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Abstract16

We investigate changes in the Mediterranean hydroclimate using historical sim-17

ulations and future projections from ten models participating in phase 6 of the18

Coupled Model Intercomparison Project (CMIP6) through the lens of the atmo-19

spheric moisture budget. By the end of the 21st century, the multi-model mean20

projects a substantial decrease in annual-mean net precipitation (P−E) over the21

Mediterranean Sea and surrounding land. This primarily arises from increased22

moisture flux divergence by the time-mean flow, while changes in transient eddies23

make a smaller and more spatially heterogeneous contribution. Decomposing the24

time mean flow into contributions from the zonal mean and stationary eddies25

reveals that much of the annual-mean response is associated with changes in26

stationary eddies, rather than with the zonal-mean overturning circulation. The27

dominant stationary-eddy drying tendency arises from increased moisture diver-28

gence by the zonally anomalous circulation acting on zonal-mean moisture and29

is associated with enhanced zonally anomalous descent over the Mediterranean.30

This tendency is partially compensated by changes in the pure stationary-eddy31
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term, reflecting the coupling between zonally anomalous circulation and mois-32

ture. Both thermodynamic and circulation changes contribute to the projected33

drying, although their relative importance varies seasonally: circulation changes34

play a more prominent role in the localized winter response, whereas thermody-35

namic changes make a larger contribution to summertime time-mean drying. Our36

results highlight the importance of zonally asymmetric circulation changes, along-37

side thermodynamic changes, in shaping the magnitude and spatial structure of38

future Mediterranean hydroclimate change.39

Keywords: Mediterranean aridity, Climate change, Atmospheric Circulations,40

Stationary eddies41

Plain Language Summary42

The Mediterranean region is expected to become drier as the climate warms, with43

important consequences for its already limited water resources. We use climate model44

projections to investigate the atmospheric processes responsible for this drying. We45

find that changes in large-scale regional circulation patterns play an important role in46

transporting moisture away from the Mediterranean. In particular, changes in atmo-47

spheric circulations that vary with longitude across the region contribute more strongly48

to the projected drying than changes in the globally averaged meridional circulation.49

The balance between circulation and warming-related effects also varies with season:50

circulation changes are more important for some of the localized drying in winter,51

while the direct effects of a warmer, moister atmosphere make a larger contribution in52

summer. These results show that understanding future Mediterranean drying requires53

considering not only how atmospheric moisture increases with warming, but also how54

regional atmospheric circulation patterns change.55

1 Introduction56

The world’s Mediterranean-type climate regions, including California, southwestern57

Australia, Chile, the southern tip of South Africa, and the Mediterranean region itself58

(Alessandri et al., 2014; Seager et al., 2024), are transitional zones between the sub-59

tropics and the lower midlatitudes (Seager et al., 2019; D’Agostino and Lionello, 2020).60

Mediterranean climates are generally characterized by moderate, wet winters and hot,61

dry summers.62

In the Mediterranean region, midlatitude winter storms that provide moisture63

flux convergence (Giorgi and Lionello, 2008; Seager et al., 2014a; D’Agostino and64

Lionello, 2020) sustain cold-season precipitation, which is generally in the form of rain-65

fall except at high altitudes (Şahin et al., 2015; Seager et al., 2019). In the summer,66

the Mediterranean climate is governed by well-known large-scale circulation patterns.67

The western edge of the basin, consistent with other Mediterranean-type regions, is68

primarily influenced by the eastern flank of the North Atlantic subtropical high (Rod-69

well and Hoskins, 2001; Simpson et al., 2015a). Pronounced atmospheric descent over70

the central and eastern regions is, however, driven by the monsoon-desert mechanism71
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Fig. 1 Schematic of the Mediterranean region, its complex orography, and the mechanisms involved
in shaping its annual mean hydrological cycle, including winter storms in the western Mediterranean
that provide moisture convergence and wintertime precipitation, and the remotely forced monsoon-
desert mechanism encompassing the eastern and central Mediterranean, resulting in enhanced
summertime descent.

(Tyrlis et al., 2013; Rodwell and Hoskins, 1996, 2001; Cherchi et al., 2014; Wills and72

Schneider, 2015; Tootoonchi et al., 2025): diabatic heating and deep convection asso-73

ciated with the South Asian monsoon trigger a Rossby wave response characterized74

by a region of downward motion to the west of the monsoon heating (Rodwell and75

Hoskins, 1996; Simpson et al., 2015a). The complex topography of the Middle East76

(Simpson et al., 2015a) and northwestern Africa (Rodwell and Hoskins, 1996) further77

localizes and intensifies the descent, anchoring it over the Mediterranean basin. The78

resulting highly stable atmospheric conditions lead to clear skies and to the region’s79

characteristic summertime aridity (Simpson et al., 2015a; Tuel and Eltahir, 2020; Tuel80

et al., 2021).81

Together, the influence of the North Atlantic subtropical high, remotely forced82

descent associated with the South Asian monsoon, and the anchoring effect of regional83

orography (see schematic in Fig. 1), create a distinct climatic regime that distin-84

guishes the Mediterranean from other Mediterranean-type climate regions (Rodwell85

and Hoskins, 1996; Simpson et al., 2015b; Flaounas et al., 2022). The combination86

of midlatitude storm influence in winter and strong zonally asymmetric descent in87

summer makes the regional hydrological cycle particularly sensitive to changes in88

atmospheric circulation.89

With global warming, the Earth’s water cycle is expected to undergo significant90

changes (Allen and Ingram, 2002; Chou and Neelin, 2004; Held and Soden, 2006; Giorgi91

and Lionello, 2008; Chou et al., 2009), leading to profound environmental, societal, and92
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economic impacts (Flaounas et al., 2022; Calvin et al., 2023). A useful first-order expec-93

tation for the hydroclimate response follows from thermodynamics: as atmospheric94

moisture increases with warming, existing patterns of moisture convergence and diver-95

gence tend to strengthen, producing the familiar tendency for wet regions to become96

wetter and dry regions drier (Held and Soden, 2006; Stephens and Ellis, 2008; Byrne97

and O’Gorman, 2015). This ”wet-get-wetter and dry-get-drier” response in net precip-98

itation (precipitation minus evaporation, P −E) follows from the Clausius-Clapeyron99

relation under the assumption of constant relative humidity and unchanged circula-100

tion (Held and Soden, 2006; Stephens and Ellis, 2008; Chou et al., 2009). Because this101

scaling assumes that moisture transport is dominated by the time-mean circulation102

(Chou et al., 2009; Chadwick et al., 2013; Seager et al., 2014a,b; Byrne and O’Gorman,103

2015) and neglects circulation changes and eddy-driven moisture transport, deviations104

from this response are expected at the regional scale (Roderick et al., 2014; Byrne and105

O’Gorman, 2015; He and Soden, 2016; Zappa et al., 2020; Elbaum et al., 2022).106

The Mediterranean region is a clear example: previous studies have shown that107

the thermodynamic response cannot fully explain the Mediterranean drying (He and108

Soden, 2016; Brogli et al., 2019; Tuel and Eltahir, 2020), and that other mechanisms,109

primarily dynamical in nature, significantly contribute to its aridification (Seager110

et al., 2014a,b; Zappa et al., 2015, 2020; D’Agostino and Lionello, 2020). Identifying111

which components of the atmospheric circulation produce this dynamical response112

is thus central to understanding the magnitude and regional structure of projected113

Mediterranean drying.114

One proposed dynamical driver is the global expansion of the Hadley cell and115

accompanying shifts in midlatitude storm tracks (e.g., Staten et al., 2020; Giorgi116

et al., 2019). While the Mediterranean’s subtropical location makes it highly sensi-117

tive to these planetary-scale shifts (Mariotti et al., 2002; Giorgi and Lionello, 2008;118

D’Agostino et al., 2020), zonally symmetric frameworks alone have proven insufficient119

to explain the magnitude and spatial structure of projected drying. A growing body of120

work instead points to changes in zonally asymmetric circulations, namely stationary121

waves, as important contributors to Mediterranean climate change (Simpson et al.,122

2014, 2015b,c; Tuel et al., 2021; Seager et al., 2019).123

This perspective is particularly relevant in light of the climatological moisture124

budget. By decomposing the ERA5 moisture budget into zonal mean, stationary125

eddy, and transient eddy components, we have recently demonstrated that zonally126

anomalous descent and low-level divergence associated with stationary eddies exert127

a first-order control on climatological net precipitation patterns over the Mediter-128

ranean (Tootoonchi et al., 2025). In particular, much of the time-mean moisture129

divergence over the region is associated with stationary eddies rather than with the130

zonal-mean overturning circulation. This raises a natural question for climate projec-131

tions: do changes in these same zonally asymmetric circulations also dominate the132

future response of the Mediterranean hydrological cycle?133

Previous moisture-budget studies have established that increased moisture diver-134

gence by the time-mean flow is a major contributor to projected Mediterranean135

drying in both winter and summer (Seager et al., 2014a). They have also shown136

that future (P − E) changes can be separated into a comparatively well-understood137
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thermodynamic contribution associated with increasing atmospheric moisture and a138

more uncertain dynamical contribution associated with circulation changes (Held and139

Soden, 2006; Seager et al., 2010, 2014a; Byrne and O’Gorman, 2015; Wills et al., 2016;140

Elbaum et al., 2022). However, the time-mean circulation itself contains dynamically141

distinct components. In particular, in these studies changes in the zonal-mean circu-142

lation and in stationary eddies are generally combined or inferred indirectly, making143

their respective contributions to projected Mediterranean drying difficult to quantify.144

Here, we address this gap by extending the climatological moisture-budget frame-145

work of Tootoonchi et al. (2025) to CMIP6 projections. We examine changes by the146

end of the 21st century (2081–2100) relative to the 1995–2014 historical period under147

the SSP5-8.5 scenario. Our goal is to determine the thermodynamic and dynamical148

contributions to projected Mediterranean (P − E) changes and, within the dynami-149

cal response, to distinguish the roles of the zonal-mean circulation, stationary eddies,150

and transient eddies. We further investigate the circulation and moisture changes151

underlying the stationary-eddy response. Finally, we examine how these mechanisms152

vary between winter and summer, providing a physical interpretation of both the153

annual-mean and seasonal hydroclimate response.154

The rest of the paper is organized as follows: Section 2 describes the CMIP6 mod-155

els and moisture-budget framework. Section 3 presents the projected annual-mean156

changes and explores their physical drivers. Section 4 contrasts the mechanisms oper-157

ating in winter and summer. Section 5 summarizes the main results and discusses the158

implications for the already limited water resources in the region.159

2 Methods160

2.1 Models161

We use ten state-of-the-art Global Climate Models (GCMs) from the CMIP6 archive162

retrieved through the Copernicus Climate Data Store (see Table 1). We compare163

the last twenty years of historical simulations (1995–2014) with future projections at164

the end of the 21st century (2081–2100) under the high-emission SSP5-8.5 Shared165

Socioeconomic Pathway. This ”business-as-usual” scenario assumes rapid economic166

development and continued intense exploitation of fossil fuels (Eyring et al., 2016;167

O’Neill et al., 2017). For each model, the global moisture budget and its components168

are computed using monthly data on eleven pressure levels (1000 925 850 700 600 500169

300 250 200 100 50 hPa) before computing the multi-model ensemble mean. Results170

shown below are robust to different choices of vertical levels (see also Tootoonchi171

et al. 2025). Notably, the selected models span the full range of Equilibrium Climate172

Sensitivity (ECS), encompassing high-ECS models, such as CanESM5, and low-ECS173

models, such as NorESM2 (Zelinka et al., 2020; Lovato et al., 2022).174

While our analyses are performed globally, we focus on the extended Mediterranean175

region (10°W–40°E, 30°N–50°N) following the domain definition of Tootoonchi et al.176

(2025). To facilitate a consistent inter-model comparison, outputs from all CMIP6177

models are regridded to a common 1° × 1° grid. In all figures, we show the multi-178

model mean, with stippling indicating regions where at least 7 out of 10 models agree179

on the sign of the change.180
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Table 1 CMIP6 models used here with the modeling center and horizontal resolution

No. Model Host Institution Resolution
1 CanESM5-CanOE Canadian Centre for Climate Modelling and Analysis (CCCma), Canada 2.8° × 2.8°
2 CESM2 National Centre for Atmospheric Research, USA 0.94° × 1.25°
3 CMCC-CM2-SR5 Centro Euro-Mediterraneo sui Cambiamenti Climatici, Italy 0.94° × 1.25°
4 CMCC-ESM2 Centro Euro-Mediterraneo sui Cambiamenti Climatici, Italy 0.94° × 1.25°
5 CNRM-ESM2-1 Centre National de Recherches Meteorologiques, France 1.4° × 1.4°
6 EC-Earth3-Veg-LR EC-Earth European Modelling Consortium, Europe 1.125° × 1.125°
7 GFDL-ESM4 Geophysical Fluid Dynamics Laboratory (GFDL), USA 1.25° × 1°
8 MIROC6 Climate Modelling Consortium, Japan 1.406° × 1.406°
9 MPI-ESM1-2-LR Max Planck Institute for Meteorology (MPI-M), Germany 1.87° × 1.87°
10 NorESM2-MM NorESM Climate modeling Consortium, Norway 0.9° × 1.25°
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2.2 Anomalous moisture budget181

To quantify how different circulation components and physical drivers contribute to182

projected net precipitation (P − E) changes, we decompose the anomalous moisture183

budget following the framework detailed in Seager et al. (2014a) and Tootoonchi et al.184

(2025). Briefly, our starting point is the climatological moisture budget in pressure185

coordinates:186

P − E = −∇ · ⟨uq⟩ (1)

where ⟨ · ⟩ indicates a mass-weighted vertical integral, ∇ is the nabla operator, (·) is187

the time mean, u is the horizontal wind vector u = (u, v), and q is specific humidity.188

Defining anomalies δ as the difference between the last 20 years of the 21st century189

(2081–2100) and the last 20 years of the historical period (1995–2014), the anomalous190

moisture budget is191

δ(P − E) = −δ(∇ · ⟨uq⟩) (2)

2.2.1 Mean flow and eddy contributions192

Our first objective is to isolate the role of zonally asymmetric processes, which are193

critical in the Mediterranean but often obscured in global-scale studies. Following194

Seager et al. (2014a), Wills and Schneider (2015), and D’Agostino and Lionello (2020),195

we first apply a Reynolds decomposition to partition the moisture flux convergence196

(MFC) into contributions from the time-mean flow (denoted by overbars) and transient197

eddies (denoted by primes):198

δ(P − E) = −δ(∇ · ⟨u q + u′q′⟩) (3)

To explicitly expose the influence of stationary waves, we further decompose the199

time mean flow into contributions by the zonal mean ([ · ]) and by stationary eddies200

(( · )
∗
), such that ( · ) = [ · ]+( · )

∗
(Chen and Bordoni, 2014; Wills and Schneider, 2015;201

Tootoonchi et al., 2025), to obtain:202

δ(P − E) = −δ(∇ · ⟨[u][q]⟩)− δ(∇ · ⟨u∗q∗ + [u]q∗ + u∗[q]⟩)− δ(∇ · ⟨u′q′⟩) (4)

This relates changes in net precipitation to: 1) changes in the zonal-mean circula-203

tion associated with the Hadley cell in the lower latitudes; 2) changes in the sum of all204

components involving stationary eddies, hereafter referred to as the total stationary205

eddies u†q† ≡ u∗q∗ + [u]q∗ + u∗[q]; and 3) changes in the transient eddies. Impor-206

tantly, the stationary eddy term includes cross-interactions between eddies and the207

zonal mean, which we have previously shown to play a first-order role in Mediterranean208

climatological net precipitation (e.g., Tootoonchi et al., 2025). All terms in Eq. 4 are209

computed explicitly, with the exception of the transient eddy term, δ(∇·⟨u′q′⟩), which210

is implicitly computed as the residual:211

δ(∇ · ⟨u′q′⟩) = −δ(P − E)− δ(∇ · ⟨[u][q]⟩)− δ(∇ · ⟨u†q†⟩) (5)
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2.2.2 Convergence and advection contributions212

To analyze the spatial character of net precipitation changes, we also distinguish213

between changes driven by local wind convergence and by moisture advection. To do214

this, by taking the nabla operator inside the vertical integral, the time-mean flow215

change is expanded as:216

δ(P − E) = −δ(⟨q∇ · u⟩)
⏞ ⏟⏟ ⏞

δDiv

−δ(⟨ū · ∇q̄⟩)
⏞ ⏟⏟ ⏞

δAdv

−δ(∇.⟨u′q′⟩)
⏞ ⏟⏟ ⏞

δEddy

−δS, (6)

thus relating changes in P − E to changes in moisture divergence (δDiv), moisture217

advection (δAdv), and the inferred eddy term (δEddy). While previous studies have218

primarily focused on the wind divergence term (e.g., Seager et al., 2010, 2014a), we219

explicitly evaluate the advective term (δAdv), which might be particularly relevant220

for the Mediterranean region, given its complex topography and the influence of the221

monsoon-desert teleconnection. Note that by taking the nabla operator inside the222

vertical integral, an additional surface term (δS) appears, due to near-surface fluxes223

moving along surface pressure gradients (Wills and Schneider, 2015; Seager et al.,224

2010).225

Similar to D’Agostino et al. (2020), we calculate this term implicitly as the dif-226

ference between changes in the time mean flow and changes in the terms related to227

advection and divergence,228

δS ≈ δ(∇ · ⟨u q⟩)− δ(⟨q∇ · u⟩)− δ(⟨u∇q⟩) (7)

This surface term is found to play a negligible contribution to δ(P − E) (not shown)229

and is hereafter neglected.230

To further isolate the role of stationary eddies within these spatial components,231

we similarly break down the total stationary eddy term in horizontal convergence and232

advection contributions:233

δ(∇·⟨u∗q∗+[u]q∗+u∗[q]⟩) = δ⟨(q∗∇·u∗+u∗·∇q∗)+(q∗∇·[u]+[u]·∇q∗)+([q]∇·u∗+u∗·∇[q])⟩+δS
∗

(8)

where δS
∗
on the right-hand side is the additional surface-pressure gradient term aris-234

ing from taking the nabla operator inside the vertical integral (Seager and Henderson,235

2013; Seager et al., 2014a; Wills and Schneider, 2015). As before, this term is computed236

as a residual and found to be negligible.237

2.2.3 Thermodynamic and dynamic components238

To separate the thermodynamic effects due to warming from those associated with cir-239

culation changes, we follow Seager et al. (2014a) and partition the moisture divergence240

into thermodynamic (δTh) and dynamic (δDy) contributions:241

δ(P − E) = −⟨(∇ · u)δq⟩
⏞ ⏟⏟ ⏞

δTh

−⟨δ(∇ · u)q⟩
⏞ ⏟⏟ ⏞

δDy

−δ(⟨u · ∇q⟩)− δ(∇.⟨u′q′⟩)− δS (9)
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The δTh term represents the expected ”pure” thermodynamic response to increased242

specific humidity under the assumption of fixed circulation and relative humidity, fol-243

lowing the Clausius-Clapeyron relation (Held and Soden, 2006; Byrne and O’Gorman,244

2015). δDy captures the response due to circulation changes with unchanged mois-245

ture. Notice how we do not decompose either the moisture advection term (third term246

on the right-hand side of Eq. 9 or the eddy term (fourth term) into thermodynamic247

and dynamic contributions. This is in fact not possible for the latter, considering it248

is computed implicitly as the residual of the perturbed moisture budget (Eq. 5). The249

nonlinear term, involving the covariance between moisture and circulation anomalies,250

has been argued to be negligible in previous studies (Seager et al., 2010, 2014a) and251

is hence neglected here.252

2.2.4 Sector averages253

Finally, to assess the relative contributions of the different moisture-budget compo-254

nents to projected P − E changes as a function of latitude, we compute their zonal255

sector means over the Mediterranean:256

{δ(P − E)} = −{δ(∇ · ⟨[u][q]⟩)} − {δ(∇ · ⟨u†q†⟩)} − {δ(∇ · ⟨u′q′⟩)} (10)

= −{⟨δ(q∇.u)⟩} − {⟨δ(u∇q̄)⟩} − {δ(∇.⟨u′q′⟩)} − {δS} (11)

= −{⟨(δq̄)∇.ū⟩} − {⟨δ(∇.ū)q̄⟩} − {⟨δ(u∇q̄)⟩} − {δ(∇.⟨u′q′⟩)} − {δS}
(12)

where {·} denotes an average in longitude over the broad Mediterranean region (10°W–257

40°E).258

3 Projected annual mean changes259

The primary objective of this study is to evaluate Mediterranean hydroclimate change260

by the end of the 21st century using state-of-the-art CMIP6 models. Following our pre-261

vious work, which established ERA5 as a reliable reference for this region (Tootoonchi262

et al., 2025), we first assess the ability of the CMIP6 ensemble of the selected models263

to reproduce the climatological moisture budget. As detailed in the Supplementary264

Material S1, the models accurately capture the annual mean climatology of the hydro-265

logical cycle for the 1995–2014 reference period. While some localized biases exist with266

respect to ERA5 (see Figs. S1-S3), the CMIP6 ensemble mean effectively represents267

large-scale features, justifying its use for evaluating future hydroclimate shifts.268

Under the SSP5-8.5 scenario, annual and region mean net precipitation is projected269

to decrease significantly across the Mediterranean by the end of the 21st century (2081–270

2100) relative to the reference period (1995–2014) (Fig. 2). Despite some inter-model271

spread (light-brown shading), all ten CMIP6 models unanimously project a negative272

P −E anomaly, highlighting the robustness of the drying signal across the ensemble.273

9



Fig. 2 Net precipitation anomalies across the Mediterranean region in the 2081–2100 period with
respect to the 1995–2014 reference period from our ten selected CMIP6 models (see Table 1) shown
in terms of the multi-model mean (black curve) and the multi-model spread (light brown shading).

3.1 Sector averages274

Before looking at spatial maps, it is instructive to first assess sector-mean changes275

as a function of latitude for the 2081–2100 period relative to the 1995–2014 reference276

period (Fig. 3). Consistent with previous work (Seager et al., 2014a, 2024), the CMIP6277

multi-model mean projects a robust drying (negative δ(P − E), black solid line in278

Fig. 3a) across all latitudes, with a broad peak near 37°N. This drying is primarily279

driven by changes in the time-mean flow (−δ(∇ · ⟨u q⟩), light blue solid line), while280

the transient eddy contribution (−δ(∇ ·
〈
u′q′

〉
), green solid line) is smaller and varies281

in sign, reinforcing the drying signal of the time-mean flow only between around 37282

and 41°N and poleward of 44°N.283

Following Eq. 4, time-mean flow changes can be further decomposed into contri-284

butions from the stationary eddies (−δ(∇ ·
〈
u†q†

〉
), maroon solid line) and the mean285

meridional circulation (−δ(∇ · ⟨[u][q]⟩), yellow solid line). This decomposition reveals286

that both the magnitude and latitudinal dependence of the time-mean flow changes287

are primarily explained by the total stationary eddy term, with the mean meridional288

circulation exerting a non-negligible drying tendency only at lower latitudes. The total289

stationary eddy contribution, in turn, primarily arises from the zonally anomalous cir-290

culation term (−δ(∇ · ⟨u∗[q]⟩), red dashed line), which causes enhanced moisture flux291

divergence and drying across all latitudes within the region. This drying tendency is292

partially offset by the moistening tendency associated with the pure stationary eddy293

term (−δ(∇ · ⟨u∗q∗⟩), red dotted line). Interestingly, changes in the transport of zon-294

ally anomalous moisture by the zonally symmetric circulation (−δ(∇ · ⟨[u]q∗⟩), red295

dash-dotted line) have only limited impacts on the region’s zonal sector-mean hydro-296

logical cycle, causing weak moistening tendencies in the higher and lower latitudes297

and weak drying in the central parts of the region.298

This analysis, while focused on the sector mean, already shows how hydroclimatic299

changes in the Mediterranean region are not caused by the mean meridional circulation300
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associated with the expansion of the Hadley cell but by changes in stationary eddies,301

which are also the dominant term in shaping the climatological MFC across the region302

(Tootoonchi et al., 2025).303

Fig. 3b complements the analysis in Fig. 3a by decomposing changes in the time-304

mean flow into contributions from changes in moisture divergence, −⟨δ(q∇ · u)⟩, and305

advection, −⟨δ(u · ∇q)⟩, with the former being approximated separately by changes306

in specific humidity and in mean circulation (see Eqs. 6 and 9).307

As discussed in Section 2.2.3, this decomposition results in the additional sur-308

face pressure change term, δS, which we calculate as the residual of the perturbation309

budget (see Eq. 7) and find negligible (not shown). Changes in moisture advec-310

tion (−⟨δ(u · ∇q)⟩, cyan solid line) cause moderate moistening at all latitudes,311

which is more than counterbalanced by increased drying due to the divergence term312

(−⟨δ(q∇ · u)⟩, brown solid line) arising from changes in specific humidity (δTh, light-313

brown dotted line) and circulation (δDy, light-brown dash-dotted line). As expected,314

in the absence of circulation changes, the thermodynamic term, −{⟨(δq)∇ · u⟩}, causes315

an increase in moisture divergence (convergence) where the mean flow is divergent316

(convergent) in the base climate. This ”dry-get-drier” pattern at all latitudes within317

the region appears evident when comparing the thermodynamic term in Fig. 3b against318

the climatological time-mean flow depicted in Fig. S1b (blue line) in the supplemen-319

tary material. The contribution from dynamical changes (−{⟨δ(∇ · u)q⟩}, light-brown320

dash-dotted line) is, however, far from negligible. In fact, it contributes substantially321

to the region’s hydroclimate change, causing a drying tendency in the annual and322

sector mean hydrological cycle at all latitudes within the Mediterranean region.323

3.2 Spatial patterns324

The spatial patterns of annually averaged projected changes in all terms discussed325

above are shown in Figs. 4 and 5. Unsurprisingly, net precipitation is projected to326

decrease significantly across the Mediterranean region, particularly over northern land327

areas and the sea itself (Fig. 4a). The time-mean flow, −δ(∇ · ⟨u q⟩), contributes328

significantly to the region’s drying due to increased moisture flux divergence (Fig. 4b).329

Clear exceptions are the Iberian Peninsula, northwestern Africa, southern Türkiye,330

and, to some extent, the eastern Alps and southeastern Europe.331

Changes in the mean meridional circulation, −δ(∇ · ⟨[u][q]⟩), are small (Fig. 4c).332

Therefore, changes in the time-mean flow are driven primarily by changes in total333

stationary eddies (−δ(∇·
〈
u†q†

〉
), Fig. 4d). In agreement with the sector-mean results334

(Fig.3a), stationary eddy changes arise mainly due to increased divergence of mean335

moisture by the zonally anomalous circulation (−δ(∇ · ⟨u∗[q]⟩), Fig. 4f), which is336

partially compensated for by increased moistening due to the pure stationary eddies337

(−δ(∇ · ⟨u∗q∗⟩), Fig. 4e). There is an opposing behavior over the Iberian Peninsula338

and northwestern Africa, where the moistening tendency due to the zonally anomalous339

circulation term (Fig. 4f) is partially (but not fully) offset by the drying tendency due340

to pure stationary eddies (Fig. 4e). The transport of zonally anomalous moisture by the341

zonal mean circulation (−δ(∇·⟨[u]q∗⟩), Fig. 4g) is projected to cause mild moistening342

over the Mediterranean Sea and northeastern land regions surrounding the sea and343

mild drying over northwestern land regions, over Morocco, and eastern Mediterranean344
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a)

b)

ANN

ANN

Fig. 3 Contributions from different circulations to changes in the annual (ANN) and sector-mean
Mediterranean hydroclimate in the 2081–2100 period with respect to the 1995–2014 reference period
from the CMIP6 multi-model mean. Each curve is smoothed in the latitudinal direction using a 3-
point running average filter.

land areas, including Türkiye and the Levant. Notice how this term, which was found345

to be nearly negligible in the zonal sector mean (Fig.3a), plays non-trivial contributions346

at the regional scale. Overall, a comparison of the three constituent terms of the total347

stationary eddies (Fig.4, panels e, f, and g) reveals that the amplified drying induced348

by the total stationary eddies is predominantly driven by changes in the transport of349

mean moisture by the zonally anomalous circulation term (panel f).350

Transient eddies, −δ(∇ ·
〈
u′q′

〉
), contribute to the overall annual-mean drying by351

inducing increased moisture flux divergence over the Mediterranean Sea, the Adriatic352

Sea, the northern Iberian Peninsula, northwestern Africa, France, and the Alps. Mod-353

erate moistening is seen over some localized areas over the southern Iberian Peninsula,354

northern Türkiye, and the eastern Mediterranean land regions (Fig. 4h). As we will355

show in the following, this annually averaged signal arises from differing responses in356

the solstice seasons.357

The decomposition of the time mean MFC in moisture advection and conver-358

gence terms, as well as thermodynamic and dynamic contributions, is shown in Fig. 5.359

Changes in advection, −⟨δ(u · ∇q)⟩, result in moderate moistening over the entire360

Mediterranean domain, with the exception of the Iberian Peninsula and northwest-361

ern Africa (Fig. 5a). This is more than offset by changes in moisture divergence362

(−⟨δ(q∇ · u)⟩, Fig. 5b), which causes increased drying over the Mediterranean Sea363

and the surrounding land regions, except over the Iberian Peninsula, northwestern364
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a) δ(P − E) b) −δ(∇ · ⟨u q⟩)

c) −δ(∇ · ⟨[u][q]⟩) d) −δ(∇ ·
〈

u†q†
〉

)

e) −δ(∇ · ⟨u∗ q∗⟩) f) −δ(∇ · ⟨u∗[q]⟩)

g) −δ(∇ · ⟨[u]q∗⟩) h) −δ(∇ ·
〈

u′q′
〉

)

Fig. 4 Contributions from changes in the moisture budget components for the 2081–2100 period
with respect to the 1995–2014 reference period in the annual mean (ANN): Changes in (a) P − E,
(b) time-mean flow, (c) zonal-mean flow, (d) stationary eddies, (e) pure stationary eddies, (f) zonally
anomalous circulation, (g) zonally anomalous water vapor, and (h) transient eddies. All fields have
been smoothed using a 3 × 3 point smoothing filter. Stippling indicates where more than 7 models
agree on the sign of change, and units are millimeters per day.

Africa, and southern Türkiye. This enhanced drying (Fig. 5b) arises from both ther-365

modynamic and dynamic changes (Fig. 5c and d, respectively). The thermodynamic366

term, −⟨(δq)∇ · u⟩, is easier to understand: it depicts an amplified pattern of the367

climatological time mean flow, resulting in a negative P − E tendency across the368

Mediterranean region, except northwestern Africa, where the time mean flow causes369

MFC in the climatology (Fig. S2b). Dynamical changes, −⟨δ(∇ · u)q⟩, arising from370

changes in the mean circulation, are far from negligible and contribute substantially371
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a) −⟨δ(u · ∇q)⟩ b) −⟨δ(q∇.u)⟩

c) −⟨(δq)∇.u⟩ d) −⟨δ(∇.u)q⟩

Fig. 5 Changes in moisture (a) advection and (b) convergence and its approximation by the (c)
thermodynamic and (d) dynamic contributions by the 2081–2100 period with respect to the 1995–
2014 reference period from the CMIP6 multi-model mean for the annual mean (ANN). Stippling
indicates where more than 7 models agree on the sign of change, and units are millimeters per day.

to the enhanced moisture flux divergence across the Mediterranean (Fig. 5d). These372

changes reinforce the thermodynamic tendency of increased drying over the Mediter-373

ranean Sea, southern Italy, the Balkans, northern Türkiye, the Black Sea and result374

in increased moistening over the Iberian Peninsula, northwestern Africa, and southern375

Türkiye.376

In sum, circulation changes are just as important as, if not more important than,377

thermodynamic changes for the spatial and temporal P − E response across the378

Mediterranean region, in agreement with previous work (e.g.; Seager et al., 2014a,379

2019; Tuel and Eltahir, 2020; Tuel et al., 2021). By explicitly quantifying the contribu-380

tion of stationary eddies to the time-mean MFC, we further show how these dynamical381

changes are primarily driven by zonally anomalous circulations rather than the mean382

overturning.383

3.3 Drivers of changes in stationary eddies384

The results above show that projected changes in the annual- and time-mean flow are385

primarily associated with stationary eddies and, in particular, with increased moisture386

flux divergence by the zonally anomalous circulation acting on zonal-mean moisture387

(δ(−∇ · ⟨u∗[q]⟩), Fig.4f). This drying tendency is partially offset by the pure sta-388

tionary eddy term (δ(−∇ · ⟨u∗q∗⟩), Fig.4e). A similar compensation characterizes the389

climatological moisture budget (Tootoonchi et al., 2025) and arises because the zon-390

ally anomalous subsidence not only drives moisture divergence but also maintains the391

negative (dry) zonally anomalous moisture field over the basin. Here, we investigate392
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how these circulation and moisture fields respond to warming and give rise to the393

projected changes in the stationary eddy moisture flux divergence.394

Circulation changes are illustrated by the 500-hPa vertical pressure velocity, which395

provides a useful proxy for changes in large-scale vertical motion and associated low-396

level convergence and divergence (Fig. 6c,d). Note how in these panels, we show397

changes in the negative vertical pressure velocity; positive (negative) values indicate398

an increase (decrease) in ascending motion. The CMIP6 ensemble projects enhanced399

zonally anomalous descent (δ(−ω∗
850)) across a broad portion of the Mediterranean,400

including the central Mediterranean Sea, central and southern Italy, Corsica, western401

Türkiye, southeastern Europe, and northeastern Africa. Importantly, the strongest402

anomalous descent is centered over the central Mediterranean, rather than over the403

southeastern Mediterranean, where climatological stationary-wave descent is strongest404

(see Fig. 6 in Tootoonchi et al., 2025). In contrast, changes in the zonal-mean vertical405

motion (δ(−[ω]850)) are weak across the Mediterranean (Fig. 6d), consistent with the406

comparatively small contribution of the zonal-mean circulation to the annual-mean407

moisture-budget response (Figs. 3a and 4c). An alternative diagnosis based on the408

local meridional overturning circulation (see AppendixA) shows modest anomalous409

descent over the central-eastern Mediterranean (Fig. A1). However, its magnitude is410

small compared with the total change in descending motion over the region (Fig. 6c),411

indicating that changes in the local meridional overturning account for only a fraction412

of the zonally asymmetric projected descent. Most of this change therefore appears to413

be associated with the stationary circulation rather than with the local manifestation414

of the meridional overturning circulation.415

The impact of this circulation response on moisture transport depends on both the416

increase in background moisture and changes in its zonally asymmetric distribution.417

Zonal-mean low-level specific humidity, (δ[q]850), increases throughout the Mediter-418

ranean as the atmosphere warms (Fig. 6b), whereas (δq∗850) is predominantly negative419

over the basin (Fig. 6c). The enhanced zonally anomalous descent and associated hor-420

izontal divergence, therefore, act on an increasingly moist background atmosphere,421

contributing to the strong drying tendency associated with (δ(−∇ · ⟨u∗[q]⟩)). At the422

same time, changes in the zonally anomalous circulation are accompanied by changes423

in zonally anomalous moisture (δq∗850), resulting in an opposing contribution from the424

pure stationary eddy term. This compensation is analogous to that found in the cli-425

matological moisture budget (Tootoonchi et al., 2025), where anomalous descent and426

divergence over the Mediterranean are associated with negative moisture anomalies427

that reduce the effective moisture export by the stationary circulation.428

The decomposition of the stationary terms into horizontal-advection and wind-429

divergence contributions further clarifies this response (Fig. 7 left and right, respec-430

tively). Increased moisture divergence is a major contributor to the drying associated431

with the zonally anomalous circulation acting on zonal-mean moisture (Fig. 7d), con-432

sistent with the enhanced anomalous descent identified above. In contrast, changes433

involving zonally anomalous moisture depend strongly on horizontal advection. In par-434

ticular, changes in the transport of q∗ by the zonal-mean circulation, (δ(−∇·⟨[u]q∗⟩)),435

arise almost entirely through its advective component (Fig. 7e,f), while horizontal436
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a) δ(q∗) 850hPa ANN b) δ([q]) 850hPa

c) δ(−ω∗) 500hPa ANN d) δ(−[ω]) 500hPa

Fig. 6 Changes in specific humidity (in g kg−1) and vertical (pressure) velocity (in Pa s−1) by the
2081–2100 period with respect to the 1995–2014 reference period in the annual mean (ANN) from the
CMIP6 multi-model mean: changes in low-level (850 hPa) a) zonally anomalous specific humidity and
b) zonal mean specific humidity, and changes in mid-tropospheric (500 hPa) c) zonally anomalous
vertical velocity and d) zonal mean vertical velocity. Stippling indicates where more than 7 models
agree on the sign of change.

advection is also at least as important as wind divergence for changes in the pure sta-437

tionary eddy term (Fig. 7a,b). Thus, changes in zonally anomalous moisture primarily438

modify the stationary-eddy response through horizontal moisture advection, whereas439

the dominant drying contribution is closely tied to changes in the zonally asymmetric440

circulation and associated divergence.441

Overall, these results show that the projected stationary eddy contribution to442

Mediterranean drying is not simply an amplification of the climatological moisture-443

budget pattern by increasing atmospheric moisture. It also involves substantial changes444

in the regional zonally asymmetric circulation, characterized by enhanced descent445

and moisture divergence over the Mediterranean. The resulting drying is partially446

compensated by changes in zonally anomalous moisture and its advection.447

4 Solstice season changes448

The annual-mean response discussed above masks substantial seasonal differences449

in both the magnitude and the mechanisms of Mediterranean hydroclimate change.450

We therefore contrast winter (December–February, DJF) and summer (June–August,451

JJA), when the regional hydrological cycle is governed by distinct dynamical452

regimes. Results from the shoulder seasons, spring (March–May, MAM) and autumn453

(September–November, SON), are available in the supplementary material (Figs. S4–454

S7).455
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a) −δ ⟨u∗ · ∇q∗⟩ b) −δ ⟨(∇ · u∗) q∗⟩

c) −δ ⟨u∗ · ∇[q]⟩ d) −δ ⟨(∇ · u∗)[q]⟩

e) −δ ⟨[u] · ∇q∗⟩ f) −δ ⟨(∇ · [u])q∗⟩

Fig. 7 Contributions from changes in advection (left) and wind divergence (right) to changes in the
total stationary eddy MFC within the Mediterranean region by the 2081–2100 period with respect
to the 1995–2014 period in the annual mean (ANN) from the CMIP6 model-model mean: changes in
(a,b) pure stationary eddies, (c,d) zonally anomalous circulation term, and (e,f) zonally anomalous
water vapor term. Units are millimeters per day

In winter, P − E decreases across most of the Mediterranean south of ∼ 44°N456

(Fig. 8a), with the strongest drying over the southeastern Mediterranean Sea. Both the457

time-mean flow, −δ(∇ · ⟨u q⟩), and transient eddies, −δ(∇ ·
〈
u′q′

〉
), contribute to the458

drying response over the ocean, while featuring a more varied and opposing pattern459

over land regions (Fig. 8b,h). Unlike in the annual mean, changes in the zonal mean460

circulation, −δ(∇·⟨[u][q]⟩), are non-negligible and contribute to drying over the south-461

ern Mediterranean between 30°N and 36°N (Fig. 8c). This zonally symmetric response,462

however, cannot account for the more localized drying over the central and eastern463

Mediterranean, which is primarily associated with stationary eddies (−δ(∇ ·
〈
u†q†

〉
),464

Fig. 8d). As in the annual mean, their dominant drying contributions arise from465

increased moisture divergence by the zonally anomalous circulation acting on zonal-466

mean moisture (−δ(∇· ⟨u∗[q]⟩), Fig. 8f), coincident with enhanced zonally anomalous467

descent over the region (not shown).468

The decomposition for the DJF response into divergence and advection contri-469

butions, as well as dynamic and thermodynamic components, further highlights the470

importance of circulation changes. Moisture advection provides a modest moistening471

tendency (Fig. 9a), which is more than offset by increased drying due to the wind diver-472

gence term (Fig. 9b), especially in the eastern Mediterranean. Both thermodynamic473

(−⟨(δq)∇ · u⟩, Fig. 9c) and dynamic (−⟨δ(∇ · u)q⟩, Fig. 9d) changes contribute to474
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a) δ(P − E) b) −δ(∇ · ⟨u q⟩)

c) −δ(∇ · ⟨[u][q]⟩) d) −δ(∇ ·
〈

u†q†
〉

)

e) −δ(∇ · ⟨u∗ q∗⟩) f) −δ(∇ · ⟨u∗[q]⟩)

g) −δ(∇ · ⟨[u]q∗⟩) h) −δ(∇ ·
〈

u′q′
〉

)

Fig. 8 Changes in the moisture budget components by the 2081–2100 period with respect to the
1995–2014 reference period for winter (DJF): Changes in (a) P − E, (b) time-mean flow, (c) zonal-
mean flow, (d) stationary eddies, (e) pure stationary eddies, (f) zonally anomalous circulation, (g)
zonally anomalous water vapor, and (h) transient eddies. Stippling indicates where more than 7
models agree on the sign of change, and units are millimeters per day.

this enhanced divergence, with the former (latter) exerting a more localized response475

over the western (eastern) Mediterranean region.476

The summer response is substantially different. The projected decrease in P − E477

is weaker but widespread (Fig. 10a). Importantly, this relatively weak response does478

not reflect a muted response to warming, but instead results from strong and spatially479

varied tendencies by the time-mean flow, −δ(∇ · ⟨u q⟩), and transient eddies, −δ(∇ ·480
〈
u′q′

〉
), that largely oppose one another (Fig. 10b,h). As in the annual mean, changes481

in the time-mean flow arise primarily from changes in the total stationary eddies482
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a) −⟨δ(u · ∇q)⟩ b) −⟨δ(q∇.u)⟩

c) −⟨(δq)∇.u⟩ d) −⟨δ(∇.u)q⟩

Fig. 9 Contributions from changes in (a) moisture advection, (b) wind convergence and its compo-
nents due to the (c) thermodynamic and (d) dynamic responses by the 2081–2100 period with respect
to the 1995–2014 reference period from the CMIP6 multi-model ensemble mean for winter (DJF).
Stippling indicates where more than 7 models agree on the sign of change, and units are millimeters
per day.

(−δ(∇·
〈
u†q†

〉
), Fig. 10d), while the contribution by the mean meridional circulation,483

−δ(∇ · ⟨[u][q]⟩), remains small (Fig. 10c). The stationary eddy response again reflects484

substantial compensation between the zonally anomalous circulation,−δ(∇ · ⟨u∗[q]⟩),485

and the pure stationary eddy, −δ(∇ · ⟨u∗q∗⟩), terms (Fig. 10f,e).486

The mechanisms driving the JJA response also differ from those operating in487

winter. Moisture advection (−⟨δ(u · ∇q)⟩, Fig. 11a) generally opposes the drying ten-488

dency caused by wind divergence (−⟨δ(q∇ · u)⟩, Fig. 11b). Unlike winter, however, the489

increased divergence is primarily thermodynamic (−⟨(δq)∇ · u⟩, Fig. 11c). Dynamical490

changes in wind divergence,−⟨δ(∇ · u)q⟩, are more spatially heterogeneous, produc-491

ing localized drying and moistening tendencies rather than a coherent contribution to492

Mediterranean aridification (Fig. 11d).493

The different dynamical contributions in winter and summer are interesting in light494

of previous work on the seasonal sensitivity of Mediterranean circulation to surface495

forcing. Using targeted regional-model experiments, Tuel et al. (2021) found that the496

circulation response to relative Mediterranean SST cooling is much stronger in winter497

than in summer. They attributed this contrast to lower near-surface static stability498

and the absence of strong remotely forced descent in winter, which allow the surface499

thermal anomaly to extend into the lower troposphere, whereas strong static stability500

and monsoon-forced descent confine the response near the surface in summer. While we501

do not explicitly investigate surface thermal forcing here, these results provide useful502

context for the seasonal differences in circulation changes identified in our analysis.503
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a) δ(P − E) b) −δ(∇ · ⟨u q⟩)

c) −δ(∇ · ⟨[u][q]⟩) d) −δ(∇ ·
〈

u†q†
〉

)

e) −δ(∇ · ⟨u∗ q∗⟩) f) −δ(∇ · ⟨u∗[q]⟩)

g) −δ(∇ · ⟨[u]q∗⟩) h) −δ(∇ ·
〈

u′q′
〉

)

Fig. 10 Changes in the moisture budget components by the 2081–2100 period with respect to the
1995–2014 reference period in summer (JJA): Changes in (a) P − E, (b) time-mean flow, (c) zonal-
mean flow, (d) stationary eddies, (e) pure stationary eddies, (f) zonally anomalous circulation, (g)
zonally anomalous water vapor, and (h) transient eddies. Stippling indicates where more than 7
models agree on the sign of change, and units are millimeters per day.

To summarize, the annual mean response reflects differences in the relative con-504

tributions of different processes in winter and summer. Circulation changes appear505

to play a more prominent role in the more localized winter drying, through changes506

in zonally anomalous moisture flux divergence, while thermodynamic changes make507

a more important contribution to the summertime drying. In summer, compensation508

between time-mean and transient-eddy tendencies also contribute to the relatively509
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a) −⟨δ(u · ∇q)⟩ b) −⟨δ(q∇.u)⟩

c) −⟨(δq)∇.u⟩ d) −⟨δ(∇.u)q⟩

Fig. 11 Contributions from changes in (a) moisture advection, (b) wind convergence and its compo-
nents due to the (c) thermodynamic and (d) dynamic responses by the 2081–2100 period with respect
to the 1995–2014 reference period from the CMIP6 multi-model ensemble mean for winter (JJA).
Stippling indicates where more than 7 models agree on the sign of change, and units are millimeters
per day.

weak P −E response. Thus, while stationary eddies contribute to changes in the time-510

mean moisture transport in both seasons, their relative importance and the processes511

associated with their response differ through the annual cycle.512

5 Conclusions and discussion513

In this study, we use CMIP6 projections to investigate the atmospheric processes con-514

tributing to Mediterranean (P −E) changes by the end of the 21st century. Consistent515

with previous studies, the models project widespread drying across the region, primar-516

ily associated with increased moisture divergence by the time-mean flow (Seager et al.,517

2014a, 2019; Tuel and Eltahir, 2020). Changes in transient eddies make a smaller con-518

tribution to the annual-mean drying and are spatially heterogeneous, locally enhancing519

moisture convergence over some Mediterranean land regions. Hence, although transient520

eddies play a central role in maintaining the climatological Mediterranean hydrological521

cycle (Seager et al., 2014a,b, 2019; Tootoonchi et al., 2025), changes in their moisture522

transport do not appear to be the primary driver of the projected regional drying.523

Our results provide further insight into the mechanisms responsible for the time-524

mean response. Previous studies have shown how the thermodynamic response alone525

cannot fully account for the projected aridification in the Mediterranean region, point-526

ing to an important role for circulation changes (Seager et al., 2014a; Byrne and527
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O’Gorman, 2015; Zappa et al., 2020; Tuel and Eltahir, 2020). By explicitly separating528

the time-mean flow into zonal-mean and stationary-eddy components, we show that529

much of the annual-mean response is associated with changes in stationary eddies,530

whereas changes in the zonal-mean circulation make a smaller contribution except531

at the southernmost latitudes. This provides direct moisture-budget evidence for the532

importance of stationary-wave changes suggested by previous work (Seager et al.,533

2014b; Zappa et al., 2015; Simpson et al., 2015c; Seager et al., 2019; Tuel et al., 2021)534

and quantifies their contribution to the projected regional drying.535

The importance of stationary eddies in the time-mean response has important536

implications for how the dynamical response is interpreted. Projected Mediterranean537

drying cannot be understood solely in terms of a zonally symmetric expansion of538

the Hadley cell. While changes in the mean meridional circulation do contribute in539

some latitudinal bands and seasons, they cannot account for the magnitude and spa-540

tial structure of the time-mean moisture flux divergence response. Even when zonal541

variations in the meridional overturning are considered through a regional overturning-542

circulation framework, this circulation accounts for only part of the projected changes543

in descent. Instead, our results point to changes in stationary circulations as a leading544

component of the dynamical adjustment of Mediterranean hydroclimate.545

The dominant stationary eddy drying tendency arises from changes in the zonally546

anomalous circulation acting on zonal mean moisture. Enhanced zonally anomalous547

descent and associated low-level divergence over the Mediterranean increase moisture548

export from the region. This tendency is partially compensated by changes in the549

pure stationary-eddy term, reflecting the coupling between zonally anomalous circula-550

tion and moisture. Changes in zonally anomalous moisture also influence the response551

through horizontal advection. These results extend our previous analyses of the cli-552

matological Mediterranean moisture budget (Tootoonchi et al., 2025), showing that553

the interaction between zonally asymmetric circulation and moisture is important not554

only for maintaining the present-day moisture budget but also for shaping its response555

to warming.556

The relative importance of these terms varies over the seasonal cycle. In winter,557

circulation changes play a significant contribution to the localized drying over the558

central and eastern Mediterranean, where increased moisture divergence is associated559

with changes in the zonally asymmetric circulation. In summer, by contrast, thermo-560

dynamic changes make a larger contribution to the time-mean drying, while circulation561

changes are weaker and more spatially heterogeneous. Strong compensation between562

changes in the time-mean flow and transient eddies further limits the magnitude of563

the summertime (P − E) response.564

Taken together, our results emphasize that projected Mediterranean drying reflects565

both the thermodynamic amplification of the climatological moisture-divergence pat-566

tern and changes in atmospheric circulation, particularly in its zonally asymmetric567

components. Their relative importance varies spatially and seasonally, highlighting the568

need to account for both thermodynamic and dynamical processes when interpreting569

future Mediterranean hydroclimate change. Further investigation of the thermody-570

namic response itself provides a natural avenue for extending this framework. Byrne571

and O’Gorman (2015) proposed an extended scaling for hydroclimate change that,572
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beyond the increase in atmospheric moisture, accounts for changes in near-surface rel-573

ative humidity and spatial gradients in surface warming. Applying such an approach574

to the Mediterranean could help establish how much of the regional response can575

be understood from an extended thermodynamic framework and, conversely, which576

features require changes in atmospheric circulation.577

Appendix A Regional Hadley cell perspective578

To assess whether the projected changes in Mediterranean descent can be interpreted579

in terms of a regional meridional overturning circulation, we follow the local Hadley580

cell framework of Zhang and Wang (2013), Galanti et al. (2022), Li et al. (2022),581

and Raiter et al. (2024). Unlike the conventional zonal-mean Hadley circulation, this582

framework allows the meridional overturning to vary with longitude.583

The horizontal wind velocity (u) is first decomposed into divergent (irrotational)584

and non-divergent components. Because only the divergent component is directly asso-585

ciated with horizontal mass convergence and divergence, and hence vertical motion,586

we calculate the horizontal wind divergence:587

D = ∇ · u (A1)

The velocity potential (χ) is obtained by solving ∇2χ = D using spherical harmonics.588

The divergent wind is then computed as589

∇χ = udiv (A2)

where udiv = (udiv, vdiv). We use its meridional component vdiv to calculate the zonally590

varying meridional mass streamfunction, ψH ,591

ψH =

∫ Ps

0

vdiv(λ, ϕ, p, t)
dp

g
(A3)

where λ, ϕ, p and t denote longitude, latitude, pressure and time, respectively. The592

vertical pressure velocity associated with this local meridional overturning, ωH , is593

obtained from the meridional gradient of the streamfunction594

ωH = g
∂ψH

∂y
(A4)

With this convention, positive (negative) values of ωH denote ascending (descend-595

ing) motion. We calculate the projected change, δωH , between 2081–2100 and596

1995–2014 for each CMIP6 model and then compute the multi-model mean (Fig. A1).597

The resulting pattern shows anomalous descent associated with the local meridional598

overturning over parts of the central-eastern Mediterranean. Its magnitude, however,599

is smaller than the total projected change in zonally anomalous vertical motion shown600
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a) δ(−ωH) 500hPa ANN

Fig. A1 Contribution from changes in the annual mean (ANN) local meridional overturning to the
Mediterranean region’s hydrological cycle by the 2081− 2100 period with respect to the 1995− 2014
reference period from the CMIP6 multi-model mean. Stippling indicates where more than 7 models
agree on the sign of change, and the unit is Pa s−1.

in Fig. 6c. Thus, the regional overturning circulation captures only part of the zon-601

ally asymmetric projected descent, supporting the interpretation that much of the602

response is associated with stationary circulations.603
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