and variations in the timing of peak
GWS do not correspond to wet or dry years (Fig. 2c). Water years 2011
and 2022 had the lowest peak-to-peak GWS change of any year during
the study period with astorage change of only 6.1 cm (2.67 km?),1.9 cm
(0.83 km®) lower than average (Fig. 2c).

Groundwater storage anomalies from wells

We use groundwater-level time series from 1,024 wells screened in the
unconfined and confined aquifer to calculate the GWS rate over periods
of declineandrecovery asidentified by GRACE/GFO. The groundwater
volume change over the previously identified periods of groundwater
lossandrecovery are reportedin Table 1. Ingeneral, the change in GWS
volumes calculated using the in situ observations agree well with the
change in GWS from GRACE/GFO, despite variations in the density of
groundwater-level observationsin time and space. The well-based GWS
change deviates from the GRACE/GFO observations during the first
recovery period (September 2007-March 2009) and the most recent
period of decline (April2014-September 2022). Disagreement between
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Table 1| Groundwater storage change volume from GRACE
and GFO and wells

Dry: Wet: Dry: Wet: Dry: April
November September March April 2014-
2002- 2007- 2009- 2012- September
September March April April 2022 (km?®)
2007 (km®) 2009 (km®) 2012 2014
(km?®) (km?®)
GRACE/GFO  -57%1.2 +2.8+1.2 -3.2+1.0 +41+1.2 -10.7+11
Wells -5.8+1.2 +5.9+0.5 -29+1.3 +6.3%11 -6.9+2.8

GRACE/GFO is probably due to low density of in situ observations. For
example, we have few in situ observations during the first recovery
period, which may explain the disagreement with GRACE/GFO. In addi-
tion, many of the groundwater-level time series end before 2022. Thus,
we cannot, with a high spatial resolution, capture groundwater storage
changes during the intense 2022 drought. The lack of observations
during this period of groundwater-level decline probably explains
the difference between the GRACE/GFO-derived and well-based GWS
change during the most recent dry period.

Figure 3 shows the spatial distribution of the GWS rate over the
two most intense decline and recovery periods. Most of the recharge
and discharge occurs in unconfined aquifers at the base of the Alps
and Apennines, where we see the fastest rates of groundwater stor-
age change. These so-called High Plain aquifers are composed of
coarse-grained alluvial and glacial deposits, allowing for relatively
fastinfiltration of water into the subsurface. At the base of this recharge
zone is the ‘Fontanili Belt™. Here the topography flattens and the
percentage of clay and silt in the aquifer increases (Fig. 1b). These
two simultaneously occurring features force water that cannot seep
into the confined and semi-confined aquifers of the low plain to the
surface, creating a series of freshwater lowland springs. In addition
to the hydrogeologic conditions that encourage infiltration, the high
plain, or region north of the Fontanili Belt, also receives more recharge
via runoff and precipitation, which decreases moving towards the
centre of the plain.

Assessing irrigationimpacts
The regions of Lombardia and Piemonte contain the largest share
of irrigated farmland in the country and apply the largest volume of
irrigation water. In Lombardia, more than 50% of agricultural land is
irrigated®. Though more than 50% of the land area in EmiliaRomagna
isequipped forirrigation, it contains the lowest proportion of irrigated
farmland of the four regions considered here (24%) and applies a simi-
lar volume of irrigation water as Veneto, despite Veneto consuminga
smaller fraction of the overall plain area®. The impact of irrigation is
visibleinthe timing of the seasonal groundwater-level peaks across the
region, showninFig.4a. Across Lombardia, Piemonte and Veneto, the
peak groundwater level occurs dominantly in the late summer, near the
end of theirrigation season, whereas in EmiliaRomagna groundwater
levels peak dominantly in the spring. Wellsin the unconfined portion of
the aquifer show bimodal behaviour with some wells peaking in Spring
(March-May) and others in late summer (July-September), near the
end oftheirrigation season. In the confined aquifer, wells dominantly
peakinspring (March-May), although the amplitude of groundwater
oscillations is small compared with that of unconfined aquifers. Spring
groundwater-level peaks match the annual maximum in groundwa-
ter storage observed by GRACE/GFO in April and can be attributed to
recharge from precipitation (rainfall peaks in October-November and
April-May). Thelargest seasonal amplitudes occur along the mountain
fronts, where aquifer permeability is higher, matching the patterns we
observein the long-term trends of GWS.

Though most ofthe Lombardiaregionis heavilyirrigated, the area
north of the city of Milan, at the base of the Alps and bounded by the

Adda and Ticino rivers carrying water from the two major sub-Alpine
lakes of Como and Maggiore, is not (non-irrigated area; Fig. 4a). Here
groundwater levels peakin February, while wellsin the rest of Lombar-
dia peakin September, near the end of the intensive irrigation season
(Fig. 4b). February peaks in the non-irrigated area in Lombardia are
probably due to accumulated recharge during the wet winter sea-
son, beginning with the November precipitation peak. Soil moisture
remains similarly high during this groundwater recharge period from
~November-February. On the other hand, in the irrigated portion of
Lombardia, the groundwater level is at its lowest in April and begins
torisein May, at the beginning of the irrigation season. It continues to
rise until the end of the irrigation season, reaching a peak in Septem-
ber. The groundwater level then remains high through the November
rains and begins to decline in January. Given similar hydrogeologic
conditions, the opposite seasonal behaviour of wells in the irrigated
and non-irrigated portions of the northern Po Plain suggest that where
thereisirrigation, irrigation contributes more to seasonal groundwa-
ter recharge than infiltration from streams along the mountain front
or rainfall. In Emilia Romagna (Fig. 4¢), irrigation-induced recharge
is negligible and has little influence on the seasonal behaviour of the
groundwater level. Here groundwater levels reachaminimumin August
and steadily rise through the wet winter, reaching a peak in March.

Figure 5and Extended Data Fig.1show yearly GWS anomalies with
respectto 2002 from well observations compared to GRACE/GFO GWS
anomalies, precipitation, Po River discharge (Fig. 5a) and annual peak
snow water equivalent (SWE) in the Alps (Fig. 5a-c). Extended Data
Table 1shows their mutual correlation. Larger yearly GWS anomalies
occurinhigh plainaquifers as compared to low plainaquifers (Fig. 5a).
Inthe low plain, where shallow, impermeable clays are more prevalent,
thereis slower seepage of surface water into the subsurface, dampen-
ing large seasonal and long-term changes in groundwater storage.
GRACE/GFO, which attenuates high-magnitude signals occurring
over short spatial wavelengths®, cannot capture the large water stor-
age fluctuations occurring in the narrow strip of high plain aquifers
along the mountain fronts. Instead, GRACE/GFO observations show
fluctuations in groundwater storage more similar in magnitude to
those in the low plain (Fig. 5a). In the extensively irrigated regions
of Lombardia, Veneto and Piemonte (Fig. 5b,c), irrigation-induced
recharge helpsbuffer large groundwater storage fluctuations. Average
GWStimeseriesintheseregions are also more similar to those observed
by GRACE/GFO as compared to large groundwater storage fluctua-
tions in non-irrigated portions of Lombardia and in Emilia Romagna
(Fig. 5b,d). This comparison exemplifies the benefit of our approach.
Whereas GRACE/GFO and well-based GWS changes are in agreement
on aregional scale, field-scale measurements provide detailed infor-
mation about how local hydrogeology, water use and land use impact
local water availability.

GWS anomalies across all regions are positively correlated with
snow storage, precipitation and Po River discharge. Groundwater wells
within the high plain aquifer along the Alpine border show higher cor-
relation with snow storage in the Alps than groundwater wells in the
low plain (p =0.82 and p = 0.74, respectively). Groundwater storage
in the irrigated portion of Lombardia is more strongly correlated to
peak SWE thanin the non-irrigated (p = 0.86 and p = 0.69, respectively).
GWS anomalies in Veneto are highly correlated to peak SWE in the
easternAlps (p = 0.76), which was higher than SWE in the western Alps
in2021, matchingarise in GWS from 2017 to 2021 (Fig. 5c) and contra-
dicting the GWS trends from GRACE/GFO. In the western Alps, peak
SWE saw a progressive decline from 2020 to 2022, which is also
observed in GWS anomalies in Piemonte (Fig. 5c), where we see the
strongest correlation to peak SWE in the western Alps (p = 0.87).

GWSanomalies tend to be strongly correlated to streamflow across
allregions. In particular, the highest correlation between streamflow
and GWS anomalies occursin the non-irrigated portion of the Lombar-
dia High Plain (p = 0.83). Here GWS anomalies are more strongly
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Fig.3 | Total change in GWS calculated from in situ groundwater-level time series. a, December 2002-September 2007. b, September 2007-March 2009. ¢, April
2012-April 2014. d, April 2014-September 2022. Grey lines show location of the Fontanili Belt>*®. Black outline indicates a non-irrigated area in the Lombardia region'.

correlated to streamflow than peak SWE (p = 0.69) but similarly highly
correlated to precipitation (p = 0.79). The high correlation to stream-
flow across the plains is probably due to common factors controlling
high and low river discharge and groundwater storage including pre-
cipitation, snowmelt and human activities such as abstractions and
irrigation rather than directly from losing streams, as concluded by
analysis of water isotopes in the region®. GWS variations in Emilia
Romagna show the highest correlation to annual precipitation
(p=0.63).

Discussion

In the unconfined aquifers at the base of the Italian Alps, extensive
irrigation activities have become asource of reliable aquifer recharge.
Onyearly timescales, groundwater levelsin this region are highly cor-
related to snow storage inthe Alps. Though water fluxes from mountain
areas are major sources of recharge for valley aquifers globally*’, the
connection between snow storage in the Alps and groundwater stor-
ageinthe PoPlain canbe explained by human activity rather than from
natural recharge mechanisms. Here Alpine snowmelt feeds sub-Alpine
lakes, which supply -85% of the irrigation water to the plains. As annual
snowmelt fluctuates, so does the availability of surface water for irriga-
tion, thereforeimpacting the amount of water recharging underground
aquifers. Given the high permeability of the high plain aquifers, lags
between sources of recharge and peak groundwater level are on the
order of days to weeks*. Therefore, seasonal groundwater-level peaks
inlate summer are more likely driven by irrigation-induced recharge to
the phreatic aquifer than by other recharge sources such assnowmelt,
which peaks in spring, or precipitation, which peaks -2 months after
the peakin groundwater level. In EmiliaRomagna, where seasonal GWS
peaksinspring, the low permeability of shallow layers combined with
lessintensiveirrigation (irrigation water volumes in EmiliaRomagna are
about12% of those used in Lombardia and Piemonte*?), makes recharge
byirrigation return flows negligible. Wells in the non-irrigated portion
of Lombardia show similarly opposite seasonal behaviour to wells in
irrigated Lombardia, Piemonte and Veneto. Groundwater storage in

non-irrigated regions show the lowest correlations to peak SWE and
the highest correlations to precipitation, indicating precipitation is
the dominant recharge mechanism, matching provenance results from
water isotope studies®. The comparison between groundwater stor-
age variations derived from wells inirrigated and non-irrigated areas
reveals the importance of human activities in controlling seasonal
groundwater resource availability across the Po Plain.

Though we find patterns of rising and falling groundwater storage
over multi-year timescales that correspond to meteorological condi-
tions, we find lower groundwater storage declines during dry periods
inirrigated as compared to non-irrigated regions. This is because
surfaceirrigation compensates for increased groundwater pumping,
reduced natural recharge and increased natural discharge during
dry periods. For example, from 2002 to 2007, the first period of GWS
decline, the non-irrigated area lost over 0.6 meters of equivalent water
height more than the rest of the Lombardia High Plain. Given similar
hydrogeologic conditions, the primary difference between these two
locations is the presence or absence of irrigation activities. Thus we can
conclude that during dryer-than-normal conditions, irrigation-induced
recharge helps buffer large declines in the water table. Data in Emilia
Romagna confirm this conclusion: a decrease of about 0.4 meters of
equivalent water height is seen from 2015 to 2017, which is more than
double that lost over the same three years in more heavily irrigated
Piemonte and Veneto.

Because cropirrigation consumes the largest share of water glob-
ally, government support for irrigation system efficiency improve-
ments hasbeenwidespread. Inltaly, more than half of the water used for
irrigation is distributed to crops using inefficientirrigation schemes’.
There have been calls to update irrigation technology and implement
other water-savingirrigation techniques to use water more efficiently
and meet guidelines set forth in the EU water framework directive to
maintain the environmental and ecological services of surface and
groundwater systems*’. Though switching to more efficientirrigation
schemes may seem like aviable water-saving strategy, studies suggests
that field-scale irrigation efficiency improvements have not been
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with some wells peaking in late summer due to irrigation-induced recharge and
others peaking in spring. Groundwater levels in wells screened in the confined
aquifer peak dominantly in spring. b, Mean monthly groundwater level for
wells located inirrigated and non-irrigated parts of the Lombardia region,
outlined in blue, and non-irrigated region outlined in black in a. ¢, Mean monthly
groundwater level for wells located in the Emilia Romagna region, whichis not
impacted by irrigation-induced recharge.

shown toimprove water availability at the basin scale. Thisis primarily
duetoreductionsinrunoffand percolation into groundwater systems,
water that is often re-used within the basin**. Changes to irrigation
infrastructure can have highly nonlinearimpacts onthe water balance,
thusitis unclear whatimpactirrigationinfrastructureimprovements
will have on the hydrology of the Po Plain. Our analysis shows that the
current irrigation system has a positive impact on the groundwater
balance. However, as climate change progresses, the Mediterranean
region is likely to face increased frequency of drought, decreased
water availability and increased irrigation needs. Basins across the
Mediterranean are already facing declines in groundwater storage*
and surface water*’. Warmer summer temperatures causing increased
irrigationwater demand and reduced groundwater recharge are likely
to further exacerbate groundwater storage declines in the region™.
Additionally, changes in snow accumulation and melt patterns in the
Alpsand increasing frequency of snow drought* will change the avail-
ability of surface water for irrigation across the plain. This will probably
necessitate changes to the water allocation framework.

If, in the future, surface water remains the primary source of
irrigation water supply, then increased efficiency may have detri-
mental impacts on groundwater recharge if no additional steps are
taken. However, if surface water decline driven by decreased snowmelt
leads toincreased groundwater pumping to supportirrigation water
demand, then improving irrigation efficiency may be essential to
protect against groundwater depletion. In either scenario, policies
aimed atimproved irrigation efficiency must consider theimpact on
the basin-scale water balance, including on groundwater levels. Fur-
ther, abetter understanding of the risks of seasonal droughts willbe a
necessary consideration whenimplementing changes to theirrigation
water infrastructure. Snow droughts may prove more detrimental to
groundwater resources than summer precipitation droughts, given
thereliance of the currentirrigation system on snowmelt. Additional
adaptation strategies, such as intentional managed aquifer recharge
projects, used to supplement natural recharge, within the permeable
high plain aquifers may be necessary to store water during wet years
or seasons for use during drought or for summer irrigation. Ingeneral,
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indicated in Extended Data Fig. 1and as described in the Methods.

assessing water storage changesinspace and time, over seasonal and
long timescales, is essential to prepare for future water resource vari-
ability in the Po Plain, Mediterranean region and in mountain-valley
systems around the globe.

Conclusion

Here we show that long-term groundwater storage trends in the Po
Plain, fromboth coarse-resolution satellite-based measurements and
point-source groundwater-level observations, arerelated to large-scale
wet and dry epochs. Using a GRACE/GFO mass balance approach, we
find that from 2015 to 2022, the rate of groundwater storage decline
more than doubled as compared to the 2002-2022 period. Using a
uniquely dense network of groundwater well observations, we find that
non-irrigated areas in northwestern Lombardia and in EmiliaRomagna
show different seasonality and more dramatic water loss during dry
epochs than intensively irrigated areas in the rest of the Lombardia
region, in Piemonte and in Veneto, whereirrigation-induced recharge is
substantial. High correlations between yearly GWS changeinirrigated
regions and peak SWE in the adjacent Alps point to the importance of
snowmelt-supplied irrigation water. This regional case study of the
Po Plain exemplifies the interconnectedness of our human and hydro-
logical systems, highlighting theimportance of assessing climate and

anthropogenic forces changing water resource availability on seasonal
and long timescales.

Methods

GRACE/GFO mass balance approach for change in GWS calcu-
lation

Here we use the unscaled monthly terrestrial water storage anomalies
(ATWS) from the mass concentration (mascon) solutions from the
National Aeronautics and Space Administration’s (NASA’s) Jet Propul-
sion Laboratory (JPL) with a spatial sampling of 0.5° (refs. 48-51) and
provided in cm of equivalent water height. To calculate groundwater
storage anomalies (AGWS) we subtract all other storage components
fromthe GRACE ATWS according to:

AGWS = ATWS — A (SMS + SNWS + SWS), 1)

where SMSis soil moisture storage found by taking the mean soil mois-
ture storage from the Global Land Data Assimilation System (GLDAS)
Catchment Land Surface model (CLSM)**** the GLDAS-Noah model****,
ERA5-Land soil moisture® and soil moisture from the Global Land Evapo-
ration Amsterdam Model (GLEAM)*. SNWS is snow water storage that
is found by taking the mean of snow water equivalent from the GLDAS
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Variational Infiltration Capacity (VIC)***’, GLDAS-CLSM**%,
GLDAS-Noah>***and ERAS-Land* models. SWSis surface water storage
fromthethreelargestreservoirsinthe PoPlain: Como, Gardaand Mag-
giore, using surface water elevation change data from the Agenzia
Regionale per la Prevenzione e Protezione Ambiente (ARPA). When
averaged across the whole Plain, SWS is small compared to all other
storage components. Errorinthe AGWStime seriesis calculated using
error propagation:

_ . /¥2 2 2 2
Dows = \/ZTWS +Zos T onws + Zws: @

where X isthe standard deviation of the measurements.
Groundwater volume change (AGWYV) is calculated according to:

AGWYV = AGWS x A 3)

where Aisarea.

Wavelet analysis
To separately analyse the non-stationary long-period and short-period
components of the AGWS time series, we apply the wavelet transform
using the MATLAB-based wavelet software from®. A wavelet is a small,
oscillatory waveform that is localized in both time and frequency. The
mother wavelet is the original wavelet from which all other wavelets
are derived through scaling and shifting. Here we use the Derivative of
Gaussian mother wavelet. Decomposition of the signal is achieved by
correlating wavelet basis functions with different features of the signal.
Toseparately analyse the short- (periods between 0.75and 1.25years) and
long- (periods greater than2years) period components, we reconstruct
the signal using wavelet coefficients within distinct frequency bands by
applyingtheinverse wavelet transform. To assess the uncertainty of our
long-and short-termsignal components, we re-run the wavelet transform
andinverse wavelet transform1,000 times, adding normally distributed
random error to the time series of GWS anomalies using the standard
deviationas calculatedin equation (2). Theresults presented in the main
text are the mean and standard deviation of our bootstrapped samples.
Toidentifylong-termepochs of GWSincrease and decrease, we use
achange-point analysis that identifies changes in the direction of the
slope of the time series of the reconstructed long-period components.

Groundwater storage anomalies from groundwater well data
We collect1,102 groundwater-level time series from ARPA in the regions
of Piemonte (121), Lombardia (365), Veneto (225) and EmiliaRomagna
(391). We discard 78 stations because they either have (1) atime series
length less than 2.5 years, (2) fewer than five observations total and/
or (3) onaverage fewer than1.25 observations per year.

To calculate groundwater storage change (AGWS) from ground-
water level, we multiply by the storage coefficient (S) which repre-
sents the volume of water that an aquifer will release from storage per
unit surface area per unit change in head. We calculate AGWS at each
groundwater observation well according to*:

AGWS =S x Ah “4)
Where Ah is the change in groundwater level and S can be separated
iNto Synconfined ANd Sconfined aCCOrding to:

Sunconfined = Sy (5)

Sconfined = SSbs (6)

where S, is the specificyield, Ssis specific storage and b; is the average
saturated thickness. The total AGWS is equivalent to the sum of the
AGWSinthe confined and unconfined portions of the aquifer.

S, is determined at 33 stations from the TANGRAM database™*°,
using supplementary information about aquifer stratigraphy from
the Italian Institute for Environmental Protection and Research®, at
1-metre depthintervals. S, at all other locations is determined using a
three-dimensionallinear interpolation. S, ranges from 0.060 to 0.225
withamean value of 0.191.

We test a range of S.onfined (10-107°) and determine that AGWS
in the confined aquifers of the Po Plain is much smaller than in the
unconfined; therefore, the choice of S sn.q dO€s not substantially
change the final AGWS; however, we adopt the median Ssn.q Value
(107*) and incorporate the possible range of confined AGWS into the
uncertainty estimate.

AGWS during long-term wet and dry epochs is calculated by first
removing the seasonality using the mean monthly AGWS and calculat-
ing the rate using robust regression for each epoch for each station.
We choose not to perform the wavelet time frequency analysis on
the groundwater-level observations because of their inconsistent
temporal sampling. We then grid the AGWS rates for each period ona
5-kmgrid using aninverse distance weighting scheme with aradius of
6 km. AGWV is calculated by multiplying the AGWS by the area of each
grid cell asin equation (3).

To calculate yearly mean AGWS over different regions, while
handling inconsistencies in the temporal sampling, gaps in the
groundwater-level time series and differing time series lengths between
stations, we follow the method of ref. 62 to estimate the average water
level over time using windowed intervals of 1, 2, 5and 10 years. In this
approach, theannual change in groundwater storage, x, is determined
for g years using the system of equations:

Ax=0b, (6)

where A is adesign matrix of ones and zeros of size p x gwhere pis the
total number of observations over each time interval for each station.
We additionally minimize the weighted sum of residuals where the
weighting factor (w=1/n) is used to reduce bias towards areas with
high observation density where nisthe number of observations within
a0.1°radius for each ptime interval over which change in groundwater
storage s calculated according to:

b-A xx)rxdiag(w)x(b—A X X) — min. 7)

Theweighted least-squares regression and the estimated standard
erroris solved for using the MATLAB function Iscouv.

Additional hydrologic datasets

We compare our AGWS results with 12-month SPEl index calibrated for
the periodJanuary 1950 to December 2010**. Additionally, we compare
AGWS with monthly discharge of the Po River at Pontelagoscuro'>®*
and annual precipitation from NASA’s IMERG project®*. Peak SWE in
the Alps and Apennines is provided by the Meteorological Reanalysis
Italian Dataset®*.

Data availability

GRACEJPL mascon solutions can be downloaded from https://podaac.
jpl.nasa.gov/dataset/TELLUS_GRAC-GRFO_MASCON_CRI GRID RL06.1_
V3.GLDAS models VIC,Noah and CLSM canbe downloaded from https://
disc.gsfc.nasa.gov/datasets?keywords=GLDAS. GLEAM4 can be down-
loaded viaSFTPat https://www.gleam.eu. ERA5-Land canbe downloaded
from https://cds.climate.copernicus.eu/cdsapp#!/dataset/10.24381/
cds.68d2bb30?tab=form. SPEI can be downloaded from https://spei.
csic.es/map/.Monthly Po River discharge data provided by D. Zanchetin
are available via Zenodo at https://doi.org/10.5281/zenodo0.7225699
(ref. 63). Monthly precipitation is available from NASA’s IMERG pro-
ject at https://disc.gsfc.nasa.gov/datasets/GPM_3IMERGM_07/
summary?keywords=%22IMERG%20final%22. SWE is provided by the
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Meteorological Reanalysis Italian Dataset at https://merida.rse-web.it.
Monthly seasonal meangroundwater levels and trends for 1,024 ground-
water wellsacross the northernItalian plains are available viaZenodo at
https://doi.org/10.5281/zenodo.14013762 (ref. 66).

Code availability

All data were processed in MATLAB. Wavelet software was provided
by C. Torrence and G. Compo and is available at http://atoc.colorado.
edu/research/wavelets/.
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Extended Data Fig. 1| Number of observations used to calculate AGWS respectively) correspond to the time series in Fig. 5b. Veneto and Piemonte
for each time step for each time series in Fig. 5. The High Plain and Low (greenand purple, respectively) correspond to the time series in Fig. 5c and
Plain (dark blue and orange, respectively) correspond to AGWS time seriesin EmiliaRomagna (red) correspnds to the time series in Fig. 5d.

Fig. 5a. Lombardiairrigated and Lombardia notirrigated (yellow and purple,
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Extended Data Table 1| Spearman correlation (p) between yearly GWS change and peak SWE, precipitation, and discharge (Q)

High Plain | Low Plain Lgrgbardm— Lorpbgrdm— Veneto Piemonte Emilia-
irrigated | not irrigated Romagna
SWE 0.82 0.74 0.86 0.69 0.76 0.87 0.25
Precipitation 0.7 0.68 0.66 0.79 0.48 0.69 0.63
A
Q (JIX s3/ 1 os2 0.7 0.75 0.83 0.62 0.8 038

SWE correlations with GWS change in Emilia Romagna corresponds to peak SWE in the Apennines while all other correlations are calculated with peak SWE in the Alps. GWS in Piemonte
and Lombardia are correlated to peak SWE in the western Alps while GWS in Veneto is correlated to peak SWE in the eastern Alps. Precipitation is total yearly precipitation over the water
year (September 1- August 31) directly over each region of interest. Discharge (Q) of the Po River is measured at Pontelagoscuro™” and is the average over July, August, and September (JAS),
capturing the end of the irrigation season. Color indicates strength of the relationship with deeper colors showing higher correlations.
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