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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 hydrological 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 decomposing the mean flow into contributions by the zonal-mean flow, which is dominated by the5

mean meridional circulation, and by zonally anomalous circulations and/or moisture, namely the 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 originating from the ocean into the surrounding land.

Overall, total stationary eddies reinforce the transient tendency over the ocean but oppose it over land, with the zonal-mean flow

exerting a minor drying tendency limited to the region’s southernmost latitudes. The divergent total stationary-eddy moisture10

flux
:::
total

::::::::
stationary

:::::
eddy

:::::::
moisture

::::
flux

:::::::::
divergence arises from a strongly divergent zonally anomalous circulation acting on the

zonal-mean moistureand is opposed by a convergent pure stationary-eddy moisture flux .
:
.
::::
This

::
is

:::::
partly

:::::::
opposed

:::
by

:::
the

::::
pure

::::::::
stationary

::::
eddy

:::::
term,

:::::
which

::::::::
provides

:::::::
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, ex-

plaining the transition from net precipitation during winter (DJF) to net evaporation during summer (JJA) over land. More15

specifically, as transient eddies weaken during the warm season, the strengthened divergent total stationary-eddy
::::::::
stationary

::::
eddy moisture flux becomes dominant and causes strong drying and negative net precipitation. Somewhat surprisingly, mois-

ture 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 Introduction20

The Mediterranean climate is broadly defined as a temperate climate occurring from subtropical to lower middle latitudes

characterized by dry, hot summers and moderately wet winters. Regions experiencing this climate type include California and

southwestern Australia, as well as the Mediterranean 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.
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Thanks to the moderate subtropical temperatures, precipitation is primarily in the form of rainfall, except at high elevations25

over the Alps and other mountain ranges (Şahin et al., 2015).

In summer, the region is under the in�uence of strong subsidence, 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 precipitation

and evaporation, with the latter exceeding the former, and a climate that can be categorized 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 regions30

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 characteristics 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) is signi�cantly in�uenced by the intensity

and position of the North Atlantic storm track and the rapid development of extratropical cyclones across the region (Lionello35

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, both due to 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 identi�ed the Mediterranean region as a climate-change

“hotspot” marked by temperatures increasing faster than the globally averaged temperature and a propensity for increased arid-40

ity (Seager et al., 2014a; Byrne and O'Gorman, 2015; Lionello and Scarascia, 2018; D'Agostino and Lionello, 2020)
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Seager et al., 2014a; Byrne and O'Gorman, 2015; Lionello and Scarascia, 2018; D'Agostino and Lionello, 2020)

.

Previous work has leveraged global reanalyses and several diagnostics to understand how the hydrological cycle is main-

tained both at the global and regional scales. Among those, the atmospheric moisture budget has been particularly powerful,

as it has allowed for an understanding of how convergence of moisture �ux by atmospheric circulations leads to net precipitation45

(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; D'Agostino et al., 2020; Minallah and Steiner, 2021)

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(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 decomposition of future precipitation projections within the Coupled Model In-

tercomparison Project (CMIP) model archives into a more robust and theoretically constrained thermodynamic component and

a more uncertain and less understood dynamic component, both at the global and regional scales(e.g., Held and Soden, 2006; Byrne and O'Gorman, 2015; Seager et al., 2010, 2014a, b)50

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(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 Mediterranean region,

Seager et al. (2014a) studied its atmospheric moisture budget within the European Centre for Medium-Range Weather Forecasts

(ECMWF) ERA-Interim reanalysis and CMIP5 climate model simulations. By decomposing the moisture �ux convergence into

contributions from the monthly mean �ow and from eddying motions, i.e., variations from the temporal monthly mean (see55

Fig. 4d, 4e, 4f), they showed how convergence by submonthly transient eddies, partially offset by divergence by the time-mean

�ow, sustains positive net precipitation over land areas in winter (November to April). Şahin et al. (2015) further showed that

the transient eddy moisture �ux originating from the North Atlantic Ocean sustains wet conditions in western and central
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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.60

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 contributions from the time- and zonal-mean �ow (the mean meridional

circulation) and from stationary eddies. It is clear that the zonally symmetric mean-�ow moisture �ux in lower latitudes 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 subsidence over the65

Mediterranean region is linked to the zonal-mean circulation in both annual and seasonal means remains somewhat unclear.

Variations about the zonal mean due to surface forcing or stationary eddies are expected to make a signi�cant contribution

to the spatial variability in the moisture �ux 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 contrast are major factors that force extratropical sta-

tionary waves (Held et al., 2002; Wills and Schneider, 2015). Orographically forced stationary waves can lead to low-level70

divergence and the formation of subtropical midlatitude dry zones, as well as low-levelstationary-eddy
::::::::
stationary

::::
eddy

:
mass

convergence associated with wet zones (Broccoli and Manabe, 1992). Speci�c to the Mediterranean region, enhanced sum-

mer subsidence has been related to a forced response to Asian monsoon heating, ampli�ed by topography in the Middle East

(Rodwell and Hoskins, 1996, 2001; Simpson et al., 2015)
::::::::::::::::::::::::::::::::::::::::::::::
(Rodwell and Hoskins, 1996, 2001; Simpson et al., 2015).

Several studies have exposed and quanti�ed the impact of low-frequency stationary waves on both regional and global75

hydroclimate variability. For instance, Chen and Bordoni (2014) used observations and general circulation model (GCM)

simulations to explore the in�uence of the Tibetan Plateau on the East Asian Summer Monsoon, a quasi-stationary subtropical

rainfall band, by analysing and decomposing the moisture and moist static energy budgets into zonal-mean, stationary, and

transient eddy contributions. 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 the80

spatial variability in globalP � E , and variations about the zonal-mean hydrological cycle, which explains the remaining 60%.

::::::::::
Importantly,

:::
this

:::::
study

:::::::
clari�ed

:::
the

:::::::::::
leading-order

::::
role

:::
that

::::::
zonally

:::::::::
anomalous

::::::::::
circulations

::::
play

::
in

:::
the

::::::::
observed

::::
zonal

:::::::::
variations

::
of

:::
net

:::::::::::
precipitation,

::::
with

::::::
zonally

:::::::::
anomalous

:::::::
speci�c

::::::::
humidity

::::::::
providing

:
a
:::::
more

:::::::::
secondary

::::::::::
contribution.

:

In this paper, we aim to �ll the existing knowledge gap. More speci�cally, we examine the maintenance of the hydrological

cycle in the Mediterraneanusing
:
in

:
the 5th and latest generation ECMWF reanalysis (ERA5). Speci�c goalsare: (1) to

:
,85

:::
and

:::
we

:::::::::::
complement

:::::::
previous

:::::
work

:::
by

::::::
further

:::::::::::
decomposing

:::
the

::::::
mean

::::
�ow

::::
into

:::::::::::
contributions

:::
by

:::
the

::::::::::
zonal-mean

::::
�ow

::::
and

::
by

:::::::
zonally

:::::::::
anomalous

::::::::::
circulations

::::::
and/or

::::::::
moisture,

::::::
namely

:::
the

:::::::::
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

::::::
aridity

::::
and

::::
more

:::::::
directly

:::::
assess

:::
the

:::::::
relative

:::
role

:::
of

:::::
zonal

::::::::::
asymmetries

::
in

:::::::::
circulation

::::
and

::::::::
moisture.

:::::::
Speci�c

:::::
goals

::
of

:::
this

:::::
work

:::
are:

:
90

1.
::
To

:
expose any climatological trends that might be present in the ERA5 dataset;(2) to
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2.
::
To

:
assess the contribution of mean �ow, transient, and stationary eddies to the maintenance of net precipitation in the

annual and seasonal means over land and sea within the broad Mediterranean region.
:
;

3.
::
To

::::::
explore

::::
how

::::::::
moisture

:::
�ux

:::::::::::
convergence

::
by

::::::::
stationary

::::::
eddies

:::::
arises

::::
from

:::::
zonal

::::::::
variations

::
in

::::
wind

:::::::
patterns

:::
and

::::::::
moisture

::::::
content.

:
95

The paper is organized as follows: We �rst describe data and methods in Section 2.1, with details on the moisture budget

decomposition in Section 2.2 and moisture budget global and regional closure in
:::::
ERA5

::
in Section 2.3. Results of our analyses

for the annual and seasonal means are discussed in Sections 3.1 and 3.2, respectively. We summarize our results in Section 4

with some discussion of their relevance to future studies on climate change in the Mediterranean.

2 Data and Methods100

2.1 ERA5

The atmospheric moisture budget of the Mediterranean region 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 of0:25° � 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., 2021). In this study,105

we use monthly averaged data on37 unevenpressure levels as well as column-integrated mass-consistent atmospheric energy

and moisture budget monthly data derived from 1-hourly ERA5 reanalysis data (Copernicus Climate Change Service, 2022)

from 1979 to present archived by the Copernicus Climate Data Store (CDS). ERA5 publishes vertically integrated eastward

and northward moisture �uxes,
:
as well as the divergence ofthevertical integralof watervapor�ux

::::
these

::::::
�uxes, that employ

mass-consistent horizontal wind �elds (Copernicus Climate Change Service, 2022), which is what weemploy
:::
use

:
in this110

study
::
for

:::
the

::::
total

::::::::
moisture

:::
�ux

:::::::::::
convergence. It is worth mentioning that ERA5 also publishes moisture �uxes and associated

divergence at hourly resolution, but these do not employ mass-consistent horizontal wind �elds and are contaminated with

numerical noise. While the high-frequency output would allow us to compute explicitly the transient eddy contribution, we

decided against using these �uxes because they do not satisfy global properties such as having a zero global mean divergence

and are affected by numerical noise (Gutenstein et al., 2021; Mayer et al., 2021).115

The moisture budget calculations were done over the1979� 2020time period; different subsets within this period were

checked to test the robustness of the results. The primary 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 complexity, encompassing the

Mediterranean Sea and adjacent land (roughly from� 10°E to40°E and from30°N to 50°N). Notice how this includes regions

not traditionally identi�ed as belonging to the Mediterranean, but the focus on this broader box allows for the analysis of larger-120

scale patterns and possibly distinct behaviors of the Mediterranean with respect to other neighbouring areas.To eliminate noise

on small spatial scales, monthly ERA5 data with the original resolution of0:25° � 0:25° were regridded to1° � 1° spatial

resolution.
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2.2 Atmospheric Moisture Budget Decomposition

We analyse the moisture budget of the Mediterranean region to evaluate the contributions from the mean �ow, transient, and125

stationary eddies in the maintenance of the observed climatological net precipitation patterns in the annual and seasonal means

over land and ocean. ERA5 provides data on pressure levels, and thus we study the budget in pressure coordinates. Given that

P andE are the only fundamental sink and source of water vapor in an atmospheric column, (e.g., Wills and Schneider, 2015),

under steady state, their difference must be equal to the convergence of water vapor �ux (Trenberth et al., 2007):

PP � EE = �r � h uquqi (1)130

where

h� i =
Z

0

P s P s
:: �

dp
g

(2)

whereh� i represents a mass-weighted vertical integral,
::
( � )

::
a

:::::::
monthly

::::
time

::::::
mean,r is the nabla operator on a sphere,u is

the horizontal wind vector,q is the speci�c humidity,Ps is the surface pressure andg is the gravitational acceleration.In this

study,elevenpressurelevels(100095090085075065050030020010050 hPa)wereusedfor thevertical integration
:::
All135

::::
three

:::::
terms

:::
are

:::::::
directly

:::::::
available

:::::
from

::::::
ERA5,

:::
and,

:::
as

:::::::::
mentioned

:::::
above,

:::
we

:::
use

:::
the

::::::
readily

::::::::
available

:::::::::
divergence

::
of

:::
the

:::::::
vertical

::::::
integral

::
of

:::::
water

:::::
vapor

::::
�ux

:::
that

::::::::
employs

:::::::::::::
mass-consistent

::::::::
horizontal

:::::
wind

::
to

:::::::
calculate

:::
the

::::
total

::::::::
moisture

::::
�ux

::::::::::
convergence.

Following previous studies (Seager et al., 2010; Wills and Schneider, 2015; D'Agostino and Lionello, 2020), we use

Reynolds' decomposition to decompose�elds
:::
the

::::
total

::::::::
moisture

:::
�ux

:
into contributions from the time mean (with monthly

averages shown by overbars) and contributions from the transient eddies (shown by prime), such that( � ) = ( � ) + ( � )0. Further140

averagingin time,Eq. 1becomes:
:::
This

::::::::::::
decomposition

:::
of

:::
the

:::::
budget

:::::::
requires

:::::::
vertical

:::::::::
integration

::
of

:::::::
different

::::
�ux

:::::::::::
components,

::
for

::::::
which

:::
we

:::::
select

:::::
eleven

::::::::
pressure

:::::
levels

:::::
(1000

:::
950

::::
900

:::
850

::::
750

:::
650

::::
500

:::
300

::::
200

::::
100

::
50

::::
hPa)

:::
for

::::::::::::
computational

:::::::::
ef�ciency.

::::::
Results

::::::
shown

:::::
below

::::
are

:::::
robust

:::
to

:
a
::::::::
different

::::::
choice,

:::::::::
including

:
a
::::::
higher

:::::::
number,

:::
of

:::::::
selected

:::::::
pressure

::::::
levels.

:::::
Eq. 1

::::::
hence

::::::::
becomes:

P � E = �r � h u q+ u0q0i (3)145

Here,the
:::
The

:
�rst term on the right is the moisture �ux convergence (MFC

::::
MFC) by the mean-�ow 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 Section 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 further150

decomposition, the budget becomes:

P � E = �r � h [u][q]i � r � h u � q� + [ u]q� + u � [q]i � r � h u0q0i (4)
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where

u � q� + [ u]q� + u � [q] � uyqy (5)

In Eq. 4, the �rst term on the right is the MFC by the zonal-mean circulation, and the second term on the right is the total155

MF C
::::
MFC by stationary eddiesuyqy (Eq. 5). Only the �rst of the three terms on theleft hand

:::::::
left-hand side of Eq. 5 represents

the contribution from the classical (pure)stationary-eddy
:::::::
stationary

:::::
eddy �ux, u � q� , to the totalMFC

:::::
MFC, which includes

correlations of zonally anomalous circulationsu � and zonally anomalous moistureq� . The other two terms are the cross terms,

which capture interactions of stationary eddies with zonal means. Note how only the purestationary-eddy
::::::::
stationary

:::::
eddy

term survives if one considers the global zonal mean (i.e.,[u � q� ] � [uyqy]). While not contributing to the global zonal mean,160

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 introduction of errors in the analyses of the vertically integrated moisture

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 discretization, and vertical interpolation all contribute165

to information loss and errors. For these reasons, we compute all other terms explicitly, but estimate thetransient-eddy
:::::::
transient

::::
eddy term implicitly as the moisture budget residual, that is:

r � h u0q0i = � (P � E ) � r � h [u][q]i � r � h u � q� + [ u]q� + u � [q]i (6)

It is crucial

::::::
Results

::::
from

::::
the

::::::::::::
decomposition

::
as

:::
per

::::
Eq.

:
4

:::
are

:::::
shown

:::
in

::::::
Figs. 4

:::
and

::
5

:::
and

:::::
Figs.

:::
12

:::
and

:::
13

:::
for

:::
the

::::::
annual

:::
and

::::::::
seasonal170

::::::
means,

::::::::::
respectively.

::
It

::
is

::::::::
important

:
to note thatin our decomposition

::
up

::
to

::::
this

:::::
point, following Byrne and O'Gorman (2015),

we took the divergences
:::
take

:::
the

:::::::::
divergence

:
of the vertically integrated �elds in the zonal and meridional direction rather

than vertically integrating the moisture �ux divergence �elds. The latter introducesan extra
:
,
::
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 gradientthat doesnot appearin our decomposition.This approachallows a further175

breakdownof themean�ow into contributionsfrom moistureconvergenceandadvection.Seetheproposedmethodologyin

Seager et al. (2010, 2014a, b); Wills and Schneider (2015); D'Agostino and Lionello (2020)for furtherinformation.Toquantify

:::::::::::::::::::::
(e.g., Seager et al., 2014a).

:

::
To

:::
get

::::::
further

:::::::
physical

::::::
insight

::::
into

:::
the

:::::
MFC

:::
due

::
to

:::::::::
stationary

::::::
eddies,

:::
we

:::::::
however

::::::
further

::::::::::
decompose

:::
the

:::::::::
associated

:::::
terms

::
in

:::::::::::
contributions

::::
from

::::
wind

::::::::::
divergence

:::
and

:::::::::
advection,

:::
that

::
is

:
180

r � h u � q� +
:::::::::

[u: ]q� + u � [q]i = h(q� r � u � + u � � r q� ) + ( q� r�
:::::::::::::::::::::::::::::::::::::

[u: ]+
:

[u: ]�r q� ) + (
:::::::

[q]r � u � + u � � r
::::::::::::

[q])i + S
:::::

(7)

::
In

::
so

:::::
doing,

:::
the

:::::
nabla

:::::::
operator

::
is

::::
taken

:::::
inside

:::
the

:::::::
integral,

:::
and

:::
the

::::::::::::::
surface-pressure

:::::::
gradient

::::
term,

::
S,

::::
does

::::::
appear

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Seager and Henderson, 2013; Seager et al., 2014a; Wills and Schneider, 2015)

:
.

:::
We

:::::::
evaluate

:::
this

::::
term

::
as

:::
the

:::::::
residual

:::::::
between

:::
the

::::::::
left-hand

:::
side

::::
and

:::
the

::::
sum

::
of

:::
the

::::::::
advection

:::
and

:::::::::
divergence

:::::::::::
contributions

:::
on
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::
the

:::::::::
right-hand

::::
side

::
of

:::
Eq.

::
7

:::
and

::::
�nd

:
it

::
to

:::
be

:::::::::
negligible.

::::::
Results

::::
from

::::
this

::::::
further

:::::::::
breakdown

::
of

:::
the

:::::
MFC

::
by

:::
the

::::::::
stationary

:::::
eddy

::::
terms

:::
are

::::::
shown

::
in

:::::
Figs.

:
9

::
and

:::
10.

:
185

:::
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 moisture budget

as the:

f Pg � f Eg = �fr � h [u][q]ig � fr � h uyqy ig � fr � h u0q0ig (8)

wheref �g denotes an average in longitude over the broad Mediterranean region (that is, from� 10°E to40°E ).190

2.3 Atmospheric Moisture Budget Closure

Before delving into maintenance of the Mediterranean moisture budget, we analyse the closure of the global moisture budget

in ERA5, that is, we explore if and to what extent globally averagedP is equal to globally averagedE in the 1979� 2020

period under consideration.Fig. 1
::::
Fig. 1, which shows the evolution of these two quantities averaged globally and annually,

reveals a few concerning results. Firstly, globally averagedP always exceeds globally averagedE by an average value of195

0.045 mm/day over the1979� 2020period, suggesting there exists an arti�cial moisturesink
:::::
source

:
in ERA5. Secondly, the

imbalance between the two �elds does not remain constant over time but decreases signi�cantly after 1995. In particular, while

the excess of globally averagedP
:
P

:
over globally averagedE

::
E is about 0.083 mm/day in the1979� 1995period, it decreases

to 0.015 mm/day after1995. Previously, Mayer et al. (2021) reported analogous results from ERA5, with residual values of

about0:03mm/day in the1985� 2018period and of about 0.02 mm/day in the2000� 2018period.Similar
:::::
These

:::::::
changes

::
in200

::
the

:::::::
residual

:::
do

:::
not

::::
arise

::::
from

:::::::::
departures

:::::
from

:::::
steady

:::::
state,

::
an

::::::::::
assumption

:::
that

:::::::
remains

:::::::::
extremely

::::
well

::::::
veri�ed

::::::::::
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 bothE andP that appear unrealistic and might not re�ect observed changes. Speci�cally, from the mid-205

1990s, E increases more drastically thanP, 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 related to the ERA5

moisture budget.

If we now consider the moisture budget averaged over the Mediterranean region,P � E is negative on the annual average.

This highlights the known characteristics of this basin: the Mediterranean Sea acts as a source of moisture, supporting both210

local recycling and precipitation over neighboring land regions. A negative
:::
total

:
MFC (i.e., divergence of moisture �ux

:
,

:::
see

::::
Eq.1) must balance the net evaporation (negativeP � 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 �rst 10 years of the time period under consideration.

::::
Total

:
MFC, with a climatological annual mean value of� 0:503mm/day, exceedsP � E , with a climatological annual mean

value of� 0:367mm/day. There is a decreasing trend inP � E from 1979to 2020, which is due to an increasing trend inE and215

a rather steadyP (not shown). Yet, there seems to be no statistically signi�cant trend in
:::
total

:
MFC. All in all, the budget over

7



Figure 1. Temporal evolution of globally and annually averagedP andE
:::
from

:::::
ERA5 in the1979� 2020

:::::::::
1979� 2020

:
period.

the Mediterranean 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 betweenP � 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?220

Can we trust the signal? While it is possible to choose different time windows and �nd some trends, the “arti�cial jumps”

in globalP andE from ERA5 make it dif�cult to extract any meaningful trends or changes in the hydroclimate, because of

remaining inconsistencies inlargescale
:::::::::
large-scale

:
budgets of moisture and energy (Hersbach et al., 2020; Allan et al., 2020;

Mayer et al., 2021). We hence caution against the use of ERA5 for trend identi�cation and attribution. However, like other

reanalysis products, it remains a very useful tool to study mechanisms responsible for the maintenance of climatic patterns225

both at the 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 decompo-230

sition of the moisture budget, following Eq.7
:
8, in our analysis region 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 averaged value of 37°N (not

shown). Transient eddies are primarily responsible for the associated poleward moisture transport by diverging moisture from

8



Figure 2. Annual mean moisture budget components in the Mediterranean region from ERA5 in the1979� 2020
::::::::::
1979� 2020period: (a)

temporal evolution ofP � E (green line), total moisture �ux convergence (MF C , brown line), and the difference between the two (residual,

cyan line), (b) time-averaged spatial variations of the imbalance betweenP � E and totalMF C in millimeters per day.
:::
The

:::
total

:::::
MFC

:
is

:::::::
obtained

::::
from

:::
the

::::::
publicly

::::::::
published

::::::::::::
mass-consistent

::::::::
divergence

::
of

:::::::
eastward

::::
and

::::::::
northward

::::::
moisture

::::::
�uxes.

:::
See

::::::
Section

:::
2.1

::
for

:::::
more

:::::
details.
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Figure 3. Sector-mean annually averaged (ANN) components of the Mediterranean moisture budget in the1979� 2020period from ERA5.

Each curve is smoothed in latitude using a 3-point running average �lter.

the lower midlatitudes and converging it to the higher latitudes. Note how the net precipitation minimum at 35°N coincides235

with the transient-eddy
:::::::
transient

:::::
eddy

:
moisture �ux divergence maximum around the same latitude band. While smaller in

magnitude, total stationary eddies and the mean meridional circulation provide net moisture �ux divergence at all latitudes.

South of 32°N, their combined effect is large enough to more than offset the moisture �ux convergence by transient eddies and

to maintain net evaporation on the southern edge of the Mediterranean region.

While illustrative of the role that different atmospheric circulations play in meridional moisture transport and the resulting240

zonally averaged net precipitation patterns, the zonal-mean analysis hides large zonal variability and land-sea contrast and

possibly obscures the role of zonally varying circulations in their maintenance. The spatially varying moisture budget and its

components are hence shown in Figs. 4 and 5.

All northern Mediterranean land areas, such as the Iberian Peninsula, France, the Alps, the Balkans, and Turkey, have

an excess ofP over E (Fig. 4c). Annually averaged positive net precipitation is particularly strong inhigh-topographic245

:::::::::::::
high-topography

:
regions (the Alps and Balkans). In agreement with previous work

:::::::::::::::::
(Seager et al., 2014a), over the Mediter-

ranean Sea,E exceedsP, con�rming how this ocean basin acts as an evaporative body for the surrounding land masses.

Evaporation appears particularly dominant in the eastern Mediterranean Sea, due to both strong near-surface winds (at900

10



hPa) and warm sea surface temperatures (SSTs, see Fig. 6). Evidently, the sea is divided into two distinct parts: the northwest-

ern part with colderSSTs, and the southeastern part with warmerSSTs.250

According to ERA5, positiveP � E over all land regions surrounding the Mediterranean Sea, with the exception of northern

Africa, is predominantly maintained by the sub-monthlytransient-eddy
:::::::
transient

::::
eddy moisture �ux that converges over these

regions moisture originating from the sea (Fig. 4f). The mean �ow partially counteracts the wetting 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. 4e). Over northwestern Africa, where the time-mean �ow is convergent, the transient eddies are strongly divergent,255

which points to the opposing behaviour of the two phenomena leading to negligible net precipitation in the region. This

counterbalancing contribution by the mean �ow 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 con�dence in the robustness of our

results.

The time-mean moisture �ux convergence can be further decomposed into contributions by the zonally averaged circulation260

and the stationary eddies
::::::
(Eq. 4). The long-term averaged zonal-mean circulation, dominated by the mean meridional circula-

tion, results in divergence of moisture from the subtropical southern edge of the Mediterranean region (from 30°N to 36°N,

Fig. 4g). Everywhere else in the region, the contribution by the zonal-mean moisture �ux is negligible, revealing how moisture

�ux and the associated convergence by stationary eddies dominate the time-mean �ow, pointing to the immense impact of

land-seacontrastandvariations about the zonal mean on the hydrological cycle in the Mediterranean region.265

As mentioned before, the totalstationary-eddy
::::::::
stationary

::::
eddy

:
moisture �ux arises from three different components that

contain stationary 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,�r � h u � q� i , converge moisture over the Mediterranean land region as well as

the sea, except for the southwestern Mediterranean (Algeria) and western Black Sea (see Fig. 5a). The transport of zonally270

symmetric moisture by the zonally anomalous circulation,�r �h u � [q]i , results in moisture divergence from the Mediterranean

region, including the Mediterranean Sea, with the exception of northwest Africa, northern Italy, and the Adriatic Sea (Fig. 5b).

The divergenceseemsto be
:
is

:
the strongest over the eastern Mediterranean, where the zonal variations in circulation are the

largest.These
::
As

::::::::
discussed

::::
more

::
in

:::::
detail

::::::
below,

:::::
these patterns primarily mirror patterns of the zonally anomalous lower-level

wind divergence(not shown).275

:
. The transport of zonally anomalous moisture by the zonally symmetric circulation,�r � h [u]q� i , yields a different result:

convergence of moisture over the Mediterranean Sea, northern Africa, and western Black Sea, and divergence over the western

Mediterranean (i.e., the Iberian Peninsula, Morocco, etc.), Corsica, the Tyrrhenian Sea, and Turkey (Fig. 5c).

In sum,thetotal stationary-eddymoisture�ux arises�rstly from astronglydivergentzonallyanomalouscirculation

:::::
These

::::::
results

::::
raise

:::
the

::::::::
question

::
as

::
to

::::
why

:::::
these

:::::::
different

:::::::::
stationary

:::::
terms

:::::::::
contribute

:::
the

::::
way

::::
they

:::
do

::
to

:::
net

:::::::::::
precipitation280

::
in

:::
the

::::::::::::
Mediterranean

::::::
region.

:::
A

::::
good

:::::::
starting

:::::
point

::
is

::
to

::::::::
examine

:::::::
patterns

::
of

:::::::
zonally

::::::::::
asymmetric

::::::::
moisture

:::
and

::::::::::
circulation

::::::::::
individually,

::::::
shown

::
in

::::
Figs.

::
7 andsecondlyfrom

::
8.

::::
Note

::::
how

:::
in

::::
these

::::
two

::::::
�gures

:::
we

:::
use

::
a

::::
more

::::::::
extended

:::::::
domain

::::
than

:::
the

:::
one

::::
used

::::::::
elsewhere

:::
to

:::
link

:::::
these

:::::::
analyses

::
to

:::::::::
previously

::::::::
published

:::::::
results,

::
as

::::::::
discussed

::::::
below.
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Figure 4. Annual mean climatological Mediterranean moisture budget in the1979� 2020period from ERA5: (a)P , (b) E , (c) P � E , (d)

totalMF C , and contributions by the (e) monthly mean �ow, (f) transient eddies, (g) zonal-mean circulation, and (h) total stationary eddies.

All �elds are smoothed using a 3×3 point smoothing �lter. Units are in millimeters per day.
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Figure 5.Contributions to the annual mean climatologicalP � E within the Mediterranean region in the1979� 2020period from ERA5
::
by:

(a) pure stationary eddies, (b)
::::::
transport

::
of

::::
zonal

:::::
mean

::::::
moisture

::
by

:::
the

:
zonally anomalous circulation, and (c)

:::::::
transport

::
of zonally anomalous

watervapor
:::::::
moisture

::
by

:::
the

::::
zonal

::::
mean

::::::::
circulation.Unitsaremillimetersperday.All �elds are smoothed using a 3×3 point smoothing �lter.

Units are in millimeters per day.
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Figure 6.
::
The

:::::::::::
climatological

::::::
annual

::::
mean

:::
(a)

::::::::
horizontal

:::::
winds

:
at

::::
900

:::
hPa

::
in

:::::
meters

:::
per

::::::
second,

:::
and

:::
(b)

:::::
SST

::
in

::::::
degrees

::::::
Celsius,

::
in

:::
the

:::::::::
1979� 2020

::::::
period

:::
from

::::::
ERA5.
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::::::::::
Considering

:::
that

::::::::
moisture

::
is

::::::::
primarily

:::::::::::
concentrated

::
at

:::
low

::::::
levels,

:::::
Fig. 7

::::::
shows

:::
the

:::::
zonal

::::
mean

::::
and

::::::::
variations

:::::
from

:::
the

:::::
zonal

::::
mean

:::
of

:::::::
speci�c

::::::::
humidity

::
at

:::
the

:::::::
850-hPa

::::::::::::
representative

:::::
level

::::::
([q850]

:::
and

:::::
q�

850,
::::::::::::
respectively).

:::::::::
Low-level

:::::::
moisture

:::::
over

:::
the285

:::::::
southern

::::::::::::
Mediterranean

::::::
region

:::
and

:::
the

:::::::::::::
Mediterranean

:::
Sea

:::::
itself

::
is

::::::
smaller

::::
than

:::
the

::::::
global

:::::
zonal

:::::
mean

::::::::
(Fig. 7a),

::::::::
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

:::::::
behavior

::
is

:::::::::::
northwestern

::::::
Africa,

::::::
where

::::
q�

850 ::
is

:::::::
positive.

::::
Not

::::::::::
particularly

::::::::::
informative,

::::::
Fig. 7b

::::::
shows

::
the

::::::::
expected

::::::
pattern

::
of

:::::::::
decreasing

::::::::::
zonal-mean

:::::::
speci�c

:::::::
humidity

:::::::
([q850])

::::
with

:::::::
latitude.290

::::::::::::
Characterizing

::::::
zonally

::::::::::
asymmetric

:::::::::
circulation

:::::::
patterns

::::
that

::::::::
in�uence

:::
net

::::::::::
precipitation

::
is

::::
less

:::::::::::::
straightforward,

::
as

:::::::::
stationary

:::::
eddies

:::
can

:::::::
impact

:::::::
moisture

::::
�ux

::::::::::
convergence

:::::::
through

::::
both

:::::::::
horizontal

:::::::::
advection

:::
and

:::::::
vertical

::::::
motion

:::::::::
(horizontal

:::::::::::
divergence).

:::::
Given

:::
the

:::::::::::::
well-established

:::::::::
importance

::
of

:::::::
vertical

:::::::
motions

::
on

:::::::::
large-scale

::::::
zonally

:::::::::
anomalous

::::::
P � E

:::::::
patterns

:::::::::::::::::::::::::::
(e.g., Wills and Schneider, 2015)

:
,

:::::
Fig. 8

:::::
shows

:::
the

:::::
zonal

:::::
mean

:::
and

:::::::::
variations

::::
from

:::
the

:::::
zonal

:::::
mean

::
of

:::
the

::::::::
500-hPa

::::::
vertical

:::::::
pressure

:::::::
velocity

::::::
([! 500]

::::
and

:::::
! �

500,

:::::::::::
respectively),

:::::
which

::::
well

::::::::
correlates

::::
with

::::::::
low-level

:::::::::
divergence

::::
and

:
is

:::
not

:::::::
affected

:::
by

::::::::
numerical

:::::
noise.

::::::
Please

::::
note

::::
how

::
in

:::::
Fig. 8295

::
we

:::::
show

:::
the

::::::::
negative

::::::
vertical

::::::::
pressure

:::::::
velocity,

:::
so

::::
that

:::::::
positive

::::::::
(negative)

::::::
values

:::::::
indicate

:::::::::
ascending

:::::::::::
(descending)

:::::::
motion.

::
At

::::
500

::::
hPa,

:::
the

::::::
zonally

:::::::::
anomalous

:::::::
vertical

:::::::
velocity

::::::
(! �

500,
::::::
Fig. 8a)

:::::::
features

::::::
strong

:::::::
descent

:::::
across

:::
the

:::::::::::::
Mediterranean

::::::
region,

:::::
except

:::::::::::
northwestern

::::::
Africa,

:::::
where

:::
the

:::::
Atlas

::::::::
mountain

:::::
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

::::::
eastern

:::::::::::::
Mediterranean.

::::::::
Maximum

::::::::::
subsidence

:
is

:::::::
centered

::::
over

:::
the

::::::
eastern

:::::::::::::
Mediterranean.

::::
This

::
is300

::
in

:::::
strong

:::::::::
agreement

::::
with

:::::::
previous

::::::::
published

::::::
papers,

:::::
which

::::
link

:::
the

:::::::::
subsidence

::::
over

:::
the

::::::::::::
Mediterranean

:::::
region

::
to

:::
the

::::::::
in�uence

::
of

:::::::::
topography,

:::::
more

:::::::::
speci�cally

:::
the

::::::
Zagros

:::::::::
mountains

:::::::::::::::::::
(Simpson et al., 2015)

::
and

:::
the

:::::
Atlas

:::::::::
mountains

:::::::::::::::::::::::
(Rodwell and Hoskins, 1996)

:
,

:::
and

::
its

::::::::::
modulation

::
of

:::::::::
subsidence

::::::
induced

:::
by

:::
the

:::::
Indian

::::::::
monsoon

::::::
heating

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Rodwell and Hoskins, 1996; Cherchi et al., 2014, 2016; Simpson et al., 2015)

:
.

:::
The

::::::
global

::::::::::
zonal-mean

::::::
vertical

:::::::
velocity

::::
([! ],

:::::::
Fig. 8b)

::::::
instead

::::::
reveals

::
a

:::::
region

:::
of

::::::::
negligible

:::::::::
ascending

::::::
motion

:::::::
between

:::::
40°N

:::
and

:::::
50°N,

:::::::
�anked

::
by

::::::
descent

:::
to

::
its

:::::
south

:::
and

:::::
weak

:::::
ascent

::
to

:::
its

:::::
north.305

::
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

::::::
motion

:::
act

::
on

:::
the

:::::::
zonally

::::::::
averaged

:::::
and/or

::::
the

::::::
zonally

::::::::::
anomalous

:::::::
moisture

::::::::::::::::::::::::::::::
(see also Wills and Schneider, 2015)

:
.
::
In

::::::::
addition

::
to

::::::
spatial

:::::::
patterns,

:::
we

:::
are

::::
also

:::::::::
interested

::
in

::::::::::
explaining

:::
the

::::::
partial

::::::::::
cancellation

::::::::
between

:::::::::::
contributions

::::::
arising

:::::
from

:::
the

::::::::
transport

:::
of310

:::::::::
zonal-mean

::::::::
moisture

::
by

:::
the

:::::::
zonally

:::::::::
anomalous

:::::::::
circulation

::::::::::::
(�r � h u � [q]i )

:::
and

:::
the

::::
pure

:::::::::
stationary

:::::
eddies

:::::::::::::
(�r � h u � q� i ).

:
A

::::::::::
comparison

::
of

:::::::
Fig. 5b

:::
and

::::::
Fig. 8a

::::::
reveals

::::
how

:::::::
patterns

::
of

::::::::::
convergence

::
of

::::::::::
zonal-mean

::::::::
moisture

::
by

:::
the

:::::::
zonally

:::::::::
anomalous

:::::::::
circulation,

:::::::::::
�r � h u � [q]i ,

:::
are

::::
well

::::::::
explained

:::
by

::::::
patterns

::
of

:::
the

:::::::
zonally

:::::::::
anomalous

::::::::::::::
mid-tropospheric

::::::
vertical

:::::::
velocity

:::::
! �

500,
::::
with

:::::::
moisture

:::::::::
divergence

::::::::::::
(convergence)

:::::::::
coinciding

::::
with

::::::
regions

::
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

::
is

::::::::
primarily315

:::::::::
descending

:::
and

::::::::
diverging

::::::::
moisture

:::::
away

::::
from

:::
the

::::::::::::
Mediterranean

::::::
region.

:

:::
The

::::::
zonally

:::::::::
anomalous

::::::::::
descending

::::::
motion

:::::::
(Fig. 8a)

::
in

::::
turn

::::::::
in�uences

:::
the

::::::
zonally

:::::::::
anomalous

::::::::::
distribution

::
of

::::::::
moisture,

::::::
which,

::
as

::::::
already

:::::::::
discussed,

::::::
features

::::::::
negative

:::
q�

850::::::values
::::
over

:::
the

::::::::::::
Mediterranean

:::
Sea

::::::::
(Fig. 7a).

::::
This

::::::::::
observation

::::::
clearly

:::::::::::
demonstrates
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Figure 7.
:::::
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 8.
::::::
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

::::::
P as� 1 .

::::
Note

::::
how

:::
here

:::
we

::::
show

::::::
negative

::::::
pressure

:::::::
velocity;

:::::
hence,

::::::
positive

:::::
values

::::::
(green)

:::::
denote

:::::::
ascending

::::::
motion

:::
and

::::::
negative

:::::
values

::::::
(brown)

::::::
denote

::::::::
descending

::::::
motion.
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