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Abstract. Moisture budget assessments from reanalyses and
climate models have provided fundamental insights into the
maintenance and response to perturbations of the hydrolog-
ical cycle in the Mediterranean region. Here we perform
similar analyses using the latest-generation European Centre
for Medium-Range Weather Forecasts (ECMWF) re-analysis
(ERA5), and we complement previous work by further de-
composing the mean flow into contributions by the zonal-
mean flow, which is dominated by the mean meridional cir-
culation, and by zonally anomalous circulations and/or mois-
ture, namely stationary eddies. According to ERA5, in the
annual mean, net evaporation (negative P –E) over the ocean
and net precipitation (positive P –E) over land are primarily
due to submonthly transient eddies converging moisture orig-
inating from the ocean into the surrounding land. Overall, to-
tal stationary eddies reinforce the transient tendency over the
ocean but oppose it over land, with the zonal-mean flow ex-
erting a minor drying tendency limited to the region’s south-
ernmost latitudes. The total stationary eddy moisture flux
divergence arises from a strongly divergent zonally anoma-
lous circulation acting on the zonal-mean moisture. This is
partly opposed by the pure stationary eddy term, which pro-
vides moisture flux convergence through both divergence
and advection of zonally anomalous moisture by the zonally
anomalous circulation. The relative magnitude of these terms
changes over the seasonal cycle, explaining the transition
from net precipitation during winter (DJF) to net evaporation
during summer (JJA) over land. More specifically, as tran-
sient eddies weaken during the warm season, the strength-
ened divergent total stationary eddy moisture flux becomes
dominant and causes strong drying and negative net precip-
itation. Somewhat surprisingly, moisture flux divergence by

the mean meridional circulation is found to play a minor role
in the Mediterranean region across all seasons except autumn
(SON).

1 Introduction

The Mediterranean climate is broadly defined as a temper-
ate climate occurring from subtropical to lower middle lati-
tudes characterised by dry, hot summers and moderately wet
winters. Regions experiencing this climate type include Cal-
ifornia and southwestern Australia, as well as the Mediter-
ranean region itself, from which the name for this type of
climate originates. In the Mediterranean, midlatitude winter
storms provide the moisture flux convergence sustaining the
cold-season precipitation. Thanks to the moderate subtrop-
ical temperatures, precipitation is primarily in the form of
rainfall, except at high elevations over the Alps and other
mountain ranges (Şahin et al., 2015).

In summer, the region is under the influence of strong sub-
sidence, which gives rise to stable conditions, clear skies, and
precipitation minima (D’Agostino and Lionello, 2020). This
strong seasonal cycle leads to an imbalance between precip-
itation and evaporation, with the latter exceeding the former,
and a climate that can be categorised as semi-arid (Seager
et al., 2014a, b).

The strong seasonality in the hydrological cycle and the
resulting water scarcity in all Mediterranean-type climate
regions explain the high concern for their water resources
(Giorgi and Lionello, 2008; Zappa et al., 2015; Seager et al.,
2014a). For instance, the climate of the Mediterranean region
is distinctively sensitive to the spatial and temporal charac-
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teristics of winter storms as they move into the region (Şahin
et al., 2015; Lionello and Scarascia, 2018). The quantity and
intensity of the unique and irregular pattern of associated
winter rainfall (D’Agostino and Lionello, 2020) are signif-
icantly influenced by the intensity and position of the North
Atlantic storm track and the rapid development of extratropi-
cal cyclones across the region (Lionello and Scarascia, 2018;
Ukhurebor et al., 2022). Even relatively minor perturbations
in the general circulation of the atmosphere, such as shifts in
the location of midlatitude storm tracks or subtropical highs,
due to both natural variability and anthropogenic climate
change, can lead to substantial changes in the Mediterranean
climate (Mariotti et al., 2002; Giorgi and Lionello, 2008;
D’Agostino et al., 2020). Not surprisingly, many studies have
identified the Mediterranean region as a climate change “hot
spot” marked by temperatures increasing faster than the glob-
ally averaged temperature and a propensity for increased
aridity (Seager et al., 2014a; Byrne and O’Gorman, 2015; Li-
onello and Scarascia, 2018; D’Agostino and Lionello, 2020).

Previous work has leveraged global reanalyses and sev-
eral diagnostics to understand how the hydrological cycle is
maintained at both global and regional scales. Among those,
the atmospheric moisture budget has been particularly pow-
erful, as it has allowed for an understanding of how conver-
gence of moisture flux by atmospheric circulations leads to
net precipitation (that is, the difference between precipitation
and evaporation, P –E) (e.g. Seager et al., 2007; Li et al.,
2013; Wills and Schneider, 2015; Şahin et al., 2015; Wills
et al., 2016; D’Agostino et al., 2020; Minallah and Steiner,
2021). The same budget has also been applied to the decom-
position of future precipitation projections within the Cou-
pled Model Intercomparison Project (CMIP) model archives
into a more robust and theoretically constrained thermody-
namic component and a more uncertain and less understood
dynamic component, at both global and regional scales (e.g.
Held and Soden, 2006; Byrne and O’Gorman, 2015; Seager
et al., 2010, 2014a, b; Elbaum et al., 2022).

In a seminal contribution to the understanding of the
maintenance of the hydrological cycle in the Mediter-
ranean region, Seager et al. (2014a) studied its atmospheric
moisture budget within the European Centre for Medium-
Range Weather Forecasts (ECMWF) ERA-Interim reanaly-
sis and CMIP5 climate model simulations. By decompos-
ing the moisture flux convergence into contributions from
the monthly mean flow and from eddying motions, i.e. vari-
ations from the temporal monthly mean (see Fig. 4d, e, f),
they showed how convergence by submonthly transient ed-
dies, partially offset by divergence by the time-mean flow,
sustains positive net precipitation over land areas in winter
(November to April). Şahin et al. (2015) further showed that
the transient eddy moisture flux originating from the North
Atlantic Ocean sustains wet conditions in western and central
Europe in winter. Contrarily, the contribution from transient
storms over the Mediterranean basin weakens in summer due

to weaker thermal contrasting properties and resulting less
frequent frontal activities.

One thing that appears to be missing in the literature for a
more detailed understanding of the Mediterranean hydrologi-
cal cycle is, however, separating the time mean into contribu-
tions from the time- and zonal-mean flow (the mean merid-
ional circulation) and from stationary eddies. It is clear that
the zonally symmetric mean-flow moisture flux in lower lat-
itudes is associated with subsidence within the descending
brand of the Hadley cell (Held and Soden, 2006; Byrne and
O’Gorman, 2015; Wills and Schneider, 2015; D’Agostino
and Lionello, 2020). However, the extent to which the subsi-
dence over the Mediterranean region is linked to the zonal-
mean circulation in both annual and seasonal means remains
somewhat unclear. Variations in the zonal mean due to sur-
face forcing or stationary eddies are expected to make a sig-
nificant contribution to the spatial variability in the moisture
flux and its convergence (Chen and Bordoni, 2014; Wills and
Schneider, 2015; Wills et al., 2016), as it is well known that
orography and land–sea heating contrasts are major factors
that force extratropical stationary waves (Held et al., 2002;
Wills and Schneider, 2015). Orographically forced station-
ary waves can lead to low-level divergence and the forma-
tion of subtropical midlatitude dry zones, as well as low-
level stationary eddy mass convergence associated with wet
zones (Broccoli and Manabe, 1992). Specific to the Mediter-
ranean region, enhanced summer subsidence has been related
to a forced response to Asian monsoon heating, amplified
by topography in the Middle East (Rodwell and Hoskins,
1996, 2001; Simpson et al., 2015).

Several studies have exposed and quantified the impact
of low-frequency stationary waves on both regional and
global hydroclimate variability. For instance, Chen and Bor-
doni (2014) used observations and general circulation model
(GCM) simulations to explore the influence of the Ti-
betan Plateau on the East Asian summer monsoon, a quasi-
stationary subtropical rainfall band, by analysing and decom-
posing the moisture and moist static energy budgets into
zonal-mean, stationary eddy, and transient eddy contribu-
tions. Wills and Schneider (2015) used reanalysis data to
understand spatial variations in global net precipitation via
decomposition of the atmospheric moisture budget into the
zonal mean, which accounts for 40 % of the spatial variability
in global P –E, and variations in the zonal-mean hydrolog-
ical cycle, which explains the remaining 60 %. Importantly,
this study clarified the leading-order role that zonally anoma-
lous circulations play in the observed zonal variations in net
precipitation, with zonally anomalous specific humidity pro-
viding a more secondary contribution.

In this paper, we aim to fill the existing knowledge gap.
More specifically, we examine the maintenance of the hy-
drological cycle in the Mediterranean in the fifth- and latest-
generation ECMWF reanalysis (ERA5), and we complement
previous work by further decomposing the mean flow into
contributions by the zonal-mean flow and by zonally anoma-
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lous circulations and/or moisture, namely stationary eddies.
As shown below, this allows us to clarify existing confusion
on the impact, or lack thereof, of zonal-mean descent within
the subtropical branch of the Hadley cell on the region’s arid-
ity and more directly assess the relative role of zonal asym-
metries in circulation and moisture. Specific goals of this
work are

1. to expose any climatological trends that might be
present in the ERA5 dataset;

2. to assess the contribution of mean flow, transient eddies,
and stationary eddies to the maintenance of net precip-
itation in the annual and seasonal means over land and
sea within the broad Mediterranean region;

3. to explore how moisture flux convergence by stationary
eddies arises from zonal variations in wind patterns and
moisture content.

The paper is organised as follows. We first describe data
and methods in Sect. 2.1, with details on the moisture bud-
get decomposition in Sect. 2.2 and moisture budget global
and regional closure in ERA5 in Sect. 2.3. Results of our
analyses for the annual and seasonal means are discussed in
Sect. 3.1 and 3.2, respectively. We summarise our results in
Sect. 4 with a discussion of their relevance to future studies
on climate change in the Mediterranean.

2 Data and methods

2.1 ERA5

The atmospheric moisture budget of the Mediterranean re-
gion is studied using the atmospheric ERA5 reanalysis
dataset, which currently covers the time period from 1940
to present. The ERA5 atmospheric archive provides global
data that have been regridded to a reduced Gaussian grid
with a horizontal resolution of 0.25°× 0.25° (∼ 27–28 km)
at 1-hourly temporal resolution and on 137 vertical levels up
to the 0.01 hPa pressure level (Hersbach et al., 2020; Mayer
et al., 2021a). In this study, we use monthly averaged data
on pressure levels and column-integrated mass-consistent at-
mospheric energy and moisture budget monthly data derived
from 1-hourly ERA5 reanalysis data (Mayer et al., 2021b)
from 1979 to present archived by the Copernicus Climate
Data Store (CDS; https://cds.climate.copernicus.eu/#!/home,
last access: 19 December 2024). ERA5 publishes vertically
integrated eastward and northward moisture fluxes, as well as
the divergence of these fluxes, which employ mass-consistent
horizontal wind fields (Mayer et al., 2021b). These are what
we use in this study for the total moisture flux convergence.
It is worth mentioning that ERA5 also publishes moisture
fluxes and associated divergence at hourly resolution, but
these do not employ mass-consistent horizontal wind fields

and are contaminated with numerical noise. While the high-
frequency output would allow us to compute the transient
eddy contribution explicitly, we decided against using these
fluxes because they do not satisfy global properties such as
having a zero global mean divergence and are affected by nu-
merical noise (Gutenstein et al., 2021; Mayer et al., 2021a).

The moisture budget calculations were done over the
1979–2020 time period; different subsets within this period
were checked to test the robustness of the results. The pri-
mary objective of this study is to understand the role of
moisture transport by stationary eddies and synoptic-scale
eddies over a broad region of considerable orographic com-
plexity, encompassing the Mediterranean Sea and adjacent
land (from 10° W to 40° E and from 30 to 50° N). Notice
how this includes regions not traditionally identified as be-
longing to the Mediterranean, but the focus on this broader
box allows for the analysis of larger-scale patterns and pos-
sibly distinct behaviours of the Mediterranean with respect
to other neighbouring areas. To eliminate noise on small spa-
tial scales, monthly ERA5 data with the original resolution
of 0.25°×0.25° were regridded to 1°×1° spatial resolution.

2.2 Atmospheric moisture budget decomposition

We analyse the moisture budget of the Mediterranean region
to evaluate the contributions from the mean flow, transient
eddies, and stationary eddies in the maintenance of the ob-
served climatological net precipitation patterns in the annual
and seasonal means over land and the ocean. ERA5 provides
data on pressure levels, and thus we study the budget in pres-
sure coordinates. Given that P and E are the only funda-
mental sink and source of water vapour in an atmospheric
column (e.g. Wills and Schneider, 2015), under steady state,
their difference must be equal to the convergence of water
vapour flux (Trenberth et al., 2007):

P −E =−∇ · 〈uq〉 , (1)

where

〈 · 〉 =

P s∫
0

·
dp

g
. (2)

Here, 〈·〉 represents a mass-weighted vertical integral, ( · )

represents a monthly time mean, ∇ is the nabla operator on
the sphere, u is the horizontal wind vector, q is the specific
humidity, Ps is the surface pressure, and g is the gravita-
tional acceleration. All three terms are directly available from
ERA5, and, as mentioned above, we use the readily available
divergence of the vertical integral of water vapour flux that
employs mass-consistent horizontal wind to calculate the to-
tal moisture flux convergence.

Following previous studies (Seager et al., 2010; Wills and
Schneider, 2015; D’Agostino and Lionello, 2020), we use
Reynolds’ decomposition to decompose the total moisture
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flux into contributions from the time mean (with monthly av-
erages shown by overbars) and contributions from the tran-
sient eddies (shown by prime) such that (·)= (·)+ (·)′. This
decomposition of the budget requires vertical integration of
different flux components, for which we select 11 pressure
levels (1000, 950, 900, 850, 750, 650, 500, 300, 200, 100,
50 hPa) for computational efficiency. Results shown below
are robust to a different choice (including a higher number)
of selected pressure levels. Equation (1) hence becomes

P −E =−∇ ·
〈
uq +u′q ′

〉
. (3)

The first term on the right is the moisture flux convergence
(MFC) by the mean-flow contribution, and the second term is
the MFC by the transient eddies. Climatological annual and
seasonal averages of all terms are then computed and shown
in Sect. 3.

We are interested in further decomposing the budget into
zonal mean (shown by brackets) and variations from the
zonal mean that represent the stationary components (shown
by stars) such that (·)= [·]+ (·)∗. With this further decom-
position, the budget becomes

P −E =−∇ · 〈[u][q]〉−∇ ·
〈
u∗q∗+ [u]q∗+u∗[q]

〉
−∇ ·

〈
u′q ′

〉
, (4)

where

u∗q∗+ [u]q∗+u∗[q] ≡ u†q†. (5)

In Eq. (4), the first term on the right is the MFC by the
zonal-mean circulation, and the second term on the right
is the total MFC by stationary eddies u†q† (Eq. 5). Only
the first of the three terms on the left-hand side of Eq. (5)
represents the contribution from the classical (pure) station-
ary eddy flux, u∗q∗, to the total MFC, which includes cor-
relations of zonally anomalous circulations u∗ and zonally
anomalous moisture q∗. The other two terms are the cross
terms, which capture interactions of stationary eddies with
zonal means. Note how only the pure stationary eddy term
survives if one considers the global zonal mean (i.e. [u∗q∗] ≡
[u†q†

]). While not contributing to the global zonal mean, the
cross terms have, however, been shown to be very important
at the regional scale (Kaspi and Schneider, 2013; Wills and
Schneider, 2015).

Several studies have pointed out the inevitable introduc-
tion of errors in the analyses of the vertically integrated mois-
ture budget, which results in possibly non-zero residuals (e.g.
Seager and Henderson, 2013; Wills and Schneider, 2015;
Minallah and Steiner, 2021). Differentiation approximations,
spatial and temporal discretisation, and vertical interpolation
all contribute to information loss and errors. For these rea-
sons, we compute all other terms explicitly but estimate the
transient eddy term implicitly as the moisture budget resid-

ual, that is

∇ ·

〈
u′q ′

〉
=−

(
P −E

)
−∇ · 〈[u][q]〉

−∇ ·
〈
u∗q∗+ [u]q∗+u∗[q]

〉
. (6)

Results from the decomposition as per Eq. (4) are shown
in Figs. 4, 10, and 11 for the annual and seasonal means. It
is important to note that up to this point, following Byrne
and O’Gorman (2015), we take the divergence of the ver-
tically integrated fields in the zonal and meridional direc-
tion rather than vertically integrating the moisture flux diver-
gence fields, as alternatively proposed by other studies (e.g.
Seager et al., 2010, 2014a, b; Wills and Schneider, 2015;
D’Agostino and Lionello, 2020). Hence, there is no term
related to the surface-pressure gradient (e.g. Seager et al.,
2014a). To get further physical insight into the MFC due to
stationary eddies, we however further decompose the associ-
ated terms into contributions from wind divergence and ad-
vection, that is

∇ ·
〈
u∗q∗+ [u]q∗+u∗[q]

〉
=
〈(
q∗∇ ·u∗+u∗ · ∇q∗

)
+
(
q∗∇ · [u] + [u] · ∇q∗

)
+
(
[q]∇ ·u∗+u∗ · ∇[q]

)〉
+ S. (7)

In so doing, the nabla operator is taken inside the integral,
and the surface-pressure gradient term, S, appears (Seager
and Henderson, 2013; Seager et al., 2014a; Wills and Schnei-
der, 2015). We evaluate this term as the residual between the
left-hand side and the sum of the advection and divergence
contributions on the right-hand side of Eq. (7) and find it to be
negligible. Results from this further breakdown of the MFC
by the stationary eddy terms are shown in Figs. 7 and 8.

We are also interested in quantifying which components in
Eq. (4) have a bigger contribution to the zonal-mean pattern
of P –E within the Mediterranean. Hence, following Wills
and Schneider (2015), we write the zonal-sector-mean mois-
ture budget as

{P }− {E} =− {∇ · 〈[u][q]〉}−
{
∇ ·

〈
u†q†

〉}
−

{
∇ ·

〈
u′q ′

〉}
, (8)

where {·} denotes an average in longitude over the broad
Mediterranean region (that is, from 10° W to 40° E). This
wide sector was chosen to be consistent with previous work
(e.g. Giorgi and Lionello, 2008; D’Agostino and Lionello,
2020; Tuel et al., 2021) and to include the Mediterranean Sea
and all surrounding land regions. Patterns discussed below
(Figs. 3 and 9) are robust to small changes in the selected
longitude range.

2.3 Atmospheric moisture budget closure

Before delving into the maintenance of the Mediterranean
moisture budget, we analyse the closure of the global mois-
ture budget in ERA5; that is, we explore if and to what ex-
tent globally averaged P is equal to globally averaged E in
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the 1979–2020 period under consideration. Figure 1, which
shows the evolution of these two quantities averaged glob-
ally and annually, reveals a few concerning results. Firstly,
globally averaged P always exceeds globally averaged E by
an average value of 0.045 mm d−1 over the 1979–2020 pe-
riod, suggesting there exists an artificial moisture source in
ERA5. Secondly, the imbalance between the two fields does
not remain constant over time but decreases significantly af-
ter 1995. In particular, while the excess of globally averaged
P over globally averaged E is about 0.083 mm d−1 in the
1979–1995 period, it decreases to 0.015 mm d−1 after 1995.
Previously, Mayer et al. (2021a) reported analogous results
from ERA5, with residual values of about 0.03 mm d−1 in
the 1985–2018 period and about 0.02 mm d−1 in the 2000–
2018 period. These changes in the residual do not arise from
departures from steady state, an assumption that remains ex-
tremely well verified throughout our analysis period. In fact,
similar discontinuities in precipitation from ERA5 and other
global reanalyses have been reported in Scoccimarro et al.
(2024) and attributed to the progressive addition of satellite
data sources (Diniz and Todling, 2020).

While for our purposes a closed moisture budget would
be desirable but not strictly necessary, improvements over
time introduce trends in both E and P that appear unrealis-
tic and might not reflect observed changes. Specifically, from
the mid-1990s, E increases more drastically than P , and this
seems to be the main change that results in a better balance
(Hersbach et al., 2020). This highlights how extreme caution
should be taken when analysing any trend in quantities re-
lated to the ERA5 moisture budget.

If we now consider the moisture budget averaged over the
Mediterranean region, P –E is negative on the annual aver-
age. This highlights the known characteristics of this basin:
the Mediterranean Sea acts as a source of moisture, support-
ing both local recycling and precipitation over neighbouring
land regions. A negative total MFC (i.e., divergence of mois-
ture flux; see Eq. 1) must balance the net evaporation (nega-
tive P –E), which is what we see in Fig. 2. However, as was
the case for the global mean, the regional moisture balance
is not closed, especially in the first 10 years of the time pe-
riod under consideration. Total MFC, with a climatological
annual mean value of −0.503 mm d−1, exceeds P –E, with a
climatological annual mean value of −0.367 mm d−1. There
is a decreasing trend in P –E from 1979 to 2020, which is
due to an increasing trend in E and a rather steady P (not
shown). Yet, there seems to be no statistically significant
trend in total MFC. All in all, the budget over the Mediter-
ranean is not strictly closed, and the imbalance is larger over
land (Fig. 2b). Mirroring what was seen at the global scale,
the closure of the regional moisture budget, which does not
arise from steady-state departures, improves over time, with a
decreasing imbalance between P –E and total MFC (Fig. 2a).

What can we conclude about hydroclimate changes in
the Mediterranean region in the past 40 years, according to
ERA5? Can we trust the signal? While it is possible to choose

different time windows and find some trends, the “artificial
jumps” in global P and E from ERA5 make it difficult to ex-
tract any meaningful trends or changes in the hydroclimate
because of remaining inconsistencies in large-scale budgets
of moisture and energy (Hersbach et al., 2020; Allan et al.,
2020; Mayer et al., 2021a). We hence caution against the use
of ERA5 for trend identification and attribution. However,
like other reanalysis products, it remains a very useful tool
to study mechanisms responsible for the maintenance of cli-
matic patterns at both global and regional scales, as we do in
this study.

3 Results

3.1 The annual mean Mediterranean moisture budget

We begin by analysing how the long-term, annually averaged
moisture budget over the Mediterranean region is maintained
in ERA5 in the zonal sector mean, and we then explore the
spatial patterns of all relevant terms. The zonal-sector-mean
decomposition of the moisture budget in our analysis region,
following Eq. (8), is shown in Fig. 3. Similarly to what is seen
in the global zonal mean (e.g. Wills and Schneider, 2015),
the zonally averaged net precipitation in the Mediterranean
region transitions from net evaporation to net precipitation at
around 43° N, slightly poleward of the globally zonally aver-
aged value of 37° N (not shown). Transient eddies are primar-
ily responsible for the associated poleward moisture transport
by diverging moisture from the lower midlatitudes and con-
verging it to the higher latitudes. Note how the net precip-
itation minimum at 35° N coincides with the transient eddy
moisture flux divergence maximum around the same latitude
band. While smaller in magnitude, total stationary eddies and
the mean meridional circulation provide net moisture flux di-
vergence at all latitudes. South of 32° N, their combined ef-
fect is large enough to more than offset the moisture flux con-
vergence by transient eddies and to maintain net evaporation
on the southern edge of the Mediterranean region.

While illustrative of the role that different atmospheric cir-
culations play in meridional moisture transport and the re-
sulting zonally averaged net precipitation patterns, the zonal-
mean analysis hides large zonal variability and land–sea con-
trast and possibly obscures the role of zonally varying circu-
lations in their maintenance. The spatially varying moisture
budget and its components are hence shown in Fig. 4.

All northern Mediterranean land areas, such as the Iberian
Peninsula, France, the Alps, the Balkans, and Türkiye, have
an excess of P over E (Fig. 4a). Annually averaged positive
net precipitation is particularly strong in high-topography re-
gions (the Alps and Balkans). In agreement with previous
work (Seager et al., 2014a), over the Mediterranean Sea, E

exceeds P , confirming how this ocean basin acts as a source
of moisture for the surrounding land masses. Evaporation
appears to be particularly dominant in the eastern Mediter-
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Figure 1. Temporal evolution of global annual mean P and E from ERA5 in the 1979–2020 period.

ranean Sea due to both strong near-surface 900 hPa winds
and warm sea surface temperatures (not shown).

According to ERA5, positive P –E over all land regions
surrounding the Mediterranean Sea, with the exception of
northern Africa, is predominantly maintained by the sub-
monthly transient eddy moisture flux that converges moisture
originating from the sea over these regions (Fig. 4d). The
mean flow partially counteracts the wettening tendency of
the transient eddies over land regions, with the exception of
northern Africa, and reinforces it over the ocean, except for
the Adriatic Sea (Fig. 4b). Over northwestern Africa, where
the time-mean flow is convergent, the transient eddies are
strongly divergent, which points to the opposing behaviour
of the two phenomena, leading to negligible net precipita-
tion in the region. This counterbalancing contribution by the
mean flow and transient eddies is consistent with earlier work
based on the previous generation of the ECMWF reanalysis,
ERA-Interim (Seager et al., 2014a), giving us confidence in
the robustness of our results.

The time-mean moisture flux convergence can be further
decomposed into contributions by the zonally averaged cir-
culation and the stationary eddies (Eq. 4). The long-term
averaged zonal-mean circulation, dominated by the mean
meridional circulation, results in divergence of moisture from
the subtropical southern edge of the Mediterranean region
(from 30 to 36° N, Fig. 4c). Everywhere else in the region the
contribution by the zonal-mean moisture flux is negligible,
revealing how moisture flux and the associated convergence
by stationary eddies dominate the time-mean flow, pointing
to the immense impact of variations in the zonal mean on the
hydrological cycle in the Mediterranean region.

As mentioned before, the total stationary eddy moisture
flux arises from three different components that contain sta-
tionary terms (see Eq. 5). We are particularly interested in
knowing which component, if any, contributes the most to
the hydrological cycle of the region.

According to ERA5, pure stationary eddies, −∇ · 〈u∗q∗〉,
converge moisture over the Mediterranean land region and
the sea, except for the southwestern Mediterranean (Alge-
ria) and western Black Sea (see Fig. 4f). The transport of
zonally symmetric moisture by the zonally anomalous cir-
culation, −∇ · 〈u∗[q]〉, results in moisture divergence from
the Mediterranean region, including the Mediterranean Sea,
with the exception of northwestern Africa, northern Italy, and
the Adriatic Sea (Fig. 4g). The divergence is the strongest
over the eastern Mediterranean, where the zonal variations
in circulation are the largest. As discussed in more detail
below, these patterns primarily mirror patterns of the zon-
ally anomalous lower-level wind divergence. The transport
of zonally anomalous moisture by the zonally symmetric cir-
culation, −∇ · 〈[u]q∗〉, yields a different result: convergence
of moisture over the Mediterranean Sea, northern Africa, and
western Black Sea and divergence over the western Mediter-
ranean (i.e. the Iberian Peninsula, Morocco, etc.), Corsica,
the Tyrrhenian Sea, and Türkiye (Fig. 4h).

These results raise the question of why these different sta-
tionary terms contribute the way they do to net precipitation
in the Mediterranean region. In addition to understanding the
spatial patterns of all stationary MFC terms, we are also in-
terested in explaining the partial cancellation between con-
tributions arising from the transport of zonal-mean moisture
by the zonally anomalous circulation (−∇ · 〈u∗[q]〉, Fig. 4g)
and the pure stationary eddies (−∇ · 〈u∗q∗〉, Fig. 4f).

A good starting point is to examine patterns of zonally
asymmetric moisture and circulation individually, shown in
Figs. 5 and 6. Note how in these two figures we use a more
extended domain than the one used elsewhere to link these
analyses to previously published results, as discussed be-
low. Considering that moisture is primarily concentrated at
low levels, Fig. 5 shows variations from the zonal mean
and the zonal mean of specific humidity at the 850 hPa rep-
resentative level (q∗850, Fig. 5a, and [q850], Fig. 5b). Low-
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Figure 2. Annual mean moisture budget components in the
Mediterranean region from ERA5 in the 1979–2020 period.
(a) Temporal evolution of P –E (green line), total moisture flux con-
vergence (MFC; brown line), and the difference between the two
(residual, cyan line). (b) Time-averaged spatial variations in the im-
balance between P –E and total MFC in millimetres per day. The
total MFC is obtained from the publicly published mass-consistent
divergence of the vertical integral of moisture flux. See Sect. 2.1 for
more details.

level moisture over the southern Mediterranean region and
the Mediterranean Sea itself is smaller than the global zonal
mean (Fig. 5a), resulting in negative (dry) zonal anomalies
over these areas. No clear land–sea contrast is seen in these
anomalous humidity patterns; rather, the signal is one of a
meridional contrast between a northern moister (q∗850 > 0)
part and a southern drier (q∗850 < 0) part. An exception to this
overall behaviour is northwestern Africa, where q∗850 is posi-
tive. Not particularly informative, Fig. 5b shows the expected
pattern of decreasing zonal-mean specific humidity ([q850])
with latitude.

Characterising zonally asymmetric circulation patterns
that influence net precipitation is less straightforward, as sta-
tionary eddies can impact moisture flux convergence through
both horizontal advection and vertical motion (horizontal di-

Figure 3. Sector-mean annually averaged (ANN) climatological
Mediterranean moisture budget components in the 1979–2020 pe-
riod from ERA5. Each curve is smoothed in latitude using a three-
point running average filter.

vergence). Given the well-established importance of vertical
motions on large-scale zonally anomalous P –E patterns (e.g.
Wills and Schneider, 2015), Fig. 6 shows variations from
the zonal mean and the zonal mean of the 500 hPa vertical
pressure velocity (−ω∗500, Fig. 6a, and −[ω500], Fig. 6b),
which correlate well with low-level divergence and are not
affected by numerical noise. Note how in Fig. 6 we show
the negative vertical pressure velocity so that positive (neg-
ative) values indicate ascending (descending) motion. At
500 hPa, the zonally anomalous vertical velocity (−ω∗500,
Fig. 6a) features strong descent across the Mediterranean
region, except northwestern Africa, where the Atlas moun-
tain range is located, and the northern Balkans. Anomalous
ascending motion can be seen in the Middle East over the
Zagros Mountains, with enhanced subsidence to both their
east and west, the latter extending over the central and east-
ern Mediterranean. Maximum subsidence is centred over the
eastern Mediterranean. This is in strong agreement with pre-
viously published papers, which link the subsidence over the
Mediterranean region to the influence of topography, more
specifically the Zagros Mountains (Simpson et al., 2015)
and the Atlas Mountains (Rodwell and Hoskins, 1996), and
its modulation of subsidence induced by the Indian mon-
soon heating (Rodwell and Hoskins, 1996; Cherchi et al.,
2014, 2016; Simpson et al., 2015). The global zonal-mean
vertical velocity (−[ω], Fig. 6b) instead reveals a region of
negligible ascending motion between 40 and 50° N, flanked
by descent to its south and weak ascent to its north.

To the extent that horizontal advection is negligible, MFC
by the three stationary eddy terms, at least in terms of overall
spatial patterns, can be understood by considering how the
zonally averaged and/or the zonally anomalous vertical mo-
tion act on the zonally averaged and/or the zonally anoma-
lous moisture to determine patterns of vertical moisture ad-
vection (see also Wills and Schneider, 2015). A compari-
son of Figs. 4g and 6a reveals how patterns of convergence
of zonal-mean moisture by the zonally anomalous circula-
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Figure 4. Annual mean climatological Mediterranean moisture budget in the 1979–2020 period from ERA5. (a) P –E. MFC due to
(b) monthly mean flow, (c) zonal-mean circulation, (d) transient eddies, and (e) total stationary eddies and their three components aris-
ing from (f) pure stationary eddies, (g) transport of zonal-mean moisture by the zonally anomalous circulation, and (h) transport of zonally
anomalous moisture by the zonal-mean circulation. All fields are smoothed using a 3× 3 point smoothing filter. Units are millimetres per
day.

tion, −∇ · 〈u∗[q]〉, are well explained by patterns of the zon-
ally anomalous mid-tropospheric vertical velocity, −ω∗500,
with moisture divergence (convergence) coinciding with re-
gions of subsiding (ascending) motion. In other words, the
leading-order effect of this term is due to zonal variations in
vertical motion and associated horizontal wind convergence,
which primarily descends and diverges moisture away from
the Mediterranean region.

The zonally anomalous descending motion (Fig. 6a) in
turn influences the zonally anomalous distribution of mois-
ture, which, as already discussed, features negative q∗850 val-
ues over the Mediterranean Sea (Fig. 5a). This observation
clearly demonstrates how zonal asymmetries in moisture

cannot simply be interpreted as a thermodynamic response
to the land–sea contrast but are strongly influenced by the
stationary vertical motions. These zonal moisture anomalies
are then transported by the stationary circulations that induce
them, with co-variations between the two zonally anomalous
fields that lead to vertical advection by the zonally anomalous
flow of zonally anomalous moisture (−〈q∗∇ ·u∗〉) that can
cancel the vertical advection of zonally symmetric moisture
by the zonally anomalous circulation (−〈[q]∇ ·u∗〉) in re-
gions of negative (dry) zonally anomalous moisture anoma-
lies, such as the Mediterranean Sea. In other words, the dry-
ing effect of the zonally anomalous divergent circulation is
reduced by the pure stationary term in regions of reduced
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Figure 5. Annual mean climatological low-level (850 hPa) (a) zonally anomalous moisture and (b) zonal-mean moisture from ERA5 in the
1979–2020 period. Units are g kg−1.

Figure 6. Annual mean climatological mid-tropospheric (500 hPa) (a) anomalous vertical velocity and (b) zonal-mean vertical velocity from
ERA5 in the 1979–2020 period. Units are Pa s−1. Note how here we show negative pressure velocity; hence, positive values (green) denote
ascending motion, and negative values (brown) denote descending motion.

moisture availability (q∗850 < 0). Additionally, the fact that
zonally varying moisture primarily varies in the meridional
direction, with gradients that have an opposite sign to those
of the zonally averaged moisture, suggests that the same
zonally varying horizontal motions will result in opposing
meridional advection throughout the Mediterranean domain,
leading to horizontal advective tendencies by the pure sta-
tionary term that oppose those of the zonally asymmetric cir-
culation acting on zonally averaged moisture.

Finally, moving our attention to the term arising from the
transport of zonal variations in moisture by the zonally av-
eraged circulation (−∇ · 〈[u]q∗〉, Fig. 4h), we note how this
term has a somewhat weaker magnitude and a more spatially
varying behaviour than the other two terms. Importantly, the

spatial patterns of this term cannot simply be explained in
terms of the divergence of zonally anomalous moisture by
the zonally averaged vertical motion, exposing the important
role of horizontal advection (see Fig. 7e, f).

While these simple arguments provide insights into the
mechanisms that lead to the observed patterns of the three
stationary eddy terms, therefore putting on strong physical
ground what might otherwise appear as decomposition arte-
facts, the contribution by wind convergence and moisture ad-
vection to the stationary eddy MFC can be explicitly quan-
tified using Eq. (7). Shown in Fig. 7 for all stationary terms,
this further decomposition confirms the more qualitative ar-
guments provided above. Notably, it highlights how the con-
tribution of the advective term to the pure stationary eddy
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Figure 7. Annual mean climatological contribution from advection (a, c, e) and wind divergence (b, d, f) to the stationary eddy MFC within
the Mediterranean region in the 1979–2020 period from ERA5: (a, b) pure stationary eddies, (c, d) zonally anomalous circulation term, and
(e, f) zonally anomalous water vapour term. Units are millimetres per day.

MFC is at least as important as, if not more important than,
the wind divergence term (Fig. 7a, b).

To summarise, our findings show how the total stationary
eddy MFC arises firstly from a strongly divergent zonally
anomalous circulation, which diverges zonal-mean moisture
away from the Mediterranean region. This is partly compen-
sated for by the pure stationary eddy MFC, through both
wind divergence and advection of zonally anomalous mois-
ture by the zonally anomalous circulations that partly induce
these anomalies. Zonal variations in moisture also impact
net precipitation in the Mediterranean region through advec-
tion by the zonal-mean circulation, which, while more spa-
tially varying and weaker in magnitude than the other two
terms, further counterbalances moisture divergence by the
zonally anomalous circulation, especially over the Mediter-
ranean Sea. In other words, zonal variations in moisture pri-
marily influence the moisture budget of the Mediterranean
region through horizontal advection. It is in fact interesting
to note how the contribution to the total stationary eddy MFC
from the horizontal advection of zonally anomalous moisture
(Fig. 8) has spatial patterns that, especially over the ocean,
are grossly similar but of opposite sign to the transient eddy
MFC (Fig. 4d). This confirms findings from global analyses

that suggest that transient eddies transport moisture down the
moisture gradients set up by the time-mean horizontal advec-
tion, leading to a partial cancellation of these terms (see Wills
and Schneider, 2015).

3.2 Seasonal cycle

We analyse the seasonality of the hydroclimate in the
Mediterranean region using four seasons expressed as DJF
(December to February), MAM (March to May), JJA (June to
August), and SON (September to November). Here we focus
primarily on the solstice seasons, DJF and JJA, both showing
zonal averages in the Mediterranean sector (Fig. 9) and spa-
tial patterns of all relevant terms (Fig. 10 for DJF and Fig. 11
for JJA). Interested readers can find similar analyses for the
shoulder MAM and SON seasons in Appendix A.

According to Fig. 9a, the dominant term in the mainte-
nance of the sector-mean Mediterranean hydroclimate, {P }–
{E}, during DJF is the convergent transient storm systems,
−{∇·〈u′q ′〉}. In this season, the divergent zonally anomalous
circulation term,−{∇·〈u∗[q]〉}, is opposed by the convergent
pure stationary eddies,−{∇·〈u∗q∗〉}, and the zonally anoma-
lous water vapour term, −{∇ · 〈[u]q∗〉}. The total stationary
eddy term,−{∇ · 〈u†q†

〉}, therefore has very little impact on
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Figure 8. Annual mean climatological contribution to P –E from
horizontal advection of zonally anomalous moisture (i.e. the sum of
the terms shown in panels (a) and (e) of Fig. 7) from ERA5. Units
are millimetres per day.

Figure 9. Sector-mean components of the Mediterranean moisture
budget in the 1979–2020 period from ERA5 during (a) DJF and
(b) JJA. Each curve is smoothed in latitude using a three-point run-
ning average filter. Note the difference in the x axes.

the zonal-mean hydrological cycle during this season due to
the opposing behaviours of the three contributing stationary
eddy terms.

In summer (Fig. 9b), the divergent zonally anomalous cir-
culation term dominates the budget and more than counter-
balances the convergent pure stationary eddies, leading to
negative {P }–{E} in the region. Note how this term is 4
times as strong in JJA than in DJF (note the different x-
axis ranges in Figs. 9a, b and A1). Interestingly, the divergent
zonal-mean flow,−{∇ ·〈[u][q]〉}, plays a secondary role dur-
ing both DJF and JJA. Nevertheless, compared to JJA, this
term causes a slightly larger drying tendency in the southern
Mediterranean region during DJF.

The spatial variations in the Mediterranean moisture bud-
get and its components in DJF and JJA are shown in Figs. 10
and 11, respectively, which clearly highlight the strong sea-
sonal signal, by which the net flux of fresh water (i.e. P –E,
Figs. 10a and 11a) is the most positive during DJF and the
most negative during JJA. According to ERA5, and in agree-
ment with previous work (Seager et al., 2014a), the transient
eddies provide the moisture flux convergence needed to bal-
ance the positive P –E over all Mediterranean land regions
during winter (Fig. 10d), as the jet shifts southward. It can
be seen that the Mediterranean region experiences a strong
land–sea contrast due to transient winter storms, with wet
conditions over land and dry conditions over the sea itself.
During summer, the signal appears more varied, with tran-
sient eddies contributing to moisture flux divergence over the
Mediterranean Sea and certain land regions, such as north-
western Africa, northern Italy, and southern Türkiye, and to
moisture flux convergence in other regions, such as north-
ern land regions surrounding the sea and northern Türkiye
(Fig. 11d).

The zonal-mean flow leads to subsidence and minor mois-
ture divergence in the Mediterranean during both seasons: in
DJF, it is the southern Mediterranean that undergoes mild di-
vergence (Fig. 10c), while during JJA, it is the central and
northern Mediterranean that undergoes mild moisture diver-
gence and drying (Fig. 11c).

Finally, focusing on the contributions by stationary eddies,
we see that the total stationary eddies are generally weaker
during DJF than during JJA, even though all the terms in-
volving stationary eddies are very pronounced (Fig. 11f, g,
h). During JJA, the total stationary eddy moisture flux causes
intense drying in the Mediterranean, except in northwest-
ern Africa, the Alps, and a region extending from eastern
Spain to southwestern France (Fig. 11e). Transports of zonal-
mean moisture by the zonally anomalous circulation and by
the pure stationary eddies have larger magnitudes than the
term related to zonally anomalous moisture (Fig. 11f, g, h),
with mostly opposing tendencies: while the zonally anoma-
lous circulation results in strong anomalous descent linked
to the monsoon–desert mechanism (Rodwell and Hoskins,
1996, 2001; Cherchi et al., 2014; Simpson et al., 2015;
Wills and Schneider, 2015; Cherchi et al., 2016) and as-
sociated low-level divergence over the central and eastern
Mediterranean (not shown), except for northwestern Africa,
the Iberian Peninsula, and the Alps (Fig. 11g), the pure sta-
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Figure 10. December–February (DJF) climatological Mediterranean moisture budget in the 1979–2020 period from ERA5: (a) P –E,
(b) time-mean flow, (c) zonal-mean circulation, and (d) transient eddies. (e) Total stationary eddies and their components due to (f) pure
stationary eddies, (g) zonally anomalous circulation, and (h) zonally anomalous moisture. Units are millimetres per day.

tionary eddy moisture flux mediates the resulting dry climatic
conditions through moisture convergence arising from the
zonally anomalous descent diverging dry anomalous mois-
ture (not shown) over the region (Fig. 11f). Northwestern
Africa appears to be an exception in both cases: the mois-
ture flux convergence by the zonally anomalous circulation
is offset by the moisture divergence due to the pure station-
ary eddies.

4 Discussion and conclusion

We investigated the maintenance of the atmospheric branch
of the Mediterranean hydrological cycle within the ERA5
reanalysis via extended decomposition of the atmospheric

moisture budget into contributions from the mean meridional
circulation, stationary eddies, and transient eddies.

Starting from analysing the closure of the global moisture
budget, we conclude that the global budget, averaged over
land and the ocean, is not closed. P consistently exceeds
E, indicating that there is an artificial source of moisture in
ERA5. From the mid-1990s, the imbalance between the two
fields is reduced, but this introduces unrealistic jumps in P

and E, making it difficult to utilise these data for trend analy-
ses and hydroclimate change studies. Hence, we recommend
extra caution when analysing trends in quantities related to
the ERA5 moisture budget. In the Mediterranean region, the
budget is also not closed, and, in fact, the annual mean value
of the residual between net precipitation and moisture flux
convergence is 0.136 mm d−1 but also shows an improve-
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Figure 11. June–August (JJA) climatological Mediterranean moisture budget in the 1979–2020 period from ERA5: (a) P –E, (b) time-mean
flow, (c) zonal-mean circulation, and (d) transient eddies. (e) Total stationary eddies and their components due to (f) pure stationary eddies,
(g) zonally anomalous circulation, and (h) zonally anomalous moisture. Units are millimetres per day.

ment in the most recent decades. While budget closure would
be desirable, a non-closed budget does not prevent the assess-
ment of how different circulations help maintain net precip-
itation patterns, which is the goal of the analyses presented
here.

Our findings on the maintenance of the hydrological cy-
cle in the Mediterranean region confirm previous work (Sea-
ger et al., 2014a) that has shown how, in the long-term an-
nual mean, transient eddies are the dominant pathway by
which moisture originating from the Mediterranean Sea con-
verges over all surrounding land regions, except northwest-
ern Africa. The moisture flux divergence due to transient ed-
dies is opposed by the moisture flux divergence due to the
time-mean flow.

We further decompose the time-mean flow into contribu-
tions from the zonal-mean flow and variations in the zonal
mean. According to ERA5, the long-term annually aver-
aged mean meridional circulation causes mild subsidence
and moisture divergence in the southern Mediterranean but
is negligible everywhere else in the region. This highlights
how the time-mean divergence primarily arises from zonally
varying circulations and moisture patterns and their covari-
ation. Among all stationary eddy terms, the divergence of
zonally symmetric moisture by the zonally anomalous cir-
culation, featuring subsidence and low-level horizontal wind
divergence over the central and eastern Mediterranean, ap-
pears the most dominant. Zonally anomalous moisture pat-
terns in the region arise primarily as a dynamical response
to these zonally anomalous vertical motions rather than just
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as a thermodynamic response to the land–sea contrast. As
a consequence, the pure stationary eddy term, through both
divergence and advection of the zonally anomalous mois-
ture by the zonally anomalous circulations that induce these
anomalies, partially compensates for the divergence of zon-
ally symmetric moisture by the zonally anomalous circula-
tion. Zonal variations in moisture also impact net precipita-
tion in the Mediterranean region through advection by the
zonal-mean circulation, which, while weaker in magnitude
than the other two terms, further counterbalances moisture
divergence by the zonally anomalous circulation, especially
over the Mediterranean Sea. In other words, net precipitation
patterns over the Mediterranean region are primarily domi-
nated by the zonally varying circulation, with zonal moisture
anomalies playing a more minor role.

In winter, positive net precipitation over land regions
is primarily sustained by transient storms, which converge
moisture originating from the Mediterranean Sea over the
surrounding land masses. Stationary eddies are weaker in this
season and are not large enough to counteract the influence
of the transient eddies. In summer, the strengthened moisture
flux divergence due to the stationary eddies dominates the
hydrological cycle. This leads to net evaporation over both
sea and land in the Mediterranean region, with the exception
of the Alps. While pure stationary eddies provide moisture
convergence, they are opposed and offset by the divergence
of zonally symmetric moisture by the zonally anomalous cir-
culation through mechanisms similar to those discussed for
the annual mean.

By showing some of the essential features of the Mediter-
ranean hydrological cycle and the role of different circula-
tions in the maintenance of P –E within the region in the
annual, seasonal, and zonal means, our findings might help
shed further light on future changes in the Mediterranean
and the resulting impacts on water resources. In particular,
by exposing the explicit role of zonally anomalous circula-
tions, one additional piece is added to the complex puzzle
of hydroclimate change in the region. Expansion of the sub-
tropical dry zones in association with the projected expan-
sion of the Hadley cell and the midlatitude jet (e.g. Lu et al.,
2007; Lucas et al., 2014; Grise and Davis, 2020) is often in-
voked as implicated in the projected increased aridification
in the Mediterranean under greenhouse gas forcing, even if
mechanisms remain debated (e.g. Staten et al., 2018). The
importance of zonally anomalous descent and lower-level di-
verging wind patterns for the maintenance of the climatolog-
ical net precipitation patterns emerging from our study, how-
ever, suggests that the strength of the response cannot simply
be explained in terms of zonally invariant processes and that
dynamical changes in stationary eddies might be among the
factors making the Mediterranean region a “hot and dry” spot
for global climate change.

It is important to note that recent work (e.g. Li et al.,
2022; Galanti et al., 2022) has emphasised how the merid-
ional overturning circulation, traditionally interpreted as zon-

ally uniform, in fact has a significant longitudinal structure
with profound impacts on regional climate. This has led to
the emergence of a regional Hadley cell perspective, with
the introduction of a local meridional overturning, similar
to the global one but with a longitudinal distribution based
on the irrotational flow of the atmospheric circulation (e.g.
Zhang and Wang, 2013; Nguyen et al., 2018; Li et al., 2022;
Galanti et al., 2022; Raiter et al., 2024). Preliminary analy-
ses conducted using this framework, however, suggest that
the descending motion associated with the regional merid-
ional overturning is weak over most of the Mediterranean
and explain at most between half to two-thirds of the ob-
served descent, even in regions where it is the strongest, such
as in Egypt and Libya. In other words, even when account-
ing for its longitudinal variations, the meridional overturn-
ing circulation does not capture all zonal asymmetries of
the mean flow and their influence on the net precipitation of
the Mediterranean region, and stationary waves need to be
considered. More quantitative assessments are left for future
work. Also left for future work is the study of how the dy-
namics exposed in this study are well captured and projected
to change by state-of-the-art climate models.

Appendix A

Contributions from each term to the sector-mean Mediter-
ranean moisture budget in the 1979–2020 period during
spring (MAM) and autumn (SON) are shown in Fig. A1. Dur-
ing both MAM and SON, the region features positive {P }–
{E} in its northern part and negative {P }–{E} in its southern
part (Fig. A1a, b). As shown in Sect. 3.2, the same pattern is
also evident for the zonal-mean Mediterranean hydroclimate
during DJF (Fig. 9a), in contrast to the widespread negative
{P }–{E} over all latitudes within the region in summer.

During spring, the stationary eddy moisture flux diver-
gence arises mainly from the divergence of zonal-mean mois-
ture by the zonally anomalous circulation, which is par-
tially opposed by pure stationary eddy moisture convergence
(Fig. A1a). While having little impact on the zonal-mean hy-
droclimate of the region, during spring the mean meridional
circulation causes moisture flux divergence (convergence)
south (north) of ∼ 36° N. During autumn, instead, the mean
meridional circulation causes strong subsidence and diver-
gence at all latitudes within the region (Fig. A1b). In both
seasons, the overall P –E patterns are primarily explained by
the transient eddies, which converge to higher-latitude mois-
ture originating from lower latitudes.

The spatial patterns of all terms for MAM and SON are
shown in Figs. A2 and A3, respectively. During spring, the
northern Mediterranean land regions, such as the Alps and
the Balkans, experience an excess of P over E (Fig. A2a).
According to ERA5, the mean meridional circulation has
its weakest contribution to the region’s hydroclimate in this
season (Fig. A2c). As seen in winter (see Fig. 10), overall
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Figure A1. Sector-mean components of the Mediterranean moisture
budget in the 1979–2020 period from ERA5 during (a) MAM and
(b) SON. Each curve is smoothed in latitude using a three-point
running average filter.

transient eddies diverge moisture from the sea and converge
it over the surrounding land regions, with the exception of
northwestern Africa (Fig. A2d). The total stationary eddies
tend to reinforce the transient eddy tendency over the sea
but oppose it over land (Fig. A2e), with the largest contri-
bution arising from the zonally anomalous circulation term
(Fig. A2g). Over the Mediterranean Sea, the transport of zon-
ally anomalous moisture by the zonally symmetric flow and
by pure stationary eddies causes convergence and wet condi-
tions, which partially oppose the divergence due to the zon-
ally anomalous circulation (Fig. A2f, h).

During autumn, all northern Mediterranean land regions
have strong excess of P over E (Fig. A3a). The mois-
ture divergence by the mean meridional circulation causes
a widespread drying tendency over the central and southern
parts of the region and is at its strongest (Fig. A3c). The to-
tal stationary eddy term is still primarily explained by the
zonally anomalous circulation term, but unlike all other sea-
sons, this term causes strong divergence only over the east-
ern Mediterranean and in fact results in moisture conver-
gence over Italy and the Adriatic and the Tyrrhenian seas
(Fig. A3e). Over the eastern Mediterranean, the divergence
of mean moisture by the zonally anomalous circulation term
is opposed by moisture convergence by the pure station-
ary eddy and the zonally anomalous moisture components
(Fig. A3f, h).
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Figure A2. March–May (MAM) climatological Mediterranean moisture budget in the 1979–2020 period from ERA5: (a) P –E, (b) time-
mean flow, (c) zonal-mean circulation, and (d) transient eddies. (e) Total stationary eddies and their components due to (f) pure stationary
eddies, (g) zonally anomalous circulation, and (h) zonally anomalous moisture. Units are millimetres per day.
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Figure A3. September–November (SON) climatological Mediterranean moisture budget in the 1979–2020 period from ERA5: (a) P –E,
(b) time-mean flow, (c) zonal-mean circulation, and (d) transient eddies. (e) Total stationary eddies and their components due to (f) pure
stationary eddies, (g) zonally anomalous circulation, and (h) zonally anomalous moisture. Units are millimetres per day.
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