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State-of-the-art climate models project a substantial decline in precipitation for the
Mediterranean region in the future. Supporting this notion, several studies based on
observed precipitation data spanning recent decades have suggested adecrease in
Mediterranean precipitation”*, with some attributing a large fraction of this change
to anthropogenicinfluences®’. Conversely, certain researchers have underlined that
Mediterranean precipitation exhibits considerable spatiotemporal variability driven
by atmospheric circulation patterns®” maintaining stationarity over the long term®°.
These conflicting perspectives underscore the need for acomprehensive assessment
of precipitation changes in this region, given the profound social, economic and
environmental implications. Here we show that Mediterranean precipitation has
largely remained stationary from 1871to 2020, albeit with significant multi-decadal
and interannual variability. This conclusion is based on the most comprehensive
dataset available for the region, encompassing over 23,000 stations across 27 countries.
While trends can be identified for some periods and subregions, our findings attribute
these trends primarily to atmospheric dynamics, which would be mostly linked to
internal variability. Furthermore, our assessment reconciles the observed precipitation
trends with Coupled Model Intercomparison Project Phase 6 model simulations, neither
of whichindicate a prevailing past precipitation trend in the region. The implications of
our results extend to environmental, agricultural and water resources planningin one
of the world’s prominent climate change hotspots'.

Precipitationinthe Mediterraneanregionis characterized by itsuneven
distribution along the year, with a strong deficit during the warm sea-
son. Theregionis also known forits high spatial and temporal variability
in precipitation levels™. The substantial year-to-year fluctuations in
precipitation are of particular concern due to their significantimplica-
tions for water resources, a vital asset in the region™.

The Mediterranean region is subject to the influences of both sub-
tropical circulation and the prevailing sub-polar-frontal low-pressure
systems", which exhibit substantial variation in position and intensity

overannual and decadal time scales™. Anthropogenic forcing is thought
to have the potential to disrupt these circulation mechanisms, primarily
due to the expansion of the Hadley circulation cell and a northwards
shift of the subtropical high-pressure belts™. The ultimate consequence
could be the prevalence of anticyclonic conditions?, accompanied by a
reductioninthe occurrence of the extratropical storms that typically
impact the Mediterranean region®. The most conspicuous outcome
ofthese changes could beadeclinein precipitationand theincreased
frequency and severity of meteorological droughts.

A list of affiliations appears at the end of the paper.
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Indeed, asubstantial body of climate change projections anticipates
a predominant decrease in precipitation across the Mediterranean
region through the twenty-first century™®. Should this trend be con-
firmed, itwould carry significantimplications for both Mediterranean
ecosystems and various human activities reliant on water resources”.
The ramifications include reduced streamflow and water availability,
heightened severity of hydrological droughts', elevated forest fire
risks', increased plant mortality rates® and decreased crop yields?.

Considering the conflicting findings presented by some studies on
historical precipitation trends in the Mediterranean region®®’, it is
crucial to undertake athorough assessment of long-term precipitation
dynamics. This assessment should make use of the highest-quality and
most densely distributed observational network available for scruti-
nizing the consistency of climate model simulations with historical
observations. To address this issue, we utilized a dataset comprising
over 23,000 precipitation stations, made possible through a collabora-
tive endeavour spanning the Mediterraneanregion. This 2-year effort
resulted in a dataset that offers a unique opportunity to accurately
describe the evolution of precipitationin this region from an unprec-
edented historical and high-spatial-density perspective.

The dataset underwent quality control, reconstruction and homo-
geneity correction procedures (Methods). By employing aninnovative
software-sharing approach, we overcame the data-sharing restric-
tionsimposed by some national meteorological organizations across
Mediterranean countries, while making the underlying information
accessible. This enabled us to discern annual and seasonal precipitation
trends over the long term utilizing nonparametric statistics. We isolated
the impact of atmospheric circulation on precipitation dynamics by
considering the primary atmospheric indices influencing the region.
Additionally, we compared historical precipitation simulations from
both Coupled Model Intercomparison Project Phase 5 (CMIP5) and
6 (CMIP6) experiments with observations, enhancing the assessment
of thereliability of future precipitation projections in the region.

Observed precipitation trends

Our statistical analysis underscores the substantial temporal and spatial
variability in precipitation patterns throughout the Mediterranean
region. Annual precipitation trends exhibit notable disparities, in terms
of their sign, magnitude and statistical significance, when distinct
analysis periods are considered (Fig. 1). Although some stations and
periods show statistically significant trends, the overarching pattern
is the prevalence of nonsignificant trends. Indeed, even during the
periods marked by the most pronounced changes, such as1951-2020,
the proportion of stations exhibiting statistically significant trends
remains below 15% of the total.

Heatmaps, which provide an overview of trends across different
temporal windows (Supplementary Fig. 1), illustrate that significant
trends tend to be concentrated within brief time frames (for example,
afew decades) and are characterized by marked spatial variability.
This suggests the influence of diverse drivers at sub-regional scales
in governing the array of annual precipitation trends across different
periods, emphasizing the multifaceted nature of the forcing factors
shaping these trends®*.

Attheseasonallevel, thekey findings align with those drawn from the
annual analysis. The precipitation trends display considerable variabil-
ity across the examined periods, with nonsignificant trends prevailing
over longer time spans and notable spatial disparities (Supplementary
Figs.2-5).Forinstance, during the period from1981t02020, the West-
ernMediterraneanexperienced awidespread decrease in precipitation,
dominantly nonsignificant, while the Eastern Mediterranean had an
increase in winter precipitation. Even in those cases with the highest
proportion of statistically significant trends, such as summer for the
period 1951-2020, there persists substantial spatial diversity in the
significance of these trends. It is worth noting that the regions where

summer mean precipitationis nearly zero (Supplementary Fig. 6) dis-
play the most notable decline. In such cases, the changes in absolute
precipitation values are minimal, often being just a few millimetres.

Apart from a few localized regions during specific seasons, the
seasonal-scale heatmaps do not reveal a prevailing pattern of signifi-
cant long-term precipitation trends (Supplementary Figs. 7-10). In
fact, a consistent reduction in winter precipitation is only observed
inthe southern regions of the Iberian Peninsula and Morocco across
various sub-periods commencing after 1931, although it fails to achieve
statistical significance over longer temporal frames (for example, start-
ing from18710r1901).

Aggregating data from many heterogeneous stations to form a
regional average would help in capturing overarching trends. However,
while some previous studies have suggested a decline in both annual®
and seasonal®* regional precipitation, this pattern is not corrobo-
rated by the extensive dataset utilized in this study. Specifically, when
considering the regional average precipitation series, no significant
trends are observed at an annual scale across the five analysed periods
(Fig. 2). Over the entire period, from series commencing in 1871, 1901
and 1931, the observed declinein precipitation remains below 3%, with
amore noticeable decrease emerging from 1951 (-5%). However, this
latter trend is influenced by the relatively high precipitation levels in
the early 1960s and the lower levels recorded in the 1990s. From the
1980s onwards, thereis adiscerniblerise in precipitation (+8%), albeit
without reaching statistical significance.

Atthe seasonal scale, the mean regional precipitation series exhibit
behaviour similar to the annual pattern, except in winter. During win-
ter, there are noticeable declining trends for the periods starting in
1931 (-10.2%) and 1951 (-13.2%). However, it is important to note that
these trends do not reach statistical significance when considering the
longer time series starting in 1871 (3.1%) and 1901 (-2.9%), as well as the
shortest period, from 1981 (6.7%). For the other seasons, the overall
pattern remains consistent, marked by high temporal variability and
a prevailing long-term stationarity. These findings align with the sta-
tion data available in public international databases, such as Global
Historical Climatology Network (GHCN) and European Climate Assess-
ment & Dataset (ECA&D) (Supplementary Table 1and Supplementary
Figs. 11-16). These sources indicate predominantly nonsignificant
changes. However, the limited number of stations and their uneven
distribution contribute to significant uncertainties and suggest amore
pronounced drying trend in some periods.

Additionally, not only do annual and seasonal precipitation trends
display predominantly stationary behaviour, but the characteristics of
meteorological droughts, including their duration and magnitude, also
exhibita consistent stationary pattern. This contrasts with some prior
studies that have suggested an increase in meteorological droughts
in the region®. Utilizing the three-month Standardized Precipitation
Index (SPI), it was found that only asmall percentage of stations exhib-
ited asignificantincrease in the duration and magnitude of meteoro-
logical droughts (Supplementary Fig.17), even during the period from
1951t02020.

The comprehensive findings derived from the extensive dataset
employedin thisstudy indicate that annual and seasonal precipitation
trends in the Mediterranean region are highly specific to particular
areas and time frames, all while predominantly exhibiting stationary
behaviour over the long term. This finding appears to contradict previ-
ousresearch that has suggested a regional decline in precipitation® **,
However, there may be several reasons for this discrepancy. First, the
differing focus on time periods contributes to the inconsistency. Many
previous studies commenced their analyses in the 1950s or 1960s%%
due to greater data availability after 1950. As demonstrated in this
study, while the trends are mostly nonsignificant, there is evidence
of adecrease in precipitation between 1950 and 2020, particularly
during winter. Nevertheless, when examining other periods, whether
longer or shorter, the precipitation trends are less pronounced and
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Fig.1|Spatial distribution of annual precipitation trend in different
analysed periods. a,c,e,g,i, Magnitude of the change (in per cent) ateach
station. a, 1871-2020; ¢,1901-2020; e,1931-2020; g,1951-2020; i,1981-2020.
b,d,f h,j, Signand statistical significance of the change at each station.
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Fig.2|Evolution ofannual and seasonal average precipitationanomalies
overtheMediterraneanregion. a, Evolution of annual series. b-e, Evolution of
seasonal series: winter (b), spring (c), summer (d) and autumn (e). The different
linesrepresentthe timeseries obtained from the available series for five different
analysis time frames—1871-2020 (red), 1901-2020 (blue), 1931-2020 (brown),

less statistically significant, or even exhibit a positive sign. Second,
the discrepancy can be attributed to the widespread use of global
or continental gridded databases in the Mediterranean region®?.
In general, gridded datasets are constructed from a limited set of
stations. The unavoidable reliance on spatial interpolation methods
in gridded databases can lead to misleading conclusions because
trendsrecorded at afew stations might be extended to represent larger
areas with potentially different temporal dynamics. Additionally,
the fluctuating number of observations over time—a characteristic
of global gridded databases—has had a significant impact on trend
assessments®, Lastly, the use of observational databases that lack
rigorous quality controland homogenization can substantially affect
trend evaluation®.

Influence of atmospheric dynamics

The pronounced decadal and multi-decadal variability inherentin Medi-
terranean precipitation has been closely associated with large-scale

1951-2020 (green) and 1981-2020 (pink). The anomalies were calculated using
the1981-2020 period as the reference for all cases. The percentages shownin
eachplotrepresent the magnitude of change observed for each period, starting
fromthe given date and ending in2020. Changes that are statistically significant
(P<0.05)arehighlightedinbold.

atmospheric dynamics, particularly during the cold season’”’, as well
asthermodynamic processes during the summer?. Itis plausible that
thelarge-scale atmospheric dynamics have contributed to the observed
trends over specific shorter periods®, which is particularly relevant
given that atmospheric circulation in the region is largely attributed
tointernal variability (Supplementary Information section 3.1).
Theresults of the stepwise regression models for both thelong-term
(1901-2020 and 1931-2020) and short-term (1951-2020 and 1981-2020)
periods, using the North Atlantic Oscillation (NAO) and Mediterra-
nean Oscillation (MO) indices as independent variables (Methods),
show significant percentages of explained variance in annual precipi-
tation variability across the Mediterranean. Specifically, the annual
models using the NAO and MO explain between 32% and 39.1% of the
variance, whereas models that also incorporate regional circulation
mechanisms (storms, ridges and blocks) for the short-term explain
over 68% (Fig.3). Supplementary Tables 2 and 3 detail the atmospheric
circulation variables included in the stepwise regression models and
their relative importance across different periods. These results
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Fig.3|Evolution ofannual average precipitation over the Mediterranean
regionfor three analysis periods along with the modelled annual
precipitation. a-f, Modelled precipitationbased on the seasonal NAO and
MO (a-d;a,1901-2020; b,1931-2020; ¢,1951-2020; d,1981-2020), and the
seasonal frequency of storms and presence of ridges and blocks, inaddition
to the seasonal NAO and MO, exclusively for the periods 1951-2020 (e) and

indicate that a significant portion of the precipitation variability in
the region can be attributed to these circulation indices alone, align-
ing with earlier research?>*?, Consequently, the identified periods of
increased or decreased precipitationin the observational record align
well with the statistical models employing these circulation indices
as predictors. Of particular note, except for the period 1901-2020,
the residuals of these models are temporally stationary through-
out the same periods, showing no significant trends and minimal
short-term variability. This implies that the majority of the shifts in
annual Mediterranean precipitation can be satisfactorily accounted
for by the variability in the atmospheric circulation influencing
the region.

This pattern is even more pronounced at the seasonal level (Sup-
plementary Figs.18-21). While disparities are attributed to the distinct
roles of the physical mechanisms of precipitation (with a greater role
of dynamic mechanisms in winter)?**, regional atmospheric drivers
(storms, ridges and blocks) generally play alarger role than broader
atmospheric circulation modes (NAO and MO), except in winter.
Despite these differences, the combined variance of winter precipita-
tion explained by all circulation mechanisms exceeds 58% when using
only MO and NAO across the analysed periods (Supplementary Table 2),
and reaches 77% when regional circulation mechanisms are included
(Supplementary Table 3). Moreover, the residuals from the regression
models remain largely stationary over the long term, with low vari-
ability inthe short-term, especially during the periods 1951-2020 and
1981-2020, where atmospheric dynamics can be robustly quantified
using various circulation mechanisms. Indeed, the only area exhibiting
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a consistent and substantial reduction in winter precipitation across
different periods—the Iberian Peninsula and Morocco, for periods
commencing in 1931 and thereafter (Supplementary Fig. 2)—shows a
prominentinfluence of atmospheric circulation mechanisms over the
temporal patterns of winter precipitation (Supplementary Fig. 22), the
observed trends being fully explained by regression models thatinclude
only the NAO and MO. Inspring and autumn, the atmospheric mecha-
nisms account for a smaller fraction of the precipitation variability,
although the residuals exhibit a dominant stability in their evolution. In
summer, the sensitivity of precipitation to thermodynamic processes™
likely accounts for the small percentage of variance not explained by
atmospheric dynamics and the declining trend of residuals during
the periods starting in 1931 and 1951. This trend may be influenced by
disparities in land-ocean warming and land-atmosphere feedbacks,
linked to reductionsin soil moisture*®**, These mechanisms, combined
with the significant warming observed in the region®, likely contribute
toreduce relative humidity®®, potentially suppressing convection and
associated precipitation. However, it is crucial to reiterate that this
declineinsummer precipitation affects only an exceedingly small por-
tion of the total annual precipitation and might not be representative
interms of magnitude compared to therole of atmospheric dynamics
inthe cold season.

In light of these results, it becomes apparent that atmospheric
circulation variability is the foremost explanatory factor governing
precipitation trends across the Mediterranean region. This finding
provides a plausible explanation for the limited number of signifi-
cant precipitation trends that have beenidentified. Although previous



research has oftenattributed these trends to anthropogenic forcing®*,
itappears more likely that itsimpact s, at best, indirect and mediated
through potential alterations in atmospheric circulation. However, it is
important toemphasize that thereis limited evidence of anthropogenic
forcing influencing the atmospheric circulation mechanisms (both
large-scale and regional) considered in this study (Supplementary Infor-
mation section 3.1). Although short-term trends have been observed
inthe primary atmospheric circulation drivers affecting the Mediter-
ranean over brief periods—such as the winter NAO between 1950 and
2000*—these trends should be contextualized within century- and
millennium-long reconstructions of these circulation mechanisms®.
This suggests that such trends are probably intrinsic to the natural
variability of atmospheric systems, a perspective consistent with the
conclusions of the most recent Intergovernmental Panel on Climate
Change report™.

Trends by general circulation models

One of the key factors contributing to the prevailing perception of
declining precipitationin the Mediterranean region can be attributed
to the outcomes of numerical model simulations. Since the inception of
the Coupled Model Intercomparison Project (CMIP), general circulation
models (GCMs) have consistently projected a substantial decrease in
precipitation across the Mediterranean region over the course of the
twenty-first century inboth winter and summer®®, accompanied by an
increased frequency and severity of meteorological droughts®. These
trends are especially pronounced under high greenhouse gas emis-
sion scenarios®. Furthermore, research based on synthetic regional
series and multi-model averages derived from CMIP simulations, which
employ observed radiative forcing data from since the start of the
industrial era, have consistently shown long-term declines in Mediter-
ranean precipitation>?*°, However, the importance of this pattern is
not corroborated by the extensive dataset employed in this study.

One notable characteristic of large GCM ensemble datasets is the
substantial variability in precipitation outcomes, both on annual and
seasonal scales’ (Supplementary Fig. 23). Consequently, utilizing spa-
tial and temporal averages over a set of different models is not a suit-
able approach for comparison with observational data. Such averages
tend to amplify the effects of external radiative forcing while masking
the internal variability within model simulations, which, in fact, is the
dominant source of variability.

As an alternative approach, we compared the observed changes in
precipitation, based on the extensive observational dataset employed
in this study, with complete grid-cell-level data extracted from a wide
range of CMIP Phase 5 (CMIP5) and CMIP Phase 6 (CMIP6) model out-
puts. This comparisonrevealed that, while the model simulations tend
to depict a higher proportion of grid cells with negative trends than
seeninthe observational data (for example, for the annual scale across
thelong-term periods commencingin1871,1901and 1931), thereare no
significant disparities between either dataset (Fig.4).Insomeinstances,
the observational records show a higher frequency of negative trends
thanthe models (for example, annual precipitation starting in1951and
winter precipitation for periods beginningin1931and 1951). Conversely,
there are situations where the models do not capture the positive trends
found in the observations (for example, winter precipitation starting
in 1871 and 1901, autumn for most periods and, overall, all seasons
for the period starting in 1981). Nevertheless, these disparities for
specific periods are expected because the model simulations are not
designed toreplicate the observed variability. Nonetheless, itisworth
notingthat the range of precipitation trends among GCMsiis typically
narrower than the variation found in the observed data. This differ-
ence arises because point observations and gridded data inherently
exhibit different characteristics, with point data often showing higher
variability. Despite this, there is a convergence in the distributions of
trends between point observations and gridded models, particularly in

terms of similar averages between the two datasets. This underscores
asubstantial agreement between observed and modelled precipita-
tion trends.

In summary, analysis of the CMIP model outputs does not point
towards a widespread decline in precipitation. Instead, it reflects
behaviour consistent with the variability emphasized by the obser-
vations. When comparing the trends of the Mediterranean regional
precipitation series with those derived from the ensemble of mod-
els for the region (Supplementary Fig. 24), it is noteworthy that the
observed trends fall within the broad spectrum of trends produced
by the models, encompassing both positive and negative values. This
corroborates findings from prior studies®*®, underscoring that, due
to this pronounced variability, the extent to which the GCM ensem-
ble meanis representative of the observed precipitation trendsis not
clear. Notably, not only do the results derived from the observations
fall within the range of the CMIP models, even when they approach
the upper and lower boundaries, but the model outputs also indicate
a prevalence of statistically nonsignificant historical precipitation
trends in the region. In fact, the simulations from the CMIP6 experi-
mentreveal thatonly alimited number of areas, seasons and time spans
exhibit more than 50% of the models depicting significant negative
trends (Supplementary Figs. 25-29). Additionally, the CMIP6 models
outperformtheir CMIP5 counterpartsinreplicating observed trends,
showing less drying over both long and short durations and a higher
prevalence of nonsignificant precipitation trends—apatternthat aligns
with the observed data.

These findings serve to harmonize Mediterranean precipitation
trends observed inreality with those simulated by models. Itis probable
that earlier studies, which relied on CMIP Phase 3 and CMIP5 models®
and used multi-model averages>****°, may have led to a mistaken per-
ception of awidespread drying trend in the recent history over the
Mediterraneanregion.

Discussion

Our comprehensive analysis offers a broader understanding of pre-
cipitation trends across the Mediterranean region than any previous,
scattered study. Although some research has suggested a drying
trend in precipitation with asignificantinfluence from anthropogenic
forcings****, our findings do not support this claim. The results indi-
cate that historical precipitation trends are dependent on the time
frame, exhibit strong spatial variability, and are primarily stationary
over the long term, whether examined annually or seasonally. These
conclusions echo the findings of multi-centennial studies based on
data from limited meteorological stations in the northern part of the
Mediterranean region, which are marked by their long-term stability
and a predominance of pronounced multi-decadal and interannual
variability®.

The atmospheric circulation in the Mediterranean region is char-
acterized by high complexity, and further investigation is needed
to clarify the specific impact of the physical mechanisms related to
anthropogenic climate change that could lead to a decline in precipi-
tation”*. Recent studies have raised questions about the extent of an
amplification of the Arctic influence on mid-latitude climate, with sug-
gestions thatits effect could be relatively limited*, generating uncer-
tainties concerning the dynamic of the Hadley circulation. Although
it has been suggested that the Hadley cell has widened in the last few
decades in response to anthropogenic forcing™, observations have
suggested noticeable multi-decadal variability** driven by internal
dynamics®, and important regional differences, with no substantial
changes over the Mediterranean region***, This circulation dynamic
has implications for the presence of anticyclonic conditions and the
influence of storms in the Mediterranean region*®. Furthermore, alter-
native dynamic mechanisms have been proposed as primary drivers
of future Mediterranean precipitation>*>¥, but they are challenging
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Fig.4 |Density plots of the magnitude of change in the annual and seasonal
precipitation. The density curvesrepresent the available precipitation
observatories and all the grid cells from the different CMIP5 and CMIP6 models

to assess accurately from CMIP model simulations™**, Despite these
uncertainties, the most recent round of model experiments (CMIP6)
appears to better replicate the observed precipitation trends com-
pared to earlier CMIP iterations. This enhanced model performance
provides greater confidencein projecting adeclinein precipitation for
the Mediterranean region, especially under scenarios characterized by
high greenhouse gas concentrations'.
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forthe different periods. a-e, Annual. f-j, Winter. k-o, Spring. p-t, Summer.
u-y, Autumn. Purple: observations, teal: CMIP5, orange: CMIP6.

This study underscores theimportance of harnessing theimmense
potential of available observational databases. It was indeed a chal-
lenging undertaking, given the international nature of the dataset
used here, which necessitated overcoming different data-sharing
protocols and restrictions imposed by participating countries. Our
innovative code-sharing approach, however, successfully overcame the
bottlenecksrelated to dataavailability, enabling us to provide the most



accurate and comprehensive assessment of precipitation dynamicsin
the Mediterranean region to date. This initiative represents a significant
step forward, setting our study apart by addressing challenges related
to data policies that have constrained previous research. This effort
serves as a testament to the fact that, in regions where uncertainties
remain about ongoing climate change processes, a focus on existing
raw observations can contribute greatly to clarifying these climate
dynamics.

Inaneramarked by the availability of copious climate data, including
various reanalysis datasets and model outputs, itis crucial to emphasize
the high value of maintaining traditional meteorological station net-
works. Ongoing effortsin datarescue and archiving are of paramount
importance because numerous unexploited data sources hold great
relevance for long-termstudies*®, Furthermore, there isanurgent need
for the development of regional observation databases, particularly
inthe countries of the Global South. These databases could help over-
come the challenges of data access and facilitate the documentation
of climate change in these regions.

Finally, the results of this study challenge prevailing misconcep-
tions about the drying trend in the Mediterranean, underscoring
the imperative for further scientific investigation and discussion. It
isimportant to emphasize that, despite the negligible precipitation
trends found in the observational record over the last 150 years, the
Mediterranean region is indeed undergoing a process of increasing
climaticaridity. This trend is primarily being driven by anincrease in
atmospheric evaporative demand*, whichis a consequence of the sub-
stantial observed temperature rise”*. These conditions are expected
tointensify inthe future, accordingto climate projections. As aresult,
theregion could experience more severe ecological and agricultural
droughts®. It is crucial to note that this process of increased aridity
isindependent of the observed and projected precipitation dynam-
ics. However, the projected precipitation reduction, asindicated not
only by earlier CMIP models, but also by the most recent and reliable
CMIP6 models for the twenty-first century, could exacerbate this
issue by further diminishing water resources for ecosystems and
human societies”. This underscores the pressing need to address
the complex challenges posed by changing climate conditionsinthe
Mediterranean region.
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Methods

Dataavailability

This study used an unprecedented dataset comprising monthly
observed precipitation series spanning the Mediterranean region,
encompassing 27 countries characterized by diverse socioeconomic
and administrative profiles. The countries included in this dataset
are as follows: Morocco, Algeria, Tunisia, Libya, Malta, Egypt, Jordan,
Israel, Syria, Lebanon, Cyprus, Turkiye, Moldova, Romania, Bulgaria,
Greece, the Republic of North Macedonia, Albania, Montenegro,
Serbia, Bosnia-Herzegovina, Croatia, Slovenia, Italy, France, Spain and
Portugal. The datawere directly procured from national meteorological
or hydrological agencies that actively contributed to this study.Insome
cases, data were acquired from national research centres collaborat-
ing directly with their respective country’s meteorological agency.
However, itis noteworthy that meteorological or scientific institutions
inMalta, Cyprus and Albania did not respond to our invitations to par-
ticipateinthis study. To ensure coverage for these countries, available
precipitation information from continental and global databases—
specifically the ECA&D, the GHCN**?, and in a few cases the Global Sur-
face Summary of the Day (ftp://ftp.ncdc.noaa.gov/pub/data/gsod/)—
was incorporated into our dataset.

The dataset comprises a total 0f 10,238,736 monthly precipitation
records derived from 23,609 stations. These monthly records were
computed from daily observations, with the strict requirement that
no datagaps were permitted in the calculation of monthly totals. Con-
sequently, the dataset represents the aggregation of over 300 million
daily precipitation observations collected by rain gauges. The dataset
encompasses an extensive temporal range, from1871t02020. However,
itisimportant to note that the temporal coverage exhibits consider-
able variability. In1871, aminimum of 117 stations were available, which
graduallyincreased over time toreachapeak of 12,573 stations in1977.
Subsequently, there was a progressive decline, culminating in 6,186
stations by the year 2020 (Extended Data Fig. 1). The spatial coverage
also experienced significant transformations. Initially, the stations
were concentrated primarily in the north-western part of the region.
However, from 1901 onwards, there was a marked expansion of station
coverage in most countries, leading to a high density of stations after
1931 (Extended DataFig. 2). These fluctuationsin spatial and temporal
coverage are attributed to the historical development of meteorologi-
cal networks in various countries, influenced by the establishment of
national meteorological services, historical and international conflicts,
and divergent digitization efforts by national meteorological services.

Our investigation necessitated the use of restricted datasources to
achieve our research objectives comprehensively because previous
studies in this area have often been limited by datasets that are either
spatially or temporally constrained. These limitations have contributed
to anincomplete understanding of precipitation patterns within the
region. Publicly accessible global and continental databases contain
significantly fewer series compared to those held by meteorological
services (Supplementary Fig. 30), failing to capture the considerable
variability in precipitation characteristics of the Mediterranean region.

Our access to restricted data aimed to address these gaps, offer-
ing amore comprehensive analysis of precipitation variability and
trends in the Mediterranean. All available raw data from the different
Mediterranean countries were accessible for the analysis. However, its
sharingand/or redistribution was subject to the specific policies of each
country (Extended Data Fig. 3). Several countries, including Croatia,
Egypt, France, Israel, Moldova, Portugal, Romania, Slovenia, Spainand
Syria, provided all available raw precipitation data, while Greece and
Italy supplied a subset from their stations. This datais available in the
following repository: https://zenodo.org/records/12607467. Details
regarding the data availability and sharing policies for countries that
either did not provide raw data or restricted redistribution can be found
inasupplementary Excelfile.

We developed and distributed data processing software to national
meteorological services and research institutions, with the aim of
balancing respect for data privacy concerns with the need for com-
prehensive analysis. This approach facilitated standardized data pro-
cessing and maximized the use of available data within the constraints
of national data policies, representing a pragmatic solution for con-
ducting arobust climate study in an area with restricted data access.

The developed software was used with the data from the countries
that provided information for free, and was distributed to and used by
participants from the countries involved in the study who could not
share their data given their restricted data-sharing policies. The pri-
mary purpose was to process raw monthly precipitation series by con-
ducting various data quality control procedures, agap-filling process,
performing ahomogeneity test and rectifying datainhomogeneities.
Subsequently, the software was employed to execute the statistical
tests, yielding the results presented in this study. The same proce-
dure was applied to the series available from the GHCN and ECA&D
databases to replicate the analysis using the currently available data
inthese public databases.

These tasks were performed by the national teams that could not
share their data. To enhance accessibility and replicability, the results
for individual countries have been made available as separate files in
a public repository (https://doi.org/10.5281/zen0od0.10022617). The
repository also contains regional precipitation series for the entire
Mediterranean region, along with detailed information on the file
contents and an example script for accessing and reading the data.

Precipitation quality control and reconstruction

During the quality control phase, precipitation series with durations
of less than 10 years were excluded from the analysis. For the remain-
ing series (18,140), each monthly observation was subjected to a
comparison with corresponding values from neighbouring stations,
after transforming each time series into their empirical quantiles®.
Observations thatexhibited differences in excess of 0.8 units from the
average quantiles of the five closest stations within a 200-km radius
were flagged as suspicious and subsequently discarded. In addition,
the quality control process involved the assessment of chains of zero
values. Specifically, all chains comprising more than five consecutive
months with zero precipitation were eliminated from the dataset if
any of the monthsin the chain had less than 70% of zero values. Chains
of more than eight consecutive months with zero precipitation were
also removed unless they encompassed the summer season, during
which zero precipitation is a plausible occurrence in the region. The
quality control process was applied to 9,997,914 records, resulting in
the removal 0f 23,239 suspicious records—equivalent to 0.23% of the
total data. Most of the series showed a percentage of removed records
ator near 0% (Supplementary Fig. 31).

Aninherent challenge in observational datasets covering extensive
time periods, as was the case with the dataset developed for this study,
is the fragmented nature of most precipitation series. It isacommon
occurrence for older observatories to cease operations while new ones
areestablished throughout the extensive time frame under considera-
tion>*¢, Toaddress thisissue, a datareconstruction process was devel-
oped. Its purpose was to bridge the gaps in the dataset and generate
continuous series of uniform length, free from data gaps.

To address data gaps, we adopted a procedure consisting of filling
eachgap withthe observation fromthe nearest neighbouring station,
after rescaling the records from the neighbouring series to align with
those of the candidate series while preserving the temporal variance™,
The selection of neighbouring series was guided by both correlation
and distance criteria, requiring a minimum correlation coefficient of
0.7 and amaximum distance of 200 km. Also, aminimum overlapping
period of 15years between both time series was required to correct the
bias between them. This approach aligns with previous studies that
employed a similar methodology***>".
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Tomitigate potential biases and variance differences between the two
series (the one undergoing reconstructionand its neighbouring coun-
terpart), the precipitation records were subject to standardization,
using datafromtheir overlapping time periods. Notably, precipitation
series do not adhere to a normal distribution®. Therefore, standard-
ization involved selection from a range of skewed, positive-valued
distributions, which included gamma, exponential, general extreme
value, generalized logistic, generalized Pareto, generalized normal,
lognormal, Pearson type Ill and Weibull distributions. These distribu-
tions are widely employed in the analysis of hydroclimatic data® %%,

Foreach stationand monthof the year, the distribution was selected
on the basis of the distribution that yielded the highest P-value of
the Shapiro-Wilks normality test after standardization®®, ensuring
the normality of the standardized series. It is noteworthy that, due
to the unique characteristics of Mediterranean precipitation, certain
monthly series could not be effectively fitted to any of the candidate
distributions, particularly during the summer seasoninregions where
the majority of records registered zero precipitation. These specific
series were treated individually and reconstructed by directly utilizing
the precipitation values from the neighbouring series, adjusted accord-
ing to the monthly long-term ratio between the candidate series and
the neighbouring region.

The standardized values from neighbouring stations were converted
into cumulative probabilities, denoted as P(X) = p(x < X), and subse-
quently employed to fill gaps in the dataset of the target station. This
iterative procedure began with the closest neighbouring station and
extended to progressively more-distant ones, adhering to the previous
criteria. To restore the inputted values to their original magnitudes
(measuredin millimetres), quantiles corresponding to their cumulative
probabilities were computed using the data of the target station. Asan
exceptionto this procedure, instances where a value of zero precipita-
tion existed inthe neighbouring series led to the directincorporation
of such zero values into the dataset of the target station.

We established five distinct datasets based on the following time
frames: 1871-2020,1901-2020,1931-2020, 1951-2020 and 1981-2020.
Within each period of analysis, we exclusively retained series that had
atleast 75% of their original records fall within the specified time period
and that showed no data gaps after reconstruction. However, a small
percentage of series that did not meet the 75% threshold for some peri-
ods were retained for analysis during those particular periods. This
was donebecause they met the 75% requirementin earlier periods and
were necessary to maintain continuity in the analysis across different
time frames. Consequently, the number of stations in each set varied
accordingly.

As an exception, stations with data gaps accounting for less than
5% of the corresponding time frame were subjected to a secondary
reconstruction process. During this process, werelaxed the conditions
forauxiliary stations to possess a correlation coefficient (r) exceeding
0.5, with no distance restrictions at the country level. This relaxation
allowed for the inclusion of additional series in each respective set.
Series that could not be fully reconstructed were eliminated.

Finally, inthe case of Libya, where it was not possible to obtain a sig-
nificant number of complete series, even using the procedure described
above, we permitted data gaps of up to 3 years. However, these gaps
were subject to the condition that they did not occur within the first
or last 5 years of the series, so as not to unduly impact trend analysis.
To address these gaps, we employed astrategy of fillingthem with the
3-year precipitation average from the periodsimmediately preceding
and following the gap.

Most of the series used in our study across various periods have low
percentages of reconstructed data (Extended Data Fig. 4), indicating
that the analysed series predominantly consist of a high percentage of
original data. The number of data gaps filled in the series retained for
analysis varies across different periods. However, the percentage of
reconstructed datain each series was minimal. The average percentage

of reconstructed data across the series for the different periods is as
follows: 1871-2020, 11.07%; 1901-2020, 12.42%; 1931-2020, 12.40%;
1951-2020, 10.68%; and 1981-2020, 11.06%. Moreover, there is no sig-
nificant spatial bias in the percentage of reconstructed datain the
series retained for analysis in each period (Supplementary Fig. 32).
In the most recent period (1981-2020), some series were used with
less than 75% original data, particularly from Tunisia, Italy, Libya and
Bosnia-Herzegovina. In these regions, recent conflicts or changes in
the management of meteorological networks had led to interruptions
in datarecording or significant data gaps in the series. Despite these
challenges, our conservative data reconstruction approach ensured
that theresulting series remained of high quality, with the majority of
the original data being preserved in the final analysis.

Our methodology not only filled gaps in the time series, but also
modelled the observed precipitation records using data from neigh-
bouring stations—that is, missing data were statistically hindcasted.
This approach facilitated the evaluation of reconstruction quality
through comparisons between observed and reconstructed series.
Monthly reconstructions from each station exhibited aremarkably high
level of agreementbetween the observed and reconstructed precipita-
tion, a relationship assessed using the agreement index® (Extended
Data Fig. 5). Comparing the available observed and reconstructed
datarevealed widespread agreement, with the majority of records
exhibiting anear-perfect match between observed and modelled pre-
cipitation records, irrespective of the season (Extended Data Fig. 6).
Importantly, this reconstruction is not influenced by data availability.
Evenforthe 1871-1900 period, during which fewer neighbouring series
were available, the reconstruction maintained a comparable level of
quality (Supplementary Fig. 33). Moreover, this consistency is not
impacted by seasonality.

Precipitation homogeneity

Afterreconstructingthe series, we subjected themtoarigorous homo-
geneity testing process to identify any potentially suspicious temporal
deviations. For each of the 12-monthly series, homogeneity testing was
conducted against anindependent reference series. Reference series
were constructed as the average of the five neighbouring series that
were best correlated with the series of the target station, after which
all of themwere transformed to difference series®. Subsequently, the
standard normal homogeneity test was employed to identify potential
rupture points indicative of inhomogeneities®. In the cases where
these inhomogeneities displayed a P value less than 0.1, they were
considered acceptable and subsequently corrected. Insuchinstances,
the affected series were split at the detected rupture point, and the
oldest of the two subsets was corrected by multiplying it by the ratio
between the average values of the records before and after the rupture
point®®. This procedure was repeated for each series until no more
inhomogeneities were identified. The homogeneity assessment was
initially performed for the series commencing in 1871, and subse-
quently for those starting in1901,1931,1951 and 1981. Notably, once a
series had been corrected for aspecific period, it was not subjected to
homogeneity testing in subsequent periods, thereby ensuring thata
single station did not exhibit different records across the five distinct
sets. The number of inhomogeneities identified and subsequently
corrected varies from one country to another, contingent upon the
quality of the available data. Nonetheless, with the exception of Egypt
and Syria, the original data series, on the whole, displayed high tem-
poral quality (Supplementary Table 4). Importantly, the impact of
data homogenization on the assessment of precipitation trends was
minor. This is evident in the very high spatial agreement between
annual precipitation trends (in percent) using the series before and
after the homogenization process for different periods. The homog-
enization process did correct a small number of series affected by
problems, butitdid notalter the magnitude and spatial trend pattern
(Supplementary Fig. 34).



The aforementioned process allowed us to obtain a quality con-
trolled, reconstructed and homogenized dataset, encompassing
307 series, for the period 1871-2020—-912 for 1901-2020, 2,908 for
1931-2020, 5,441 for 1951-2020 and 7,151 for 1981-2020. The gener-
ated number of series significantly surpasses those derived from the
precipitation dataavailable in publicly accessible global and continen-
tal databases (Supplementary Table 5). National average series were
compiled fromall the available stations within each of the five selected
analysis time frames. To create a comprehensive regional overview,
global average time series were subsequently derived for the entire
Mediterraneanregion. This entailed computing an area-weighted aver-
age, where each country’s contribution was weighted proportionally
accordingtoitssurface area. This process ensured arobust representa-
tion of regional precipitation dynamics.

Furthermore, we computed the SPI* at a three-month time scale
for each station across the five analysis periods. These calculations
aimed to assess potential changes in meteorological drought occur-
rence and intensity. We identified meteorological drought episodes
by evaluating sequences of consecutive negative SPl values. For each
of these episodes, we determined both their duration and magnitude,
adhering to established protocols for drought characterization®,

Statistical analysis

The analysis of precipitation changes across the available series for
different time periods was conducted using the nonparametric Mann-
Kendall test, which assesses both the trend signal and its statistical
significance. Notably, the Mann-Kendall test isnonparametricin nature
and doesnot rely onany specificunderlying probability distribution of
the data. It offers robustness against outlier data, makingit asuitable
choice for our analysis. As a preliminary step, we applied pre-whitening
to the series before conducting the test” "2

To evaluate the magnitude of precipitation change, we employed
the nonparametric Theil-Sen (TS) regression. The TS slope estima-
tor provides insights into the temporal rate of change, quantifying
how precipitation evolves over time (that is, precipitation change per
year). Higher slope values indicate more rapid changes in precipita-
tion. Importantly, we expressed the rate of change in terms of relative
percent change per year with respect to the TS regression intercept,
rather than absolute values in millimetres. This approach enhances
the spatial comparability of different stations located in regions with
substantially varying precipitation values.

When examining precipitation trends on a seasonal basis, we adhered
to the delineation of boreal seasons, including winter (December-
February, DJF), spring (March-May, MAM), summer (June-August,
JJA) and autumn (September-November, SON).

To ensure arobust assessment of precipitation trends, accounting
for the sensitivity of these trends to variations in the study period’s
length and selection”, we conducted a systematic analysis encom-
passing all feasible temporal frames of 30 years or more within each
ofthe four study periods. The results were visually summarized using
heatmaps, which illustrate both the magnitude of change and its sta-
tistical significance.

Due to the substantial number of stations and time frames, sum-
marizing the heatmaps required the application of principal compo-
nent analysis in S-mode’™. This approach enabled the identification
of regions exhibiting similar patterns in temporal trends as repre-
sented by the heatmaps. In total, we obtained five components for
each period starting in 1901, 1931 and 1951 on an annual scale, as well
as for each of the four seasons, resulting in a total of 15 components
bothannually (Supplementary Fig. 1) and seasonally (Supplementary
Figs.7-10). These components were expressed in the same units as the
original variables, representing the percentage change in precipita-
tion per year. The weights assigned to each component at each sta-
tion were also used to calculate the corresponding P values for each
component. By mapping the component loadings, we determined

the geographical areas where each heat map component was most
representative.

Atmospheric circulationindices
To disentangle the influence of natural climate variability and other
atmospheric forcing mechanisms from the precipitation dynamics of
the entire Mediterranean region, we employed a stepwise regression
approach?. Details about the methodological approach are provided
in Supplementary Information section 3.2. We considered the annual
and seasonal precipitation averaged over the Mediterranean region as
dependent variables and two large-scale atmospheric circulation indi-
ces as independent variables?”. These indices were the NAO® and the
MO” (detailsin Supplementary Information section 3.3). We purposely
excluded other atmospheric mechanisms, such as the Indian Ocean
Dipole”, which impacts precipitation in the Eastern Mediterranean,
duetothelimited availability of reliable long-term time series™. The two
selectedindices exhibit stationarity over the long term, and their recent
dynamics are mostly associated with the internal climate variability
(Supplementary Information section 3.1). Inaddition to the large-scale
circulationindices, we utilized regional atmospheric circulationindices,
focusing on storm frequency and the occurrence of blocks and ridges
impacting the Mediterranean region. Methodological details for calculat-
ingthese metricsare provided in Supplementary Information section3.4.
The NAO and MO were correlated with the dynamics of these regional
drivers (Supplementary Information section 3.5), although they exhibit
independent capacities to model precipitation during the cold season.
In our analysis, we focused on the four distinct periods commenc-
ing in 1901, 1931, 1951 and 1981. Following the model fitting process
(Supplementary Information section 3.2), we examined the trends of
the residuals, representing the disparities between the modelled and
observed precipitation values. This step aimed to determine whether
the observed precipitation trends could be explained by atmospheric
dynamics (in which case the residuals would lack a statistically signifi-
cant trend) or if they were influenced by other factors (indicated by
statistically significant trends in the model residuals). We employed
the ¢-statistic to assess the role of each circulation index in explaining
precipitation variability.

Climate model simulations

We conducted a comparative analysis of the long-term precipitation
trends observed across the Mediterranean region and those derived
from climate model simulations over corresponding time frames. The
primary objective of this assessment was to evaluate the consistency
of model simulations in relation to observational data, rather than
attributing trends to anthropogenic factors.

Our comparison encompassed five distinct analysis periods and
involved historical simulations from both the CMIP5”’ and CMIP6%°
experiments. Despite theimprovementsin model physics, parametri-
zation and spatial resolution in CMIP6, signifying potentially more
reliableresultsin thisiteration, we decided to include both the CMIP5
and CMIP6 experiments to ensure amore comprehensive evaluation.

For CMIP5, we utilized precipitation datafrom 47 models represent-
ing the historical experiment spanning from 1860 to 2005, as well as
the Representative Concentration Pathway 8.5 experiment covering
the period from2006t02020. Inthe case of CMIP6, we employed data
from 25 models for the historical experiment, ranging from 1850 to
2014, and the Shared Socioeconomic Pathway 5-8.5 experiment span-
ning from 2015 to 2020 (Supplementary Table 6).

The choice of Representative Concentration Pathway 8.5 (CMIP5) and
Shared Socioeconomic Pathway 5-8.5 (CMIP6) scenarios was based on
their alignment with observed CO, concentrations for the considered
years. Rather than relying solely on the ensemble mean of each CMIP
experiment, weincorporated the complete range of individual model
simulations. Thisapproach enabled us to account for the uncertainties
inherent in amulti-model ensemble.
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Supplementary Fig. 35 provides a comprehensive overview of the
methodological approach employed in this study. It encompasses
various aspects, including data processing and temporal analysis.

Data availability

Detailsregarding dataavailability canbe found in the Supplementary
Table. The files with the raw results from each of the national inde-
pendent analyses are also publicly available at Zenodo (https://doi.
0rg/10.5281/zen0d0.10022618)%. The maps for this study were created
using ArcGIS v.10.8.2, with country base maps sourced from Esrilayers.

Code availability

The source code for the software is publicly accessible at https://github.
com/Icsc/mediterraneancalculations, complete with acomprehensive
tutorial and a working example.
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Extended DataFig.1|Evolution of the number of meteorological stations used in this study. Inblack the number of stations with raw data. In blue the final
number of stations reconstructed and homogenized used for each period.
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Extended DataFig.2|Spatial distribution of the original available meteorological stations. The information is provided both for the overall total and for the
individual periods.
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Extended DataFig. 3 | Data availability conditions for the dataused in this study across the various countriesinvolved. Striped lines indicate countries
where the data (all data orasubset of stations) are available ina public repository. Find additional detailsin the Supplementary Excel file.
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Pearson’sr. The coloursusedinthe plots represent point densities, while the
black points specifically representasample of1,500 points that exhibita
higher level of disagreement between observed and modelled precipitation.
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