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Abstract

Change over recent decades in the world's five Mediterranean Climate Regions
(MCRs) of quantities of relevance to water resources, ecosystems and fire are
examined for all seasons and placed in the context of changes in large-scale cir-
culation. Near-term future projections are also presented. It is concluded that,
based upon agreement between observational data sets and modelling frame-
works, there is strong evidence of radiatively-driven drying of the Chilean
MCR in all seasons and southwest Australia in winter. Observed drying trends
in California in fall, southwest southern Africa in fall, the Pacific Northwest in
summer and the Mediterranean in summer agree with radiatively-forced
models but are not reproduced in a model that also includes historical sea sur-
face temperature (SST) forcing, raising doubt about the human-origin of these
trends. Observed drying in the Mediterranean in winter is stronger than can be
accounted for by radiative forcing alone and is also outside the range of the
SST-forced ensemble. It is shown that near surface vapour pressure deficit
(VPD) is increasing almost everywhere but that, surprisingly, this is contrib-
uted to in the Southern Hemisphere subtropics to mid-latitudes by a decline in
low-level specific humidity. The Southern Hemisphere drying, in terms of pre-
cipitation and specific humidity, is related to a poleward shift and strengthen-
ing of the westerlies with eddy-driven subsidence on the equatorward side.
Model projections indicate continued drying of Southern Hemisphere MCRs in
winter and spring, despite ozone recovery and year-round drying in the
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1 | INTRODUCTION

The world's Mediterranean climate regions (MCRs)
occupy transitional zones between the subtropics and
mid-latitudes on the western edges of continents. The
Mediterranean climate type is characterized by temper-
ate, wet winters and hot or warm dry summers. The wet
winters arise from MCRs being on the equatorward flank
of the mid-latitude storm tracks and just poleward of the
descending branch of the Hadley Cell. In summer the
storm tracks retreat poleward, monsoons develop over
land and subtropical highs expand poleward and inten-
sify over the oceans, while the Hadley Cell straddles the
Equator with descent in the winter hemisphere (Chen
et al., 2001; Rodwell & Hoskins, 2001; Seager et al., 2003).
The dry summers arise from the MCRs being on the east-
ern flanks of the subtropical highs with equatorward,
subsiding flow that suppresses precipitation. Spring and
fall are transitional seasons between these winter and
summer states. This faithfully describes the mean cli-
mates of the west coast of the United States and Baja,
Mexico, Chile, Portugal and Morocco, southwest
South Africa and southwest Australia (Alessandri
et al.,, 2014; Deitch et al., 2017). The lands along the
northern and southern shores of the Mediterranean Sea
and the Middle East also have a Mediterranean-type cli-
mate but this is unique amongst the MCRs. In this case,
it is the winter Mediterranean Sea storm track, rather
than the North Atlantic storm track, that provides winter
precipitation (Lionello et al., 2006; Seager et al., 2014;
Zappa et al., 2015a) while summer high pressure extends
well east of the North Atlantic subtropical high in part
related to descent induced by the Asian monsoon and
interactions with orography (Rodwell & Hoskins, 2001;
Simpson et al, 2015). Southcentral to southeastern
Australia also has a somewhat unique Mediterranean
zonally-extended climate that has been less well studied
but can possibly be explained in terms of the zonal orien-
tation of the coast and the equatorward movement in
winter, and poleward movement in summer, of the
zonally-oriented Southern Hemisphere storm track as
shown in Seager et al. (2019b, hereafter S19).

Mediterranean. Projections for the North American MCR are uncertain, with a
large contribution from internal variability, with the exception of drying in the
Pacific Northwest in summer. Overall the results indicate continued aridifica-
tion of MCRs other than in North America with important implications for

water resources, agriculture and ecosystems.

atmospheric circulation, climate change, hydroclimate, Mediterranean-type climates

The stark seasonality and the hot summers create a
climate that borders on semi-arid and one in which there
are frequent hydrological disruptions in terms of heavy
precipitation and drought. California is a good example
which in this century has already experienced one of the
worst extended droughts on record (Seager et al., 2015;
Swain et al., 2014) and a very wet winter in 2022/23.
Chile has been been enduring a recent multiyear
drought. Precipitation in both California and Chile is
influenced by the El Nifio—Southern Oscillation and its
decadal companion, the Pacific Decadal Oscillation, via
Rossby wave teleconnections and shifts in the jet streams
and storm tracks (Maher et al., 2022; Seager et al., 2005).
The recent Chilean extended drought has however been
connected to subtropical South Pacific Ocean variability
(Garreaud et al.,, 2018). Cape Town has also recently
endured its record-breaking ‘“Day Zero” drought (Burls
et al., 2019; Pascale et al., 2020; Sousa et al., 2018).

Drought and water availability are always concerns
across all the MCRs and have serious social impacts since
all of the MCRs are home to large cities and locally and
globally important agricultural production (olives, citrus,
grapes, grains, nuts, etc.). In addition, the MCRs face
considerable fire hazard and ecological changes that are
influenced by climate change (Jones et al., 2022). Water
resources rely heavily on cool season precipitation but
fire and ecosystem impacts depend on both cool season
precipitation and vapour pressure deficit (VPD—the dif-
ference between saturation and actual vapour pressure
and a measure of atmospheric aridity), and, hence, air
temperature and humidity, from spring into summer
(Goss et al., 2020; Jacobson et al., 2022; Williams
et al., 2015, 2019).

From the climate dynamics point of view, an-all
MCRs perspective is useful (Alessandri et al.,, 2014;
Polade et al., 2017, S19). The location of the MCRs sug-
gests that climate variability and change might be influ-
enced, in winter, by changes in the extratropical storm
tracks and Hadley Cell extent and intensity (Grise
et al., 2019) and, in summer, by changes in subtropical
highs (Cherchi et al., 2018; He et al., 2017) and mon-
soons. The spring and fall seasons could be influenced by
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changes in the seasonal cycle of these different circula-
tion regimes. However, the Northern Hemisphere has
strong winter stationary waves which might introduce
zonal (Simpson et al., 2016) and inter-hemispheric asym-
metries that complicate this picture. Further, in terms of
anthropogenic forcing, the Southern Hemisphere has
been more strongly influenced by stratospheric ozone
depletion and the beginning of recovery than has the
Northern Hemisphere (Polvani et al., 2011) and this
should create inter-hemisphere asymmetry in the ampli-
tude and seasonal cycle of forced responses. Further, the
North American and Chile MCRs are influenced by tropi-
cal Pacific SST variations but the other MCRs are less
obviously influenced by SSTs anywhere (S19). Conse-
quently, a comparative study of the MCRs draws atten-
tion to the physical mechanisms of variability and
change that drive similarities and differences between
hemispheres and longitudes.

Here we will focus on observed hydroclimate change
in the five MCRs over past decades and model-projected
change over coming decades, all with reference to the
large-scale circulation changes involved. The paper is
conceived as partly a review and hence structured some-
what unusually. Unlike a review, we will first conduct
new analysis of past and model-projected trends. Since
considerable work has been done on winter and summer
change (for some recent work, see, e.g., S19; Tuel
et al., 2021; Zappa et al., 2015b), but spring and fall can
be important in terms of ecology and length and severity
of wildfires, we will focus more on change during these
transition seasons. We will also examine changes in pre-
cipitation but, motivated by the importance of fire, we
will examine trends over past decades in low-level and
surface specific humidity and VPD in the spring. This
will reveal a surprising and widespread atmospheric dry-
ing in many subtropical to mid-latitude regions capable
of influencing the MCRs, as has also been noted recently
by Simpson et al. (2023) and Jacobson et al. (2023), with
implications for enhancement of fire hazard. Precipita-
tion and humidity trends will be related to changes in
large-scale circulation. The analysis will include observa-
tions, reanalyses, SST-forced atmosphere models and
radiatively-forced coupled climate models. After this, we
will critically discuss at length the research to date on
past and future hydroclimate trends in MCRs and the
mechanisms for these that have been invoked. We aim to
provide an up-to-date account of ongoing change in
impacts-relevant aspects of the hydroclimate of MCRs,
place this in a large-scale dynamical context and then
consider what we can say about near-term future change
and critically discuss the mechanisms proposed to
explain these past and future changes. Although we do
not quantify it here, the changes we identify will be

of Climatology

useful for considering how MCRs shift poleward over the
coming decades (Alessandri et al., 2014).

2 | OBSERVATIONAL DATA,
REANALYSES, MODELS AND
METHODS

2.1 | Observations-based datasets

For observational, station-based, precipitation we use the
Climatic Research Unit (CRU) TS4.06 data (Harris
et al., 2020) and available at https://crudata.uea.ac.uk/
cru/data/hrg/ and the Global Precipitation Climatology
Center (GPCC) data (Schneider et al., 2014) available at
https://www.ncei.noaa.gov/products/land-based-station/
global-historical-climatology-network-daily. Over North
America we additionally make use of the PRISM data
(Daly et al., 2008) available at https://prism.oregonstate.
edu. For estimates of the vapour pressure and historical
circulation trends we use the European Centre for
Medium Range Weather Forecasts Reanalysis 5 (ERAS;
Hersbach et al., 2020) available at https://www.ecmwf.
int/en/forecasts/dataset/ecmwf-reanalysis-v5. Both
Jacobson et al. (2023) and Simpson et al. (2023) have vali-
dated the ERAS5 lower atmosphere humidity trends
against in situ data and shown it to be qualitatively and
quantitatively reliable. The period of analysis was from
1959 to 2021. While ERAS5 begins earlier we had some
concerns about data reliability in the 1950s. The chosen
period is 62 years which is long enough for most forced
trends to emerge from the “noise” of interannual to
decadal variability.

2.2 | Coupled model simulations

We also examine the coupled model simulations from
Coupled Model Intercomparison Project 6 (CMIP6;
Eyring et al., 2016) using the “historical” simulations
with estimated changes in radiative forcing and land use
cover and change to 2014 and the projections with the
SSP370 scenario from 2015 to 2050 and obtained from
https://esgf-node.llnl.gov/projects/cmip6/. This scenario
has greenhouse gas emissions that are less than the high-
est scenario but still represents radiative forcing increas-
ing to 7 W-m™2 by 2100. In the near-term of committed
warming that we focus on, climate change is not strongly
dependent on the choice of emissions scenario since
these diverge more importantly later in the century. In
the presence of significant adoption of renewable fuels
in many countries, but lack of any internationally
enforceable agreements to reduce GHG emissions, we
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consider it a realistic projection for the next few decades.
However, it should be noted this is also a high aerosols
emissions scenario (Shiogama et al., 2023). We used all
runs of all models with the data needed available. The
radiatively-forced response was computed as the mean of
the ensemble means for each model, thus providing each
model equal weight. In addition, for uncertainty analysis,
we make use of 10 large model ensembles with CMIP5
(RCP8.5 forcing scenario) and 6 (SSP585 forcing scenario)
generation models: CanESM2, CSIRO-Mk3-6-0, GFDL-
CM3, MPI-ESM, CESM1-CAMS5, ACCESS-ESM1-5,
CanESM5, EC-Earth3, MIROC6 and MPI-ESM1-2-LR
(data available at the multimodel large ensemble reposi-
tory  https://www.cesm.ucar.edu/community-projects/
mmlea). The first 20 members from each large ensemble
were used, which is large enough for the ensemble mean
to isolate that model's radiatively-forced change.

2.3 | Atmosphere model forced by
observed SSTs

In addition, we use a 10-member ensemble of Commu-
nity Atmosphere Model 6 (CAM6) forced by observed
SST and SSP370 radiative forcing and land cover change
covering the 1959-2021 period. The model was run by
the National Center for Atmospheric Research (NCAR)
who make the data available at https://www.cesm.ucar.
edu/working-groups/climate/simulations/cam6-prescribed-
sst where more details are provided about the model simu-
lations. The ensemble mean of this model identifies the
response to the imposed SST plus radiative forcing and land
use change.

24 | Methods

Trends are computed by linear least squares regression
and statistical significance is assigned according to the
95% confidence level using a two-sided ¢ test. For models
we assess agreement as 75% of model ensemble means
agreeing on the sign of trend or change and agreeing with
the multimodel ensemble mean sign of trend or change.
Trends are plotted in wunits of the variable
(e.g., mm-month™" for precipitation) change over the
1959-2021 period. Qualitatively very similar results were
obtained using Sen's slope estimator and a Mann-Kendal
test with a 0.1 tolerance for probability of rejecting the
null hypothesis of no monotonic-trend.

We examine the uncertainties in precipitation projec-
tions and the relative importance of internal variability
and model response uncertainty by considering the
10 large ensembles. To investigate the role of internal

variability and model response uncertainty in contribut-
ing to uncertainty in future projections we follow the
methods of Hawkins and Sutton (2009, 2011) and Lehner
et al. (2020) to partition the 90% confidence interval (fol-
lowing from what is used in Hawkins & Sutton, 2009)
into these two components, neglecting the small scenario
differences between the RCP8.5 and SSP5-8.5 scenarios.
The 90% uncertainty ranges are computed additively and
symmetrically around the multi-model ensemble mean.
The ensemble mean for each model averages across the
uncorrelated internal variability in each member and iso-
lates the forced response common to each ensemble
member. By the same reasoning, the departure of each
ensemble member for a model from the ensemble mean
for that model isolates the internal variability. The overall
90% confidence interval on the large ensembles is
computed as  1.654°(\/(M)++/(I))/F,  where

F=(\/(M)+1/(I))/+/(M+1I), the model response com-

ponent is computed as +1.654*/(M)/F and the internal
variability component is the remainder. Here, M refers to
the variance across the 10 model ensemble means (which
represents the model response component) and I is the
average, across models, of the variance across ensemble
members for a given model (which represents the inter-
nal variability component). An assumption is made here
that the uncertainties due to model response differences
and internal variability are distributed normally and sym-
metrically around the ensemble mean, which is an
approximation. To provide an assessment of the extent to
which this approximation is valid, we also directly com-
pute the 90% confidence interval across the large ensem-
ble members as the 5th to 95th percentile range across all
members from all models. In most regions, except for
South Africa where there is an outlying model, this 90%
confidence interval agrees well with that computed using
the above decomposition.

2.5 | Definition of MCRs and regional
averages

To identify MCRs we used the Képpen climate classifica-
tions Csa and Csb which are the hot and warm summer
Mediterranean climate types, respectively. The categori-
zation is that of Leemans and Cramer (1991) and is pro-
vided with details at http://iridl.ldeo.columbia.edu/
SOURCES/.UN/.FAO/.NRMED/.SD/.Climate/.dataset_
documentation.html#anchor2. Area averages are over
these climate classifications. The red boxes shown in Fig-
ures 1 and 2 are merely to draw attention to the MCRs
within them. The MCR regions remain fixed over histori-
cal and future time. The fact that MCRs in reality will be
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FIGURE 1

Observed trends in precipitation for fall, winter, spring and summer, as labelled, and for all MCRs. Stippling indicates

significance at the 5% level. Units are mm-month™" change over the 1959-2021 period. [Colour figure can be viewed at

wileyonlinelibrary.com]

expected to move over the coming decades, with parts of
the current MCRs transitioning into different climate
types, will be briefly discussed in section 6.

3 | OBSERVED AND
RADIATIVELY-FORCED MODELLED
TRENDS OVER THE PAST SIX
DECADES

3.1 | Observed and radiatively-forced
modelled precipitation trends across
seasons in the world's MCRs

In Figure 1 we show observed trends in CRU precipita-
tion over 1959 to 2021 for fall, winter, spring and summer
seasons, focusing on the MCRs and their surrounding
regions. Winter trends have already been examined by

S19 and the addition of three more years here does not
change the story: the west coast of North America is
unique in having a winter wetting trend while the other
four MCRs have experienced winter drying and, of these,
the drying in much of the Mediterranean, Chile and
southwest Australia is statistically significant. Looking at
the other seasons, Chile stands out for having a statisti-
cally significant drying in all seasons. This also occurs in
southwest Africa though not all at this level of signifi-
cance. The Mediterranean region also has experienced
statistically significant drying in parts of coastal North
Africa and the Middle East in spring, in its western parts
in Africa and Iberia in summer and in eastern Libya in
fall. California has had a drying trend in the fall and all
of the west coast of North America has in summer with
much of these statistically significant. Statistically signifi-
cant wetting trends in MCRs are limited to northwest
Algeria in fall, northern Turkey in summer, and, in the
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Southern Hemisphere, just parts of southwest Australia
in summer. Clearly, drying trends are much more com-
mon across MCRs in space and seasons than wetting
trends but are not entirely ubiquitous. The Mediterra-
nean region itself is large and could contain quite differ-
ent trends across its area. However, more than 85% and
70% of grid points in the Csa and Csb areas have drying
trends in winter and spring, respectively, considering
CRU and GPCC data.

Figure 2 shows the CMIP6 multimodel mean
radiatively-forced trends of precipitation over 1959-2021.
Overall the model trends are weaker than observed.
Looking at winter first and as discussed by S19, the
models suggest that much of the Mediterranean and all
the Southern Hemisphere MCRs should have dried over
the past decades due to changes in radiative forcing while
the west coast of North America should have got wetter.
This agrees with the observed trends other than for the

Pacific Northwest. The models also suggest all
the Southern Hemisphere MCRs should have dried in all
seasons other than southwest Australia in summer for
which they show no trend. This is a remarkable agree-
ment with the observed Southern Hemisphere MCR dry-
ing trends. For the Mediterranean, the models also
indicate a spring and fall drying in parts of northwest
Africa and Iberia and across the region in summer,
although only some subregions reach significance. All of
these modelled trends have occurred in observations with
at least partial agreement in location. In the North Amer-
ican MCR the situation is curious: the models predict
radiatively-driven drying in spring and summer and fall,
which together with the increase in winter, translates
into a shorter and sharper wet season. This model hind-
cast agrees with the observations in summer and in Cali-
fornia in fall but disagrees in spring and in the Pacific
Northwest in fall which have got wetter. For the large
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FIGURE 3 The observed and
CMIP6 historical and SSP370 simulated
trends in seasonal precipitation for
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CMIP6 and Observed Csa and Csb Region
Precipitation Trends 1959-2021 (mm month™!)
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Mediterranean MCR, 60% in fall, 75% in winter, 78% in
spring and 86% in summer of grid points have model-
simulated drying.

Figure 3 shows these results in summary form for
areal averages and adding in the GPCC observations and,
for North America, the PRISM observations too. The
model results are shown as box and whisker plots that
represent the across-model ensemble means distributions
with outliers marked. We will discuss the results by
region reading from left to right across the columns in
Figure 3. For the Pacific Northwest, the main source of
agreement between models and observations (three data
sets) is drying in the summer, while there is a disagree-
ment between model-predicted wetting in winter and

observed drying. For California, models and observations
agree on drying in the fall, the wetting in winter in CRU
agrees with model simulations but is not supported by
the other two observational precipitation data sets (GPCC
and PRISM) and model-simulated drying in spring dis-
agrees with observed wetting. CRU and GPCC observa-
tional data sets agree on winter and spring drying in the
Mediterranean region but, although the CMIP6 multimo-
del mean and median have a weaker drying in these sea-
sons, many model runs also have wetting. Given the
likelihood of internal wvariability contributing to
the model spread, this suggests that the observed drying
might have been contributed to by natural variability as
well (see Kelley et al., 2011; Trigo et al., 2004; Xoplaki
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FIGURE 4 Trends in spring VPD (top two panels) and surface air humidity (bottom two panels), both in hPa, for the Northern
Hemisphere and Southern Hemisphere. Note the wider colour scale for VPD than for air humidity. [Colour figure can be viewed at
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et al., 2004) although it is also possible that models
underestimate the precipitation response in the
Mediterranean to GHG-forced circulation change
(Zappa et al., 2015a). Chile is a standout—all seasons,
observations and models robustly show drying providing
a strong indication that this is a dramatic human-driven
aridification. There is a similar agreement on southwest
Africa in the fall. However, the strong drying that CRU
shows here in other seasons is not seen in the GPCC data
though the CMIP6 models do indicate a weak human-
driven drying in winter and spring. Models and CRU data
agree on drying in southwest Africa in winter and spring
but GPCC data indicates wetting. For southwest
Australia, models and observations agree on drying in
winter, the observed fall drying is not found in the
CMIP6 models, there is a hint of agreement on spring
drying and the observed summer wetting is not found in
the radiatively-driven response of CMIP6 models.

3.2 | Observed trends in spring humidity
and VPD in and west of the world's MCRs

It has been shown for the North American MCR that
high VPD preceding the summer fire season is associated
with higher burned forest area (Jacobson et al., 2022). In
that interannually varying case, the high VPD is contrib-
uted to by a statistically significant higher saturation
vapour pressure but also, at lesser levels of statistical sig-
nificance, by lower specific humidity. While this relation
between fire and atmospheric aridity has not been proven
in other areas, it motivates the next analysis of trends in
VPD and specific humidity across the MCRs and their
nearby ocean areas in the spring season. To start, the
trend in spring VPD is shown in Figure 4. VPD is gener-
ally expected to increase since, due to the exponential
dependence of saturation humidity on temperature, even
constant relative humidity will lead to increasing VPD.
Consistently we see rising VPD everywhere except over
parts of the Amazon and the Indian subcontinent. Focus-
ing on the MCRs, the VPD increase appears strikingly
large in North America, Iberia and southwest Africa
(as part of a general large increase across southern
Africa).

Most of the increase in VPD is driven by atmospheric
warming and rising saturation humidity (not shown) but
of more surprise is that there are regions where the actual
specific humidity is either not increasing or even slightly
decreasing in ERAS5 (Figure 4). Focusing on the MCR
regions, there is a small area of specific humidity
decrease—or no increase—in California and the interior
southwest of the United States and also in central Iberia
and parts of Morocco (see also Simpson et al., 2023). But

of Climatology

these are relatively limited areas of the Northern Hemi-
sphere where, otherwise, specific humidity rises as
expected given warming and Clausius-Clapeyron con-
straints. More impressive is the widespread areas of
decreasing specific humidity in the Southern Hemisphere
subtropics. These lie west of, but impinging on, the
southern MCRs in Chile, southwest Africa and southeast-
ern Australia while southwest Australia does not appear
to be affected in this way. Clearly, the surface specific
humidity trend over the ocean will be related to the trend
in SST. In the Southern Hemisphere this shows more
regions of cooling or muted warming than the Northern
Hemisphere with cooling across the Southern Ocean,
over the southeast to eastern equatorial Pacific and
muted warming in the South Atlantic (e.g., Heede &
Federov, 2023; Wills et al., 2022). However, this is only a
consistent relation and the SST trends themselves could
be driven by the atmospheric humidity trends: in the
absence of any other changes, reduced surface air
humidity will tend to increase latent heat flux and cool
the SST until the air-sea humidity difference and latent
heat flux restore equilibrium at a lower SST (Betts &
Ridgway, 1989).

3.3 | Association of changes in
hydroclimate of MCRs with large-scale
circulation

To check the association between specific humidity
declines that impact Southern Hemisphere MCRs and
the atmosphere circulation, in Figure 5 we show trends
in the zonal mean zonal wind and transient eddy
momentum flux uv'. These plots are shown for both
hemispheres for context and contrast but our focus will
be on the Southern Hemisphere. What jumps out is the
strengthening of the Southern Hemisphere jet in every
season which also is associated with a poleward shift in
summer and, to some extent, fall. This is likely a response
of the jet to increasing CO, and reducing O;. In the
Northern Hemisphere, where CO, forcing dominates, jet
strengthening is weaker and restricted to winter alone.
The Southern Hemisphere jet strengthening is associated
with enhanced poleward transient eddy momentum
fluxes immediately equatorward of the strengthening.
Figure 6 then shows that the eddy momentum flux
anomalies are associated with vertical motion anomalies
with a trend towards subsidence in the subtropical to
mid-latitude bands. These relationships can be under-
stood in terms of a transient eddy-driven mean meridio-
nal circulation. An approximate zonal mean, denoted by
angle brackets, zonal momentum equation can be written
as J(m)/dt-f(v)=—3(u'v')/dy and the continuity
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enhanced poleward eddy momentum flux will tend to
accelerate the jet on the poleward side and also
induce an equatorward meridional flow. The meridio-
nal flow will drive subsidence on the equatorward
flank of the enhanced eddy momentum flux. We pro-
pose that the eddy-induced subsidence causes the

equation as d(@)/dp

FIGURE 5
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Trend of ERA5 850hPa Specific Humidity (g-kg™)
and 700hPa w (hPa-day™), Spring 1959-2021
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FIGURE 7 Trends over 1959-2021 in ERA5 850 hPa specific humidity (g-kg™", colour) and 700 hPa vertical pressure velocity

(hPa-day™, contours) during spring (MAM for Northern Hemisphere and SON for Southern Hemisphere). [Colour figure can be viewed at
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the atmosphere is driven by the ocean through SST
trends. To look at this, Figures 8 and 9 show trends in
SST, precipitation and 700 hPa heights in spring and fall
as observed, in the ensemble mean of the SST-forced
atmosphere model, and in the multimodel ensemble
mean of the CMIP6 ensemble. In the Northern Hemi-
sphere spring and fall it is difficult to attribute causality
to the observed changes. In spring (Figure 8, left column)
there has been a trend towards a deeper North Pacific
low which is consistent with wetting on the west coast of
North America north of California but the SST-forced
model produces a trend towards higher pressure while
CMIP6 has a considerably weaker increase in pressure
centred over the western to central North Pacific. The
coupled model that contains CAM6 is CESM2 and it also
has a trend towards a North Pacific high though slightly
to the west of its SST-forced counterpart (not shown). In
northern spring the weak drying over the Mediterranean
is associated with quite different circulation trends in
observations and the SST-forced model (which is

matched in CESM2) and there is almost no circulation
trend in CMIP6.

In northern fall (Figure 9, left column) the agreement
between observations and CMIP6 on drying of the North
American MCR and a high over the North Pacific might
encourage the interpretation that this is radiatively
forced. However, the SST-forced model simulates a
higher zonal wavenumber low-high-low pattern across
the North Pacific and into North America which ques-
tions this. CESM2, however, simulates a trend towards a
North Pacific high akin to CMIP6 (not shown). Conse-
quently, the CAM6 high zonal wavenumber pattern is a
response to the observed SST trend. In fall there is also
little coherency between observed, SST-forced (or CESM)
and CMIP6 circulation trends over the Mediterranean.

The situation is far less ambiguous in the Southern
Hemisphere than in the Northern Hemisphere. In spring
(Figure 8, right column) and fall (Figure 9, right column)
the observed drying in the MCRs (although including just
the far southwestern tip of Australia in spring) is
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SST (K) z700mb (m) and P (mm-month™") trend spring 1959-2021
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FIGURE 8

Trends over 1959-2021 in SST (colour, ocean), 700 hPa heights (contours) and precipitation (colours, land) for (top) ERAS5

and CRU observations, (middle) the SST-forced CAM6 model and (bottom) the CMIP6 multimodel ensemble mean of coupled models for
spring in the northern (left column) and southern (right column). For ERA5 and CAM6 the SST fields are observed estimates. Units are K
for SST, m for heights and mm-month™" for precipitation and represent that change over the trend period. [Colour figure can be viewed at
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reproduced in both the SST-forced and CMIP6 models. This
is associated with, allowing for disagreements on the details,
trends towards increasing heights in the subtropics to mid-
latitudes and lowering heights poleward. This trend is itself
associated with the poleward shift of the westerlies and,
according to the arguments above, subsidence and drying
on the equatorward flank where the MCRs are. The SST

trend includes that which is a response to radiative forcing
but additionally includes any due to internal variability.
The agreement across model experiments and across the
Southern Hemisphere in spring and fall on circulation and
MCR drying trends strongly indicates that human-induced
radiative forcing of hydroclimate change has dominated the
trends over the past half-century or so.
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SST (K) z700mb (m) and P (mm-month") trend fall 1959-2021
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FIGURE 9

4 | MODEL-PROJECTED TRENDS
OVER THE NEXT TWO DECADES IN
SEASONAL PRECIPITATION IN THE
WORLD'S MCRs

Given problems with CMIP6 models reproducing observed
trends in surface and low-level humidity (Simpson
et al, 2023), we do not consider model projections of
humidity. Instead, in Figure 10 we show near future change
in precipitation, SST and 700 hPa heights for all seasons. To

As in Figure 8 but for fall. [Colour figure can be viewed at wileyonlinelibrary.com]

look at the future we examine the next two-decade period
(2031-2050) relative to the last two decades (2001-2020).
This is particularly important for the Southern Hemisphere
given the decline of ozone until about 2000 and then its
subsequent stabilization and gradual recovery (Solomon
et al., 2016). Looking at differences relative to a late 20th
century baseline would include the consequences of ozone
depletion (as in figures already shown) but what is of inter-
est is how hydroclimate will change now that ozone is
recovering gradually but GHGs are continuing to rise. In
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the Southern Hemisphere, the future circulation differences
are very similar to the trends seen to date but weaker:
increased geopotential heights in the mid-latitudes and
decreased heights further poleward throughout the year.
This goes along, as it did for the last few decades, with dry-
ing in all the Southern Hemisphere MCRs in all seasons. At
least in these model projections and for this time frame it
appears the drying influence on MCR hydroclimate of ris-
ing GHGs wins out over any wetting influence from ozone
recovery.

FIGURE 11 Model projections of
precipitation trends from 2001 to 2050
for the world's MCRs and for, from top
to bottom, fall, winter, spring and

30 summer. The multimodel ensemble
s 20 mean is marked by an asterisk. The
T 10 edges of the box mark the 25th and 75th
% § 0 g percentile of the ensemble spread across
1 ; ~10| 1 model ensemble means, the horizontal
D ool * line is the median, the whiskers mark
30 the range and outliers (beyond one and
a half times the inter-quartile range from
the 25th or 75th percentiles) are red
30 crosses. Units are for the change over
s 20 2001-2050 expressed in mm-month™".
T 10 [Colour figure can be viewed at
% § 0 ¥ wileyonlinelibrary.com]
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In the Northern Hemisphere matters are once again
more complicated. In winter, the models project higher
heights over the central North Pacific and a trough at the
west coast of North America and then a ridge over
the central Mediterranean. Consistently there is wetting
over the North American MCR north of southern Califor-
nia and drying across the Mediterranean. In spring the
Mediterranean ridge remains, though weaker, but the
trough over the North American west coast has gone and
the MCR dries south of Washington State. Summer has

FIGURE 10

CMIP6 multimodel mean projections of SST (colours, ocean), 700 hPa heights (contours) and precipitation (colours, land)

for (a, c) fall, (b, d) winter, (e, g) spring and (f, h) summer. Projections are for a near-term future (2031-2050) minus a recent past (2001-

2020). Units are K for SST, m for heights and mm-month™" for precipitation. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 12 Model projections of the latitude of maximum zonal mean zonal wind at 700 hPa from CMIP6 historical and future

projections. The mean across models of the ensemble mean for each model is shown as the solid line and the dashed lines show the 25/75th
and 5/95th percentiles of the distribution across models and ensemble members. The linear least squares trend lines are also shown with
their gradients noted. Units are degrees latitude. In the lower panel the ensemble spread across models and runs of changes in latitude over
the time period is shown in box and whiskers format. The edges of the boxes show the 25th and 75th percentile spread and the whiskers
extend from the box to the farthest data point lying within 1.5 times the inter-quartile range from the edges of the box, with outliers beyond
marked. The line across the box is the ensemble median and the cross is the mean. [Colour figure can be viewed at wileyonlinelibrary.com]
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strong drying over the Mediterranean that does not seem
associated with any similarly strong circulation anomaly
and there is also drying along the North American
coastal MCR. Both Northern Hemisphere MCRs are pro-
jected to dry in fall.

Model-projected trends over 2001 to 2050 are shown
in box and whiskers format in Figure 11. With robustness
indicated by when more than 75% of models agree on
sign of change, the results indicate robust drying trends
in all the Southern Hemisphere MCRs and in all seasons
except southwest Australia in summer and fall. Robust
drying in the Mediterranean in all seasons and in the
Pacific Northwest in summer is projected by CMIP6.
There are no robust projected wetting trends but there
are suggestions (i.e., a majority of models) of a wet trend
in the whole North American MCR in winter.

Further context for projected climate change and the
contrast between hemispheres is provided in Figure 12
which shows the latitude of maximum zonal mean zonal
wind at 700 hPa (the eddy-driven jet, see Simpson
et al., 2014) for 1959-2050 in the historical and future
projection simulations of CMIP6. Summer (DJF) in the
Southern Hemisphere shows a poleward shift of the jet
during the period of ozone depletion up to about 2000
but then continues more weakly to 2050. Southern Hemi-
sphere spring, fall and winter show poleward shifts across
historical and future periods. In the Northern Hemi-
sphere, poleward shifts of the jet occur in fall, spring and
summer. The opposite signed responses between the
North Pacific and Atlantic sectors in DJF prevents any
strong zonal mean response, as shown by Simpson et al.
(2014). Robustness and significance are further assessed
in Figure 12e using box and whiskers plots of the ensem-
ble spread across models and runs of the latitude shift
over the period. Robustness, as in more than 75% of runs
agree on the sign of change, is evident for the shifts men-
tioned above. The box and whiskers clearly show the
widening of the tropics-to-subtropics band between
the jets but also makes clear that the shift is larger and
more robust in the Southern Hemisphere. At least for the
Southern Hemisphere MCRs, these results emphasize
the likelihood of continuing aridification associated with
poleward shifts of the jets driven by rising GHGs.

5 | ROBUSTNESS OF
PRECIPITATION CHANGE OVER
THE 21ST CENTURY WITHIN
MULTIPLE LARGE ENSEMBLES

Here we make use of the 10 large ensembles to examine
the uncertainty in model projections of precipitation in
the MCRs and see the relative contributions from model

response differences and internal model variability.
Figure 13 shows time series of 20-year running mean
annual (for brevity) precipitation from 1980 to 2100, a
longer period than analysed so far but one that places the
ongoing and near-term future changes in context. Also
shown are the observational estimates from CRU and
GPCC. For the historical period the observational esti-
mates fit within the model spread with the exception of
CRU for southwestern South Africa which has consider-
ably greater variability and a stronger drying trend
(as also seen in Figure 3). Looking forward, what is once
more remarkable is the extent of model agreement that
the Southern Hemisphere MCRs will continue to dry. For
Chile and southwest Africa, by 2050 there is almost no
uncertainty as to the sign of annual mean precipitation
change: the vast majority of models and ensemble mem-
bers predict drying. This level of agreement is delayed
until 2070 for southwest Australia. As a group, the
models all predict intensifying drying of southern MCRs
for the entire century. However, the spread due to model
differences and internal variability is such that the drying
could range between about 50% and 150% of the mean
drying. For Chile and southwest Africa, uncertainty from
model differences is a bit larger than from internal vari-
ability while for southwest Australia uncertainty is about
equally divided. Models also agree on drying in the Medi-
terranean. However, in this case, the modelled best case
delays drying until the early second half of the century
and with 0.2 mm-day™' by end of the century. In con-
trast, in the worst-case scenario, that amount of eventual
drying has already occurred and will intensify to three
times as severe at about 0.6 mm-day ™. In the Mediterra-
nean region, model differences are the larger contributor
to uncertainty. Results are starkly different in the North
American MCR. The large ensembles project modest
forced drying in California has already occurred with no
further change and wetting in the Pacific Northwest but
the spread contains wetter and drier futures for both
regions. Also, in both parts of the North American MCR,
the uncertainty mostly arises from internal variability for
the first half of this century, but by the end of the century
there are about equal contributions from differences
between models and from internal variability.

6 | DISCUSSION
6.1 | Observed and modelled trends
to date

The trends in precipitation, surface and low-level humid-
ity and VPD in the Southern Hemisphere over the past
five decades appear well related to the trends in zonal
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20-year running annual mean precipitation anomalies, relative to 2001-2020, for 10 large ensembles consisting of

20 members each. Thin dark lines show the ensemble means for each individual model and the thick black line shows the multi-model
ensemble mean. The edge of the orange shading shows the 90% confidence interval across the ensemble members and this is partitioned into
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and Lehner et al. (2020). The dashed black lines the 5th to 95th percentile range of the distribution of the model members. Also shown are
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mean winds, eddy momentum fluxes and subsidence. Of
great importance for hydroclimate and its impacts on
MCRs, these circulation-driven precipitation drying
trends appear in all seasons. This across-seasons climate
change is consistent with simulations of climate models
driven by changes in radiative forcing. It is proposed that
it arises as a result of both increases in GHGs and deple-
tion of ozone. The latter only directly impacts climate in
the summer half year when ozone can interact with

incoming solar radiation. Considerable work has attrib-
uted a poleward shift of the jet, Hadley cell and subtropi-
cal dry zone expansion in austral summer to ozone
depletion (e.g., McLandress et al., 2011; Polvani
et al., 2011; Thompson et al., 2011). The time evolution of
this is a strong shift as ozone depleted in the late 20th
century and then stabilized following international action
initiated by the Montreal Protocol (see Banerjee
et al., 2020). Over our time period, this still appears as a
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poleward trend. In the austral winter half-year the same
direction trend arises from rising GHGs and can involve
some of the same stratosphere-troposphere dynamical
interaction mechanisms that drive the response to ozone.
Our results are consistent with those of Fogt and Mar-
shall (2020) who show trends towards a poleward-shifted
and stronger Southern Annular Mode in all seasons over
the past half-century. As here, these are strongest in aus-
tral summer but, in their work, still can reach statistical
significance in austral winter. Grise et al. (2019) report
consistency between models and observations in the
expansion of the Southern Hemisphere Hadley Cell with
both GHGs and ozone depletion contributing. Here we
argue that these human-driven changes are causing
reductions in precipitation in the three Southern Hemi-
sphere MCRs and increases in surface and low-level
atmospheric aridity west of and over the Chile and south-
west Africa MCRs.

The Northern Hemisphere is far more complicated
with changes in precipitation in North America and the
Mediterranean being different and both varying by sea-
son. This is no doubt due to the higher amplitude station-
ary wave field playing a role, the weaker ozone forcing,
the strength of the influence of the tropical Pacific on
North America and the presence of localized modes of
atmosphere variability such as the North Atlantic Oscilla-
tion (NAO). In North America there has been reducing
precipitation in fall from Oregon south with wetting in
Washington, a north-south drying-wetting dipole in win-
ter, mostly wetting apart from southern California in
spring and drying along the coast in summer. Of these
only the all-coast precipitation reduction in summer and
the drying in fall from Oregon south agree with CMIP6
simulations of the response to radiative forcing. The fall
precipitation reduction was noted by Lukovic et al.
(2021) and is consistent with a later onset, shorter, rain/
snow season (e.g., Swain, 2021). However, the CAM6
model forced by both the observed SST history and trace
gases does not reproduce the spring and fall trends in
precipitation in the North American MCR and associated
circulation. This suggests, albeit based on just one SST-
forced model, the observed trends might in fact be
strongly influenced by internal atmosphere variability
and any agreement of them with the CMIP6 models is
fortuitous. Prior work on November-April precipitation
trends in California has also not found evidence of drying
or wetting (Seager et al., 2015). This stands in contrast to
a drying trend in spring in the interior southwest that is
apparent in observations, CMIP6 radiatively-forced
models and SST-forced models (Seager et al., 2022b).

In contrast to the North American MCR, there has
been reduced precipitation in the Mediterranean region
since 1959. This drying stretches across almost the entire

Mediterranean in winter and is also widespread though
weaker in spring. S19 showed notable agreement
between the observed and CMIP6 modelled drying in the
Mediterranean in winter for the period 1901-2018. Here
we show the observed drying in spring and northwest
Africa and parts of the Middle East are also seen in
CMIP6 simulations of radiatively-forced change. Earlier
work that examined the entire cool, wet half of the year
(November-April) claimed that there was a combined
model and observations-based evidence of human-driven
precipitation decline across the Mediterranean as a con-
sequence of human-driven ocean warming (Hoerling
et al., 2014). Looking at 1950-2004 and the entire wet
season, Kelley et al. (2012) found evidence of human-
driven drying once the effects of presumed natural
decadal fluctuations of the NAO had been removed.
However, in our updated analysis, the observed drying in
spring appears related to a low-level high anomaly over
western Europe and low over Russia that brings drying
continental air to the central and eastern Mediterranean
and sub-Saharan air to the western Mediterranean. This
circulation trend is not seen in either the CMIP6 models
nor the SST-forced model. This discrepancy cautions that
there are likely seasonal variations in the mechanisms of
Mediterranean drying and we should not yet draw a firm
conclusion on the role of human-induced climate change
in spring precipitation trends in the Mediterranean. This
conclusion also holds for the winter and summer season
changes not shown here.

6.2 | Modelled near-term future trends
in seasonal precipitation

The near-term future trends, evaluated from 2001 to
2050, in CMIP6 models essentially continue the simu-
lated trends to date. All the Southern Hemisphere MCRs
continue to dry in all seasons, indicating that the effect of
GHG-induced warming wins out over any wetting due to
ozone recovery. In the Northern Hemisphere the models
project Mediterranean drying throughout the year. In the
North American MCR the models project drying in the
fall in the south, wetting in winter, drying in the south
and wetting in the far north in spring, and drying in sum-
mer. The future drying trends across-seasons are quite
robust across models and ensemble members in the Med-
iterranean, Chile and southwest Africa and in Australia
in winter and spring. In contrast, the trends in the North
American MCR are less robust, with models suggesting
either a drying or wetting is possible, except for drying in
the Pacific Northwest in summer. According to the Large
Ensembles, the drying is robust in all southern MCRs
and the Mediterranean, although with timing and
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magnitude influenced by model response uncertainty
and internal variability uncertainty, but not at all robust
in the North American MCR. Within the large Mediterra-
nean MCR, all grid points in the current Csa and Csb
areas have drying trends in spring and summer, 98% in
fall and 86% in winter, emphasizing that this is a
regional-scale climate change. Previously, Polade et al.
(2017) reported using CMIP5 models the projected winter
drying of all the MCRs other than California which
agrees with that part of our analysis.

6.3 | Physical mechanisms of observed
humidity changes and observed and
modelled future precipitation trends
6.3.1 | The Southern Hemisphere

The causes of changes to date in precipitation and
humidity in the Southern Hemisphere MCRs at least
appear relatively straightforward. The greater degree of
zonal symmetry in the Southern Hemisphere essentially
ensures that the MCRs tend to change together in
response to radiative forcings from ozone and rising
GHGs that themselves are largely zonally symmetric. In
spring to summer, ozone depletion impacts stratospheric
temperatures and flow. Changes in lower stratosphere
flow can influence the fluxes of momentum by synoptic
eddies in the upper troposphere which then change the
mean meridional circulation throughout the depth of
the troposphere (see, e.g., Thompson et al., 2011, and ref-
erences therein). Rising GHGs can also shift the mid-
latitude jet streams poleward (Grise & Polvani, 2011) via
mechanisms involving stratospheric temperature and cir-
culation change akin to those for ozone depletion
(e.g., Wu et al., 2012, 2013a, 2013b; see Shaw, 2019 for a
comprehensive review of mechanisms originating in the
stratosphere, troposphere and surface). Hadley Cell
expansion can also follow directly from radiative effects
of increasing CO, without changes in surface tempera-
ture (Lu et al., 2008). However, general warming of the
surface due to rising GHGs also achieves a similar zonal
mean circulation response (e.g., Frierson et al., 2007) and
dries the Southern Hemisphere MCRs (Garfinkel
et al., 2020). Unlike ozone depletion, the direct and indi-
rect effect of rising GHGs work year-round. Hence these
two radiative forcings, via multiple mechanisms, are
capable of explaining the poleward-shifted westerlies.

S19 used a moisture budget decomposition to explain
future drying of the Southern Hemisphere MCRs in win-
ter in terms of reduced mean circulation moisture con-
vergence. The circulation change was towards easterly
anomalies and enhanced subsidence, both of which

of Climatology

would be expected to induce drying. The commonality of
circulation changes across seasons seen in Figure 10 sug-
gests these mechanisms of drying likely play a role
throughout the year.

6.3.2 | The Northern Hemisphere

In the Northern Hemisphere the mechanisms are differ-
ent and the poleward shift of the jets is less obvious.
Watt-Meyer et al. (2019) have shown this is partly related
to, first, the spatial patterns of CO,-induced SST change
which impart greater static stability changes in the south-
ern than Northern Hemisphere and, second, the Hadley
Cell width being less sensitive to static stability changes
in the northern than Southern Hemisphere. In addition,
the Northern Hemisphere introduces more zonal asym-
metry such that the two MCRs have responded, and are
projected to continue to respond, differently to drivers of
climate variability and change. This is related to the
stronger stationary wave field in the Northern Hemi-
sphere, with its stark land-ocean thermal contrasts
throughout the year and high mountains in North Amer-
ica, Asia and the Mediterranean basin. In response to
these asymmetries there are distinct extratropical jet
streams and storm tracks over the Pacific and Atlantic
Oceans (Hoskins & Valdes, 1990). Further, Arctic ampli-
fication of warming, for which there is no Southern
Hemisphere counterpart, drives a reduction in the low-
level meridional temperature gradient that opposes the
upper level increase caused by the combined effects of
upper troposphere warming and tropopause rise in the
Tropics and extratropical stratospheric  cooling
(e.g., Chen et al., 2020). This might weaken zonally sym-
metric responses to forcing while increasing the relative
importance of stationary wave responses. Considering
the radiatively-forced change first, Grise and Polvani
(2011) show that, despite the zonal asymmetries of the
mean Northern Hemisphere climate, the response to ris-
ing CO, in the absence of SST change induces a poleward
shift of the jets over both oceans in all seasons and a
high-pressure anomaly over the Mediterranean in winter
and spring (consistent with drying). But they also show
that the response to the SST changes induced by the ris-
ing CO, is zonally asymmetric, enhancing the poleward
jet shift over the North Atlantic-Europe-Mediterranean
region, but inducing an equatorward shift over the east-
ern Pacific and west coast of North America. This shift is
strongest in the winter and the associated SST-induced
ridge over the Mediterranean and trough over the North
American west coast is consistent with model projections
of drying in the Mediterranean but wetting in the North
American MCR. An interesting aspect of this is that
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Simpson et al. (2016) showed that the wetting—drying
North America-Mediterranean contrast can be explained
in terms of the intermediate scale stationary wave
response to the zonal mean zonal wind change in the
subtropics to mid-latitudes. Hence, to be consistent with
Grise and Polvani (2011), requires that the CO,-induced
SST change, with all its spatial structure, drives the right
zonal mean wind change in the subtropical to mid-
latitudes upper troposphere that influences the propaga-
tion of stationary waves. This is entirely possible because
an important signal of CO,-induced SST change in both
models and observations is a warming over the regions of
deep convection which would lead to a relatively uniform
warming of the tropical upper troposphere through moist
adiabatic adjustment and a strengthening of the west-
erlies in the subtropics.

The model simulated and projected response to GHG
forcing in the Mediterranean is largely consistent with
the observed record of winter and spring drying to date.
However, in the North American MCR the record is var-
ied with only spring in California showing a weak
radiatively-forced-model simulated drying and even that
being inconsistent with observations. However, these
agreements, such as they are, are potentially fortuitous.
In no season do the observed circulations trends that
drive the observed precipitation trends look like those in
the radiatively-forced multimodel mean. The starkest dif-
ference (not shown here) is the wintertime strengthening
of the North Atlantic jet and high pressure anomaly over
the Mediterranean which is not even approximately
reproduced in the radiatively-forced multimodel mean,
as pointed out by Blackport and Fyfe (2022). The dis-
agreements in circulation trends over the North Pacific
and west coast of North America between observations
and the radiatively-forced models are also obvious. Fur-
ther, in no season are there agreements across the obser-
vations, SST-forced model (albeit a single model) and
CMIP6 models on circulation trends. This suggests that
the disagreements between observations and radiatively-
forced models do not come about from strong naturally
occurring SST variations (as Blackport and Fyfe also con-
cluded). Mediterranean precipitation variability is highly
influenced by the NAO and, to a lesser extent, by other
modes of atmospheric variability and does not appear to
be strongly ocean-driven (see S19 and references therein).
Precipitation variability in California and along the North
American west coast does have a relation to tropical
Pacific SST variability but even this is weaker than that
due to internal atmosphere variability (Seager
et al., 2015). Hence for both Northern Hemisphere MCRs
it is not unreasonable to think that even long-term trends
might arise from internal atmosphere variability. But

clearly, with this level of disagreement amongst models
and observations, no firm conclusions can be drawn.

Turning to the changes in surface and low-level
humidity, it is notable that the Northern Hemisphere
does not have analogs to the longitudinally widespread,
low-level atmospheric drying seen in the Southern Hemi-
sphere subtropics to mid-latitudes. There are regions of
drying under subsidence in the central subtropical North
Pacific and Atlantic Oceans but these are considerably
equatorward of the MCRs. However, there actually is a
region of surface and low-level humidity decrease over
southern California and the interior southwest
United States in spring. Jacobson et al. (2023) confirmed
this atmospheric drying in in situ station data, and have
attributed it to less evapotranspiration into the atmo-
sphere following a strong March trend towards less pre-
cipitation. There are also regions in the Mediterranean—
for example, Iberia, Morocco and Turkey—that are
experiencing surface and low-level humidity declines or
little increase. This is surprising since our default expec-
tation is for an increase following Clausius-Clapeyron
with warming even if relative humidity declines over
land (Byrne & O'Gorman, 2016). This atmospheric dry-
ing, together with that occurring in many semi-arid and
arid regions of the world, is the focus of the analysis of
Simpson et al. (2023) who show that state-of-the-art cli-
mate models conspicuously fail to simulate it. Their study
focuses on land areas and suggests that the most likely
candidate for the discrepancy between models and obser-
vations may arise from incorrect land—-atmosphere inter-
actions in models. Here we show that atmospheric drying
also occurs over some subtropical to mid-latitude oceans.
In this case moisture budget analyses of ERA5 data (not
shown here) indicate it is induced by mean circulation
anomalies and (also not shown) is not well reproduced in
CMIP6 simulations of the historical period.

Considering the near-term future projections in the
Northern Hemisphere, the models project reduced pre-
cipitation across most of the Mediterranean throughout
the year. In contrast, the models project most of the
North American MCR to get wetter in winter but drier in
the rest of the year consistent with Dong et al. (2019).
Simpson et al. (2016) argued that changes in the
intermediate-scale stationary wave field following
strengthening of the subtropical upper troposphere jet
could help explain this zonal asymmetry of changes in
northern MCR climates, while also showing that larger-
scale waves contribute to Mediterranean drying. The role
of stationary wave changes is made more complex by
claims, building off interannual variability relations, that
models might underestimate the Mediterranean winter
precipitation decline for a given stationary wave change
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(Zappa et al., 2015b) while Tuel et al. (2021) argue the
opposite based on models underestimating the mean
state vertical wind shear over the eastern Mediterranean.
In addition, models tend to project that the eastern tropi-
cal Pacific will warm more than the rest of the tropical
Pacific (often called an El Nifio-like response) and Allen
and Luptowitz (2017), Dong and Leung (2021) and Seager
et al. (2023) have pointed out this model response to ris-
ing GHGs tends to make California wetter in winter.
However, it is now widely accepted that there is a dis-
crepancy between the observed trend to an enhanced
zonal SST gradient across the equatorial Pacific and
model simulations of the historical period (Lee
et al., 2022; Olonscheck et al., 2020; Seager et al., 2019a,
2022a; Watanabe et al., 2020) indicating future projec-
tions should be treated with caution. Hence the model
projections of mid-winter wetting of California should be
treated with caution. The spring drying along the North
American west coast may be more certain. Ting et al.
(2018) explain this in terms of enhanced advective drying
by the mean westerlies as spring warming over land
increases atmospheric humidity such that the zonal
humidity gradient (wetting to the east) strengthens. This
thermodynamic effect is likely less influenced by the
structural uncertainty of models than the dynamical
effects at play in the winter (e.g., Shepherd, 2014). Nota-
bly, the North American MCR is the one where internal
variability introduces the greatest fractional uncertainty
to future precipitation projections. Add to this the dis-
crepancy between modelled and observed humidity
trends in this region (Simpson et al., 2023) then it is clear
that the hydroclimate future of the North American
MCR is uncertain.

In addition to changes to global stationary waves as
in Zappa et al. (2015b) and Simpson et al. (2016), other
mechanisms have been identified to help explain why the
Mediterranean is such a hotspot of drying, year-round, in
both the past and the future. Tuel and Eltahir (2020) and
Tuel et al. (2021) recognize the importance of the plane-
tary scale stationary waves but also show that greater
GHG-induced warming over land than the Mediterra-
nean Sea in winter leads to a localized high over the Sea
that suppresses precipitation. During the winter much
precipitation is associated with the Mediterranean storm
track (Lionello et al., 2006). Indeed, Seager et al. (2014)
found that in CMIP5 models there was enhanced tran-
sient eddy moisture flux in the cool season onto the land
areas north of the Sea which followed from enhanced
moisture gradients. This partially offset the mean-flow
induced drying. On the other hand, Zappa et al. (2015a)
found that the winter precipitation reduction is associ-
ated with a reduced number of cyclones even as locally,
cyclone-associated precipitation can increase. Given the
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technicalities of moisture budget evaluations and
cyclone-tracking and precipitation tagging these results
are not necessarily at odds with one another.

Another possible driver of cool season Mediterranean
drying is the behaviour of the subpolar North Atlantic
Ocean. Delworth et al. (2022) show that in a 21st century
model scenario where GHGs are reduced, the North
Atlantic becomes relatively cool because the Atlantic
Meridional Overturning Circulation, which weakened
over the late 20th to middle 21st century, does not
recover. In winter the cool subpolar North Atlantic SSTs
lead to a cyclone above and a teleconnected anticyclone,
inducing drying, over the Mediterranean. While focused
on a model future, this work suggests that the North
Atlantic warming hole and its continuation into the
future could be contributing to cool season
Mediterranean drying. Notably, in the future winter
model projections shown here, the North Atlantic
cyclone-Mediterranean anticyclone and cool North
Atlantic SSTs appealed to by Delworth et al. are also seen
(Figure 10) although, independently, the acceleration of
the upper tropospheric, subtropical, zonal mean zonal
flow can also induce a high over the Mediterranean
(Simpson et al., 2016). Of course, the Mediterranean
might be such a hotspot for drying exactly because multi-
ple mechanisms are inducing drying in that region and
acting additively.

The Mediterranean is also projected to dry in the
warm season. Seager et al. (2014) used a moisture budget
decomposition on CMIP5 models to attribute this to
anomalous mean flow moisture divergence with both
enhanced moisture and enhanced mass divergence con-
tributing. The increased heights over the North Atlantic
Ocean shown here (Figure 10), and equatorward flow
over the Mediterranean longitudes, are consistent with
those arguments. The high-pressure ridge extends from
the western North Pacific to the Atlantic and could also
help explain the summer drying over the northern
reaches of the North American MCR. Tuel and Eltahir
(2021) argue that cool season precipitation reductions
can set the stage for summer drying via soil moisture-
precipitation feedbacks with the associated low-level anti-
cyclone over Europe displacing Atlantic moisture inflow
northward and away from the Mediterranean.

6.4 | Future shifts of the locations
of MCRs

We have considered past and projected future climate
change within the current geographic locations of Csa
and Csb (Mediterranean) climate zones. However, the
changes projected imply that the MCRs will move.
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TABLE 1
PNW CA Med
Fall Rp O*+, Rp S, Rp
Winter 0O, S S O*+
Spring (O O, Rp
Summer O*, Rp, Rp Oo* O* Rp, Ry

Agreement on sign of precipitation trends for MCRs by season, 1959-2021 and for model projections of 2001-2050.

Chile SW Africa SW Australia
O, Rp, S, Rr O, Rp (0]

0O, Rp, S, Rp S, Rp O* Rp, S, Rp
O, Rp, S, Rr Rr Rp, Rp

O*, Rp, S, Rp

Note: Observed agreement is when both or all three (North America only) observational data sets agree on sign of trend. For the models agreement is when
three quarters or more of the model ensemble means for CMIP6, and the model ensemble members for CAMS6, agree on sign of trend. All but two trends are
drying with the wetting trends (observed CA, spring and SST-forced Southwest Australia, winter) in italics and underlined. Future trends are in bold face. If the
observed trends do not overlap with the 5th to 95th percentiles of the SST-forced ensemble members or the CMIP6 ensemble means they are marked with

asterisk and/or plus signs, respectively.

Abbreviations: O, observed; Rp, radiatively-forced CMIP6 for past; S, SST-forced CAM6; Ry, radiatively-forced CMIP6 for future.

Alessandri et al. (2014) used CMIP5 climate projections
to probabilistically project the future location of MCRs.
They found that warming and increased seasonality of
precipitation caused the North American and Mediterra-
nean MCRs to expand northward and eastward. They
also found that decreasing cool season precipitation
shifted the climate in the southern coastal United States,
northwest Mexico, northwest Africa and the northern
shores of the Mediterranean Sea from MCR to arid. This
is consistent with our findings for the Mediterranean but
the uncertainty of changes in precipitation for the
California-Mexico region, including the possibility of
more winter precipitation, counsels caution there. In the
Southern Hemisphere the projected precipitation decline
and poleward jet stream movement diagnosed here are
consistent with the reduction in areas of MCRs in south-
western Africa and southwest Australia as the climate
conditions needed for an MCR shift southward of the
continents. In Chile we would expect a southward shift
of the MCR but that requires further examination as it is
not what was found in Alessandri et al. (2014).

7 | CONCLUSIONS

Changes in important aspects of hydroclimate—precipi-
tation, vapour pressure deficit and specific humidity—
have been examined across seasons for the worlds five
Mediterranean climate regions. VPD, and its contributing
factors of temperature and specific humidity, were exam-
ined because of the tight influence this has on burned
forest area at least in North America and likely in other
MCRs too. Changes over 1959-2021 have been placed in
the context of large-scale changes in circulation. We then
examined model projections of future changes in precipi-
tation. Table 1 provides a summary of findings and pre-
sents a simple assessment of observed and model
agreement on the sign of trends for all MCRs by season
for the historical period and for the 2001-2050 projected

future. It is striking that across observations, modelling
frameworks, time periods and seasons, only two of these
agreed upon trends are wetting. The table makes clear
the widespread agreement on: past and future drying in
Chile; future spring drying in MCRs other than in North
America; winter drying in the Southern Hemisphere
MCRs. The table also emphasizes the observed summer
drying in North America, the Mediterranean and Chile,
which in all cases is not captured by the SST-forced
ensemble but is by the CMIP6 ensemble. In addition
observed winter drying in California and the Mediterra-
nean is beyond the range of both ensembles while spring
wetting in California is beyond the SST-forced ensemble.
More detailed conclusions are as follows:

1. Qualitative attribution of precipitation trends to date
to radiative forcing is judged to occur when different
observational data sets and 75% or more of CMIP6
model ensemble means agree on the sign of the
change. By this standard, radiatively-forced drying is
occurring in the Chilean MCR in all seasons, in south-
western Africa in fall, southwest Australia in fall and
winter, California in fall and the Pacific Northwest in
summer. In no MCR in any season is there evidence
of radiatively-driven wetting. Whether fall drying in
the North American MCR can really be attributed to
radiative forcing is however brought into question
because an atmosphere model forced by the observed
SST history produces a North Pacific-North American
circulation trend at odds with that observed or in the
CMIP6 models. Why there is apparently more agree-
ment between observations and CMIP6 models on
precipitation change than on circulation requires fur-
ther investigation and explanation.

2. Vapour pressure deficit (VPD) in spring in the ERAS5
reanalysis has increased as expected given the control
of warming temperatures on the saturation humidity.
More surprising is that the specific humidity has
either not increased or actually declined in
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southwestern North America including the California
MCR, and, more starkly, across the Southern Hemi-
sphere subtropical to mid-latitude oceans west of
the MCRs.

3. The precipitation reduction and atmospheric drying
in the Southern Hemisphere can be dynamically
related to a change in the mean meridional circulation
with a poleward shift of the jet, enhanced poleward
transient eddy momentum flux and eddy-driven subsi-
dence at the latitude of the MCRs. These changes are
consistent with the expectations of the response to a
combination of ozone depletion and GHG increase as
demonstrated in numerous other observational and
modelling studies.

4. CMIP6 model-based trends from 2001 to 2050 show
striking reductions in precipitation in the Mediterra-
nean in all seasons and in all the Southern Hemi-
sphere MCRs in all seasons other than summer and
fall in southwest Australia. This period covers the one
of expected ozone recovery and, hence, for the South-
ern Hemisphere, reveals the dominance on near-term
future MCRs hydroclimate of CO, rise over ozone
recovery and continued drying. Dynamically contin-
ued drying appears related to further intensification
and poleward shift of the Southern Hemisphere jet
with easterly anomalies and subsidence at the MCRs
latitudes. In the North American MCR projected
future trends are not clearly distinct from zero with
the qualified exception of wetting in the Pacific North-
west in winter and drying in summer.

5. The uncertainty introduced into model projections by
model responses to forcing and internal variability
was examined using 10 large ensembles. This shows
that ongoing drying of Southern Hemisphere MCRs is
remarkably robust, though with variations in magni-
tude and timing across models. Drying of the Mediter-
ranean is also robust but with its timing ranging from
already ongoing to becoming discernible in
mid-century with this range strongly influenced
by model-based uncertainty. Projections are uncertain
for the North America MCR largely due to model-
based uncertainty.

These results, drawn from observations and climate
models, present a concerning picture of hydroclimate in
the MCRs. The Southern Hemisphere MCRs will face
increasingly challenging conditions in terms of water
resources as the subtropics expand and the extratropical
jets migrate southward away from the MCR locales. The
Mediterranean region will also face further drying while
the North American MCR might actually become wetter
in mid-winter but drier in other seasons. It has been
argued that these changes represent a poleward

of Climatology

movement and expansion, in the Northern Hemisphere,
of Mediterranean-type climates (Alessandri et al., 2014).
The dynamical changes underlying the drying of the
southern MCRs are reasonably certain but what station-
ary wave and local processes are driving the Mediterra-
nean drying and the contrasting conditions in North
America, remains unclear. Notably, predictions of win-
ter wetting of California might not be correct. If the
eastern equatorial Pacific continues to not warm, in
contrast to model projections, then this could induce a
drying tendency for California but a wetting tendency
for the Pacific Northwest. Further dynamically-focused
attribution work is needed to determine the causes of
observed trends being beyond the range of model
ensembles (the Mediterranean in winter and California
in fall) and why the SST-forced ensemble cannot simu-
late observed summer drying in American and
European MCRs. Expanding the number of SST-forced
ensembles, if possible, would be a priority. On top of
these concerns is uncertainty as to how VPD will evolve.
As presented here there is evidence VPD increases in or
near many MCRs is being contributed to by a lack of
increase or even a decrease in actual vapour pressure.
Given model inability to simulate these trends (Simpson
et al., 2023), it is hard to project these changes forward
but should they continue they will add to the precipita-
tion changes reported here to further increase fire haz-
ard. Clearly all the MCRs are facing serious climate
change-induced stresses in the coming decades that
need to be planned for now.
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