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Greenhouse gas (GHG) emissions affect precipitation worldwide.
The response is commonly described by two timescales linked
to different processes: a rapid adjustment to radiative forcing,
followed by a slower response to surface warming. However,
additional timescales exist in the surface-warming response,
tied to the time evolution of the sea-surface-temperature (SST)
response. Here, we show that in climate model projections, the
rapid adjustment and surface mean warming are insufficient to
explain the time evolution of the hydro-climate response in three
key Mediterranean-like areas—namely, California, Chile, and the
Mediterranean. The time evolution of those responses critically
depends on distinct shifts in the regional atmospheric circula-
tion associated with the existence of distinct fast and slow SST
warming patterns. As a result, Mediterranean and Chilean drying
are in quasiequilibrium with GHG concentrations, meaning that
the drying will not continue after GHG concentrations are stabi-
lized, whereas California wetting will largely emerge only after
GHG concentrations are stabilized. The rapid adjustment con-
tributes to a reduction in precipitation, but has a limited impact
on the balance between precipitation and evaporation. In these
Mediterranean-like regions, future hydro-climate–related impacts
will be substantially modulated by the time evolution of the
pattern of SST warming that is realized in the real world.

climate change | hydrological cycle | Mediterranean climates | CMIP5

Changes in regional precipitation and hydro-climate are
among the most impact-relevant aspects of climate change.

Particular concern regards the projected drying of subtropi-
cal and Mediterranean-like land regions, where water resources
are already limited, susceptible to large year-to-year variability,
and under the pressure of increasing population (1). It is often
assumed that the amplitude of regional climate responses scales
approximately linearly with global-mean warming (2, 3), but such
a behavior is not guaranteed on physical grounds (4) and indeed
not always found in model projections (5, 6). Increasing confi-
dence in the time evolution of regional precipitation changes
requires understanding the driving physical processes and the
timescales on which they act.

It is a standard approach to consider the climate response
as the sum of a rapid adjustment proportional to the radiative
forcing and a slower response proportional to surface warm-
ing (7). The presence of such distinct timescales is evident
in coupled experiments forced by abrupt increases in green-
house gas (GHG) concentrations, so that the climate impacts
of radiative forcing and warming are well separated. For hydro-
logical changes, this framework has successfully explained the
time evolution of the global-mean precipitation response to
GHG increases, which drops (rapidly) due to changes in the
atmospheric radiative absorption, before increasing (slowly) with
global surface warming (7–9).

This two-timescale decomposition has been recently extended
to understand the response of regional precipitation to GHG

and aerosol forcing (10–12). However, the energetic constraints
acting on global-mean precipitation are insufficient to explain
precipitation changes at the regional scale, where moisture fluxes
are controlled by atmospheric circulation. The response of atmo-
spheric circulation is more complex, and its time dependence
has only recently started to be explored. Circulation changes
can be forced via rapid adjustments, before any sea-surface
temperature (SST) warming is realized, due to the direct radia-
tive effects of GHGs on stratospheric (13), tropospheric (14),
and land-surface (5) temperatures. However, distinct fast and
slow circulation responses to warming also result from the time
evolution of SST warming patterns (15, 16). For example, the
poleward shift of midlatitude jets in the North Atlantic and
Southern Hemisphere (SH) is fully realized in about 10 y from
an abrupt increase in CO2, despite surface warming taking hun-
dreds of years to fully reach equilibrium (16). The time evolution
of the SST warming patterns is a coupled atmosphere–ocean
process that is strongly influenced by the interplay between
the warming of the mixed layer and of the deep ocean (17–
19). The implication is that atmospheric circulation changes
cannot be generally assumed to scale linearly with global-
mean warming, even after removal of the rapid adjustment
component.

Significance

One of the most impactful aspects of climate change is the
potential change in water availability. Large populations live
in Mediterranean-like regions—so-called because they receive
most of their precipitation in winter and experience dry, hot
summers—which are highly vulnerable to water stress. It is
generally assumed that changes in water availability are pro-
portional to global warming. In this study, we show that
this is not the case for Mediterranean-like regions, because
of the strong influence of changing patterns of atmospheric
circulation induced by patterns of sea-surface-temperature
changes. In the Mediterranean itself and in Chile, the pro-
jected drying is substantially accelerated relative to global
warming, whereas in California, the projected moistening is
substantially delayed.
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The above findings suggest that in regions where atmospheric
circulation is important for hydro-climate changes, the standard
rapid adjustment plus surface-warming response framework may
be inadequate to fully characterize the climate change response.
This hypothesis will here be tested by isolating the rapid adjust-
ment and two SST-driven components, one fast and one slow, of
the time evolution of the precipitation response to GHG forcing.
Considering two SST timescales is itself a simplification, since the
patterns in the SSTs are continuously evolving. Nonetheless, the
resulting three-timescale framework suffices to provide substan-
tial insights into the time evolution of the hydro-climate response
to climate change in Mediterranean-like regions.

Results
The Time Evolution of Precipitation in Representative Concentration
Pathway 4.5. Fig. 1 A and B present the Coupled Model Inter-
comparison Project, Phase 5 (CMIP5) multimodel mean tran-
sient (2060 to 2099) and long-term (2260 to 2299) annual-mean
precipitation changes in the extended Representative Concen-
tration Pathway 4.5 (RCP4.5) emissions scenario (Materials and
Methods), relative to the 1900 to 1949 mean climate in the his-
torical runs. In both periods, the precipitation response exhibits
well-known features, such as a wetting of the high latitudes and
tropical Pacific ocean and a drying of most subtropical regions
(20). In this scenario, GHG concentrations are roughly stabilized
by 2080 (21), but, due to the thermal inertia of the ocean, mean
global warming still increases from 2.4 K in 2060 to 2099 to 3.2 K
in 2260 to 2299.

If the projected regional precipitation changes (∆P) just
depended, in a linear way, on global-mean warming (∆T ), we
would expect the ratio in the precipitation response between the
two periods to be ∆Pratio = ∆P2100/∆P2300 ∼∆T2100/∆T2300 =

0.76. Conversely, deviations from this value imply that either
nonlinearities, rapid adjustments, or the evolution of SST
patterns modulate the equilibration of the regional climate
responses to GHG forcing. To explore the presence of such
behaviors, the ratio in the precipitation response between the
two periods (∆Pratio) is presented in Fig. 1C.

In several regions, the time evolution of the precipitation
response is found to be approximately proportional to global-
mean warming (gray shading in Fig. 1C; ∆Pratio ∼ 0.7− 0.8).
One such example is the projected wetting of the high lati-
tudes. Here, a linear dependence on surface warming is expected
since the high-latitude precipitation increase is fed, through the
“wet get wetter” mechanism, via the thermodynamic increase in
atmospheric moisture content (22).

A different behavior is found in several subtropical regions
(green shading in Fig. 1C). Here, most of the long-term precip-
itation decline is already fully realized within the 21st century
(∆Pratio ∼ 1), indicating that the response equilibrates faster
than global-mean warming. This behavior was previously noted
over the subtropical oceans as a result of circulation changes
forced within the rapid adjustment to radiative forcing (5). How-
ever, Fig. 1C further identifies that subtropical land areas, such
as the Mediterranean and parts of Chile, are also characterized
by a precipitation decline that evolves faster than global-mean
warming. In some areas, ∆Pratio is even larger than unity, indicat-
ing that the transient response tends to overshoot the long-term
drying.

Interestingly, there are also areas in which ∆Pratio . 0.5
(brown shading), implying that precipitation changes equilibrate
slower than global-mean warming. In these regions, counterintu-
itively, most of the climate change response is realized only after
GHG concentrations are stabilized. Over land, this behavior is

Fig. 1. (A) CMIP5 multimodel mean annual-mean precipitation response (mm·d−1) by year 2060 to 2099 in the RCP4.5 scenario relative to 1900 to 1949. (B)
As in A, but for the long-term precipitation response by year 2260 to 2299. In the titles, ∆ T indicates the global warming realized in each period. (C) Ratio
of A to B, i.e., the fraction of the long-term response already realized by 2060 to 2099. Gray shading implies that the ratio in the precipitation response
scales like global-mean warming. Brown (green) shading implies that the precipitation response is slower (faster) than global warming. White shading shows
where less than 75% of models agree on the direction of change. (D) As in C, but for the fraction of the mean response in the abrupt4xCO2 experiment
in years 120 to 139 that is already realized by years 5 to 10. The multimodel means are based on all of the CMIP5 models available for each experiment
(SI Appendix, Table S1). The results in D are confirmed both in the subset of seven CMIP5 models that form the basis of this study (SI Appendix, Fig. S1A)
and in an alternative calculation where the rapid adjustment is explicitly accounted for (SI Appendix, Fig. S1B). The red boxes in C show the domains of the
area-averaged values in Table 1.

4540 | www.pnas.org/cgi/doi/10.1073/pnas.1911015117 Zappa et al.

D
ow

nl
oa

de
d 

at
 U

N
IV

E
R

S
IT

Y
 O

F
 R

E
A

D
IN

G
 o

n 
M

ar
ch

 5
, 2

02
0 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911015117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911015117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911015117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1911015117


EN
V

IR
O

N
M

EN
TA

L
SC

IE
N

CE
S

mainly found for the projected increase of precipitation in south-
west North America, including California. Indeed, the long-term
wetting of the region (Fig. 1B) has only weakly emerged by 2060
to 2099 (Fig. 1A) in the CMIP5 multimodel mean.

These results indicate that global-mean warming is not always
sufficient to determine the future evolution of regional precipita-
tion changes. Over land, the most notable deviations from a lin-
ear response to warming are found in three Mediterranean-like
climates, particularly the Mediterranean proper, Chile, and Cal-
ifornia. Given the susceptibility of these regions to future hydro-
climate changes, understanding the nature of their nonlinear
time evolutions is the focus of the next sections.

The Three-Timescale Decomposition. The identified nonlinear pre-
cipitation responses to warming in RCP4.5 are also found in
response to an abrupt quadrupling of CO2. This is demonstrated
in Fig. 1D, which shows the fraction of the multimodel mean
precipitation response by years 120 to 139 that is already real-
ized by years 5 to 10 (called the fast timescale in ref. 16) in
the abrupt4xCO2 experiment. ∆Tratio for these two time peri-
ods is 0.6. The precipitation response is seen to equilibrate
faster than global-mean warming in the Mediterranean and Chile
(∆Pratio ∼ 1), but slower than global-mean warming in southwest
North America (∆Pratio ∼ 0.2). Hence, insights on the precipi-
tation response to GHG forcing in these three Mediterranean-
like regions can be directly obtained from the response to an
idealized step-like increase in CO2.

The abrupt4xCO2 response is decomposed into three contri-
butions linked to different timescales (see Materials and Methods
for details):

• Rapid adjustment: the ultra-fast climate response resulting
from the direct effect of CO2 on atmospheric temperature and
land surface, before any warming of SSTs is realized.

• Fast SST-driven response: the climate response mediated by
the warming of the ocean surface and sea-ice loss that takes
place within the first 10 y of an increase in CO2.

• Slow SST-driven response: the climate response mediated by
the long-term warming of the ocean surface and sea-ice loss
following an increase in CO2.

Before discussing the associated precipitation changes, it is
informative to first examine the surface warming and circulation
responses taking place on these timescales (Fig. 2). By construc-
tion, the rapid adjustment only features a warming of the land
surface, leading to 0.5 K warming in the global mean (Fig. 2A).
The fast and slow SST-driven responses (Fig. 2 B and C) feature a
similar amount of global-mean warming (2.5 K and 2.2 K, respec-
tively), which is, however, expressed in different spatial patterns.
The fast response shows muted warming in the Southern Ocean
and a marked interhemispheric gradient. In contrast, the slow
response features muted warming in the North Atlantic and an
El Niño-like equatorial warming in the tropical Pacific. These
different sea-surface-warming patterns have been shown to force
strikingly different responses in the atmospheric circulation (16),
here described in terms of the zonal wind at 850 hPa (Fig. 2 D–
F). In particular, the well-known poleward shift of midlatitude
westerlies in the North Atlantic and SH is primarily forced by the
fast SST response, while the shift of the westerlies in the North
Pacific depends on a tug of war between the rapid adjustment
and the slow response. These three distinct patterns are robust
to the set of analyzed CMIP5 models (SI Appendix, Fig. S2).
Interestingly, the details in the patterns of SST changes appear to
only exert a second-order effect on the fast circulation response,
since similar wind changes are also found in response to a uni-
form warming of the sea surface (SI Appendix, Fig. S3). This also
suggests that the SST pattern is instead important to explain the
missing poleward shift of the jets in the slow response, with impli-
cations for the confidence one can place on the climate response
on this timescale (Conclusions).

The impact of the different timescales on the annual-mean
precipitation change in Europe, North America, and South
America is presented in Fig. 3. The patterns and sign of pre-
cipitation change vary between the different timescales. The fast
SST-driven response contributes to the drying of the Mediter-
ranean and Chile (Fig. 3 B and H), where it is responsible
for 46% and 58% of the annual mean precipitation change,
respectively (Table 1). In contrast, the precipitation increase
in California is exclusively sustained by the slow SST-driven
response (Fig. 3F). The rapid adjustment tends to induce pre-
cipitation decreases in all three regions (Fig. 3 A, D, and G), so

Fig. 2. (A–C) Annual-mean near-surface atmospheric temperature change (K) for the rapid adjustment (A) and for the fast (B) and slow (C) SST-driven
responses to quadrupling CO2. The global-mean surface temperature change (∆T) is reported in the title. (D–F) As in A–C, but for the changes in the zonal
wind at 850 hPa. Stippling indicates where at least 85% of the models (six out of seven) agree on the direction of change.

Zappa et al. PNAS | March 3, 2020 | vol. 117 | no. 9 | 4541
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Fig. 3. Annual mean precipitation (shading, mm·d−1) change due to the rapid adjustment (A, D, and G) and due to the fast (B, E, and H) and slow (C, F,
and I) SST-driven responses to quadrupling CO2 in Europe (A–C), North America (D–F), and South America (G–I). The arrows show the direction and speed
of the mean wind change at 850 hPa. For clarity, the red boxes from Fig. 1 are also reported here in gray. Information on model agreement on the regional
responses can be found in Table 1.

that it enhances the fast drying of the Mediterranean and Chile,
while it partially opposes the slow wetting of California.

The precipitation reduction due to the rapid adjustment is par-
ticularly large in Europe (Fig. 3A), and it equals in magnitude the
precipitation reduction from the fast response in the Mediter-
ranean (−0.12 mm·d−1; Table 1). However, we note that the
rapid precipitation reduction is always larger in the warm than in
the cold season, and these warm-season signals are not reflected
in a comparable reduction of precipitation minus evaporation
(P – E) (Table 1 and SI Appendix, Fig. S4). This is particularly
notable in the Mediterranean (−0.18 mm·d−1 for precipitation
[P] against −0.01 mm·d−1 for P – E), as well as in California.
This implies that the rapid adjustment of precipitation to CO2

forcing in these three Mediterranean-like land regions is largely
mediated by a local suppression of the hydrological cycle, possi-
bly through a stabilization of summer convection. An implication
is that the effective impact of the rapid adjustment on water
resources is considerably weaker than what would be concluded
from inspecting precipitation changes alone.

In contrast to the rapid adjustment, the precipitation res-
ponses to SST warming on the different timescales reflect the
circulation shifts identified in Fig. 2 D–F. Indeed, it is imme-
diately notable from Fig. 3 that the different fast and slow

SST-driven precipitation responses in the three Mediterranean-
like regions are accompanied by strikingly different regional
patterns of low-level atmospheric circulation change. In par-
ticular, the fast precipitation reduction in the Mediterranean
is associated with a localized anticyclonic circulation anomaly,
which is absent in the slow response (Fig. 3 B and C). This anticy-
clonic anomaly has been previously recognized as a key driver of
Mediterranean drying, via enhanced subsidence and a weakening
of the regional storm track (1, 23, 24). With regard to California,
the slow response features a clear trough anomaly in the North-
east Pacific (Fig. 3 E and F). Such a trough has been shown to be
important in driving an increase in California precipitation via a
southward shift of the Pacific storm track and increased moisture
advection toward the western coast of North America (25–28).
Both the trough and the wetting of California are absent in the
fast response, in which the wind-flow anomaly is instead directed
toward Alaska. Over South America, the fast poleward shift of
the jet is locally manifested as easterly wind anomalies blowing
off the coast of Chile (Fig. 3H). Similar wind anomalies are also
found in the positive phase of the Southern Annular Mode, in
which the local weakening and poleward shift of the midlatitude
westerlies is known to cause a reduction in Chilean precipita-
tion (1, 29). Finally, in all regions, the SST-driven precipitation

4542 | www.pnas.org/cgi/doi/10.1073/pnas.1911015117 Zappa et al.
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Table 1. The multimodel mean regional precipitation and P – E
responses to quadrupling CO2 due to the rapid adjustment and
to the fast and slow SST-driven components

Precipitation, mm/d P – E, mm/d

Season Rapid Fast Slow Rapid Fast Slow

Mediterranean
Annual −0.12 −0.12 −0.02 −0.02 −0.09 −0.02
Cold −0.06 −0.18 −0.00 −0.02 −0.15 −0.02
Warm −0.18 −0.07 −0.04 −0.01 −0.04 −0.02

California
Annual −0.11 0.00 0.34 −0.02 −0.06 0.22
Cold −0.05 −0.08 0.58 −0.03 −0.14 0.47
Warm −0.17 0.07 0.11 −0.01 0.03 −0.02

Chile
Annual −0.23 −0.38 −0.04 −0.12 −0.31 −0.11
Cold −0.22 −0.47 0.03 −0.17 −0.41 −0.04
Warm −0.25 −0.29 −0.11 −0.07 −0.21 −0.18

The responses are evaluated as area averages over land (Materials and
Methods) in the three boxes shown in Fig. 3: Mediterranean 29N to 45N,
11W to 40E; California 30N to 45N, 128W to 115W; and Chile 48S to 30S,
78W to 68W. Bold values indicate robust responses (at least six out of seven
models agree on the direction of change). In the Northern Hemisphere, cold
season is defined as November to April and warm season as May to October,
and vice-versa in the SH.

changes are largest in the cold season, when they are accompa-
nied by drying or wetting signals of comparable magnitude in
P – E (Table 1). This confirms that the fast and slow precipi-
tation responses to GHG forcing are primarily driven by changes
in the horizontal transport of moisture, rather than by local pro-
cesses. This dependence on atmospheric circulation is confirmed
by inspecting the impact of meridional circulation shifts on pre-
cipitation in the internal variability of the preindustrial control
runs (SI Appendix, Fig. S5).

Interpreting the RCP4.5 Response. The identified rapid adjustment
and the fast and slow SST-driven responses are now used to
interpret the time evolution of precipitation under the RCP4.5
stabilized emissions scenario. Any emissions scenario can be con-
sidered as the sum of successive small abrupt-like forcings in
consecutive years (9, 30). Hence, climate change always com-
prises fast responses to recently emitted GHGs together with
slow responses to previously emitted GHGs, meaning that in a
transient emissions scenario, the different timescales of response
will overlap, but their relative contributions will vary in time.
Here, the contributions of the three timescales in RCP4.5 are
estimated via a two-step approach that combines information
from both the amplitude of the anthropogenic radiative forc-
ing and the time evolution in the pattern of surface warming
(Materials and Methods). The approach assumes that the cli-
mate response does not depend on the background state of the
climate, that it is linear in the amplitude of the radiative forc-
ing, and that the chosen timescales are sufficient to describe the
response to an abrupt increase in GHGs at any lag. Further-
more, influences from other forcers, such as aerosols, ozone, or
land-use change, cannot be captured based on the response in
the abrupt4xCO2 experiment. Despite these limitations—the cli-
mate response is ultimately nonlinear—the approach is seen to
provide a remarkable ability to interpret the projected changes
in RCP4.5.

Fig. 4A shows the multimodel mean global-mean warming
in the RCP4.5 scenario (black line), as well as the estimated
contributions to the mean warming from the three timescales
of response. Consistent with the evolution of GHG concentra-
tions, the contributions from both the rapid adjustment and
the fast components increase until year 2080 and then remain

approximately stable. In contrast, the contribution from the
slow response keeps increasing until year 2300 and is entirely
responsible for the long-term global warming following the sta-
bilization of GHG concentrations in year 2080. The sum of the
three components (gray line) well captures the time evolution
of global-mean warming projected by the models (black line).
There is a slight decrease in the fast component in 2100 to 2300,
which would not be expected if the system was entirely linear.
However, this is very much a second-order effect, and it does not
affect the conclusions of this study.

The evolution of the multimodel mean precipitation response
in the Mediterranean, California, and Chile as a function of
global-mean warming is presented in Fig. 4 B–D (black lines).
Consistent with Fig. 1, precipitation in the Mediterranean and

Fig. 4. (A) Multimodel mean contribution of the rapid adjustment and
of the fast and slow SST-driven responses to the global-mean warming in
the RCP4.5 scenario. (B–D) Decomposition of the annual-mean precipita-
tion changes over land in the Mediterranean (B), California (C), and Chile
(D) in RCP4.5 in terms of the three timescales of response. In B–D, the
time evolution of the response is presented against global-mean warm-
ing. The equivalent years are indicated on the upper axis. B–D, Right show
the timescale contributions to the P and P – E seasonal-mean responses
in 2250 to 2299 (C for cold season, W for warm season). These are pre-
sented as stacked bars, in which the amplitude of the contribution is given
by the length of the bar, separately for the positive and negative val-
ues. All time series have been filtered with a 21-y running mean. The
shading in A represents a 95% CI based on the variability within each
21-y window.

Zappa et al. PNAS | March 3, 2020 | vol. 117 | no. 9 | 4543
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Chile is projected to decrease until 2050 to 2100 (corresponding
to ∼2 to 2.5 K of global warming), after which the signal stabilizes
despite ongoing global warming. In contrast, California shows
hardly any change in annual-mean precipitation until 2050, but
an increasing wetting trend thereafter. These nonlinear time evo-
lutions are found in most individual models. At least six out of the
seven models show a change in the trend per degree of warming
between 1900 to 2080 and 2081 to 2300 that is in the same direc-
tion as the multimodel mean and statistically significant at the
5% level.

The processes responsible for these “climate surprises” with
warming can now be understood in terms of the impact of the
different timescales of response. This is estimated by multiply-
ing the rapid, fast, and slow precipitation responses (scaled to
unit warming) from Table 1 by the corresponding timescale con-
tributions to global-mean warming reported in Fig. 4A. The
analysis identifies the fast response as the largest contribu-
tor to the 21st-century annual-mean precipitation and P – E
reduction in the Mediterranean and Chile (Fig. 4 B and D
and SI Appendix, Fig. S7 A and C). Since the slow response
has little impact on these regions, the drying trend saturates
shortly after GHG concentrations are stabilized. By contrast,
the lack of a climate change signal in California in the 21st
century is due to the competing tendencies from the cold-
season wetting associated with the slow response and the dry-
ing from the rapid adjustment (P) and fast response (P – E)
(Fig. 4C and SI Appendix, Fig. S7B). However, the contribu-
tions from the latter saturate soon after GHG concentrations
stabilize. After that, the slow response wins out, so that annual-
mean precipitation increases throughout the 22nd and 23rd
centuries.

Considering the strong assumptions underlying the analysis
method, the sum of the three contributions captures the pro-
jected time evolution of precipitation relatively well, particularly
in California. A larger reconstruction bias is found in Mediter-
ranean precipitation, although this is much reduced for P – E (SI
Appendix, Fig. S7). The overestimation of the long-term drying in
the Mediterranean and Chile is consistent with the presence of
nonlinearities in the amplitude of the precipitation response to
the magnitude of the radiative forcing in these regions (4). Addi-
tional timescales are also likely involved in the response of the
Atlantic Meridional Overturning Circulation, which has impli-
cations for the long-term evolution of North Atlantic SSTs and,
hence, Euro–Mediterranean precipitation (SI Appendix, Fig. S8).
Finally, as previously mentioned, the effect of aerosols is not
explicitly accounted for, which is consistent with the faster-than-
predicted drop of Mediterranean precipitation in the late 20th
century (31).

Conclusions
The future hydro-climate response to climate change should not
be expected to simply scale with global-mean warming. In the
Mediterranean, Chile, and California, the regional hydro-climate
response to GHGs is strongly modulated by the time evolution in
the SST warming patterns, via the impact it exerts on the midlat-
itude atmospheric circulation. The rapid adjustment to GHGs
also contributes to the precipitation response via a suppression
of the local hydrological cycle, but, with the exception of Chile,
it plays a negligible role in the response of the water balance
(P – E), which is controlled by circulation changes rather than
by energetic constraints.

In the Mediterranean and Chile, the projected drying due to
climate change is in quasiequilibrium with GHG forcing, so that
the drying trend stops within about a decade of the stabilization
of GHGs. This behavior primarily results from the fast SST-
driven response, which develops quickly following an increase
in GHGs and is particularly effective at inducing a poleward
shift of the midlatitude westerlies in both Europe and the SH.

These findings revise previous results from He and Soden (2016)
(5), who, by examining the rapid adjustment only, concluded
that Mediterranean and Chilean drying scales with warming even
after GHG concentrations are stabilized. An opposite behav-
ior takes place in California. Here, the projected precipitation
increase primarily depends on the circulation change forced by
the slow SST response, which takes decades to develop follow-
ing an increase in GHGs. Hence, the slow wetting of California
becomes increasingly apparent after GHG concentrations are
stabilized, since, before that, both the rapid adjustment and
the fast SST-driven response tend to oppose the wetting of the
region.

Note that the rapid adjustment and fast SST-driven responses
to GHG forcing are not distinguishable in observations because
they are both in quasiequilibrium with smoothly evolving GHG
concentrations. However, they reflect different physical pro-
cesses whose understanding can be addressed through targeted
climate-model simulations (16, 17), which is important for gain-
ing confidence in the total fast response. The two components
could be physically distinguishable in the case of abrupt forc-
ing, such as from volcanic eruptions. It is thus expected that the
three-timescale framework would also be informative in those
contexts.

The slow atmospheric circulation response is distinctly dif-
ferent from that to a uniform warming of the SSTs, suggest-
ing that the spatial pattern in the SSTs becomes increasingly
important in the slow response. For instance, the trough in
the Northeast Pacific and associated California wetting within
the slow response are consistent with the slow, El Niño-like
SST warming pattern that develops in the Tropics (1). How-
ever, due to systematic biases in the representation of tropi-
cal climate dynamics, questions remain open on whether the
slow, El Niño-like warming pattern is a realistic response to
GHG forcing (32, 33). Likewise, the cessation of the drying in
the Mediterranean and Chile will also depend on the emer-
gence of the slow SST warming pattern. Understanding the
patterns of SST warming that will develop in the real world
will be an element of increasing confidence in the future evo-
lution of the regional hydro-climate in these Mediterranean-like
regions.

Materials and Methods
CMIP5. The study is based on the analysis of multiple experiments from the
CMIP5 (34). The RCP4.5 scenario extended to year 2300 was analyzed to
evaluate the climate change response to a gradual increase and stabiliza-
tion of GHGs. In RCP4.5, GHG concentrations increase to about 580 ppm
(CO2-equivalent) in year 2080 and then remain approximately constant until
2300 (21). The climate responses to CO2 forcing in additional experiments,
namely, abrupt4xCO2 and SSTClim4xCO2, were analyzed to understand the
RCP4.5 scenario in terms of distinct timescales (see below). To ensure consis-
tency in the analyses, unless where differently stated, the study was based
on the subset of seven CMIP5 models that provide all of the experiments
needed to estimate the timescales of response as well as the extended
RCP4.5 integration to 2300 (SI Appendix, Table S1). One ensemble mem-
ber was analyzed for each model, which is justified given that the focus is
placed on understanding robust aspects of the multimodel mean response
to climate change.

Timescales of Response: Definitions. The climate response to forcing is
understood in terms of the contributions from three timescales: the rapid
adjustment and the fast and slow SST-driven responses.

The rapid adjustment was evaluated as the difference in the mean cli-
mate between the SSTClim4xCO2 and SSTClim experiments. SSTClim consists
of 30-y-long atmosphere-only climate model simulations forced by annually
repeating SSTs and sea-ice concentrations as obtained from each model’s
own climatology in the preindustrial control runs. The same surface bound-
ary conditions, but with quadrupled CO2 concentrations, were applied in the
SSTClim4xCO2 experiment. In such an atmosphere-only setup, the increased
CO2 can only force a climate change response via heating rates in the
stratosphere, troposphere, and land surface. Therefore, no SST warming
was considered as part of the rapid adjustment. Due to the low thermal
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inertia of the land, this response can be considered to be rapid and in
quasiequilibrium with GHG concentrations.

The SST-driven timescales were estimated from the abrupt4xCO2 exper-
iment, in which coupled climate models were forced by a step-like qua-
drupling of preindustrial CO2 concentrations. First, based on ref. 16, the
total fast response was defined as the difference in the mean climate
in years 5 to 10 of abrupt4xCO2 relative to the preindustrial climatol-
ogy. From the total fast response, the fast SST-driven component was
obtained by subtracting the rapid adjustment defined above. Subtracting
the rapid adjustment implies that the fast SST-driven response is ulti-
mately driven by the warming of the ocean surface. The slow SST-driven
response was defined as the difference between years 120 to 139 and 5
to 10 in the abrupt4xCO2 experiment. The preindustrial climatology was
computed as the average over the first 100 y of the preindustrial control
simulation.

Timescales of Response: Contributions to RCP4.5. The contribution of the
rapid adjustment to the RCP4.5 scenario was estimated by scaling the
response to the SSTClim4xCO2 experiment by the total CO2-equivalent
anthropogenic radiative forcing in RCP4.5 (CO2(t)) (21). In particular,
the rapid contribution to global-mean warming (R(t)) in year t is
given by

R(t) =

(
ln(CO2(t)/CO2ref )

ln 4

)
·∆ T rapid , [1]

where CO2ref is the average CO2-equivalent concentration in the reference
period (1900 to 1949 in this study), ∆ Trapid is the mean surface-warming
response to SSTClim4xCO2, and the overbar is a global spatial average.

The contributions of the total fast and slow SST-driven timescales were
induced via their distinct patterns of surface warming. In particular, the
surface-warming response to the RCP4.5 scenario (∆ TRCP) was regressed
on the surface-warming patterns (Fig. 2 A–C) associated with the total
fast (∆ TfastTOT = ∆ Trapid + ∆ TfastSST ) and slow (∆ TslowSST ) timescales of
response:

∆ TRCP(t) = F(t) ·
∆ TfastTOT

∆ T fastTOT

+ S(t) ·
∆ TslowSST

∆ T slowSST

+ r(t). [2]

Separately for each year, the coefficients F and S were obtained via a spa-
tial multiple linear regression—weighted by surface area. The coefficients
can be interpreted as the contribution of each timescale to global-mean
warming in RCP4.5. r is the residual warming pattern not projecting on
the two timescales. The contribution of the fast SST-driven response was
then obtained by subtraction as F(t)− R(t). The analyses were based on the
annual-mean, multimodel mean responses.

The benefit of this two-step decomposition, compared to a simultaneous
multiple linear regression on the three timescales of response, is discussed
in SI Appendix (SI Appendix, Fig. S6).

Spatial Interpolation and Regional Averaging. For the purposes of presenting
spatial maps of multimodel mean fields, the output of each climate model
was interpolated to a common T42 horizontal spatial grid, using conserva-
tive remapping for P and E and bilinear interpolation for the other fields.
The spatial averages of P and P – E over land were computed on the orig-
inal uninterpolated model grids, by weighting the field by the fraction of
land-surface area in each grid cell.

Data Availability. The analysed CMIP5 data are publicly available on the
Earth System Grid Federation (https://esgf-node.llnl.gov). The data pro-
duced by this study is archived at Figshare, https://doi.org/10.6084/m9.
figshare.11764395.

ACKNOWLEDGMENTS. G.Z. and T.G.S. were supported by European
Research Council Grant “Understanding the atmospheric circulation
response to climate change” (Grant 339390). P.C. was supported by an Impe-
rial College Research Fellowship. We thank three anonymous reviewers for
their constructive comments. We also acknowledge the modeling groups
participating in CMIP5 for producing and making available the model
output; and Malte Meinshausen for making available the CO2-equivalent
radiative forcing estimates on his website. CMIP5 data have been obtained
via the British Atmospheric Data Centre.

1. R. Seager et al., Climate variability and change of Mediterranean-type climates. J.
Clim. 32, 2887–2915 (2019).

2. C. Tebaldi, J. M. Arblaster, Pattern scaling: Its strengths and limitations, and an update
on the latest model simulations. Clim. Change 122, 459–471 (2014).

3. S. I. Seneviratne, M. G. Donat, A. J. Pitman, R. Knutti, R. L. Wilby, Allowable CO2
emissions based on regional and impact-related climate targets. Nature 529, 477–483
(2016).

4. P. Good et al., Large differences in regional precipitation change between a first and
second 2 K of global warming. Nat. Commun. 7, 13667 (2016).

5. J. He, B. J. Soden, A re-examination of the projected subtropical precipitation decline.
Nat. Clim. Change 7, 53–57 (2016).

6. J. M. K. Sniderman et al., Southern Hemisphere subtropical drying as a transient
response to warming. Nat. Clim. Change 9, 232–236 (2019).

7. T. Andrews, P. M. Forster, J. M. Gregory, A surface energy perspective on climate
change. J. Clim. 22, 2557–2570 (2009).

8. G. Bala, K. Caldeira, R. Nemani, Fast versus slow response in climate change :
Implications for the global hydrological cycle. Clim. Dyn. 35, 423–434 (2010).

9. P. Good et al., A step-response approach for predicting and understanding non-linear
precipitation changes. Clim. Dyn. 39, 2789–2803 (2012).

10. T. B. Richardson, P. M. Forster, T. Andrews, D. J. Parker, Understanding the rapid pre-
cipitation response to CO2 and aerosol forcing on a regional scale. J. Clim. 29, 583–594
(2016).

11. B. H. Samset et al., Fast and slow precipitation responses to individual climate forcers:
A PDRMIP multimodel study. Geophys. Res. Lett. 43, 2782–2791 (2016).

12. T. B. Richardson et al., Drivers of precipitation change: An energetic understanding.
J. Clim. 31, 9641–9657 (2018).

13. K. M. Grise, L. M. Polvani, Understanding the time scales of the tropospheric circula-
tion response to abrupt CO2 forcing in the Southern hemisphere: Seasonality and the
role of the stratosphere. J. Clim. 30, 8497–8515 (2017).

14. S. Bony et al., Robust direct effect of carbon dioxide on tropical circulation and
regional precipitation. Nat. Geosci. 6, 447–451 (2013).

15. R. Chadwick, P. Good, T. Andrews, G. Martin, Surface warming patterns drive tropical
rainfall pattern responses to CO2 forcing on all timescales. Geophys. Res. Lett. 41,
610–615 (2014).

16. P. Ceppi, G. Zappa, T. G. Shepherd, J. M. Gregory, Fast and slow components of the
extratropical atmospheric circulation response to CO2 forcing. J. Clim. 31, 1091–1105
(2018).

17. I. M. Held et al., Probing the fast and slow components of global warming by
returning abruptly to preindustrial forcing. J. Clim. 23, 2418–2427 (2010).

18. R. Chadwick, P. Wu, P. Good, T. Andrews, Asymmetries in tropical rainfall and cir-
culation patterns in idealised CO2 removal experiments. Clim. Dyn. 40, 295–316
(2013).

19. S. M. Long, S. P. Xie, X. T. Zheng, Q. Liu, Fast and slow responses to global warm-
ing: Sea surface temperature and precipitation patterns, J. Clim. 27, 285–299
(2014).

20. M. Collins et al., “Long-term climate change: Projections, commitments and irre-
versibility” in Climate Change 2013: The Physical Science Basis. Contribution of
Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change, T. F. Stocker et al., Eds. (Cambridge University Press, Cambridge, UK,
2013), 1029–1136.

21. M. Meinshausen et al., The RCP greenhouse gas concentrations and their extensions
from 1765 to 2300. Clim. Change 109, 213–241 (2011).

22. I. M. Held, B. J. Soden, Robust responses of the hydrologic cycle to global warming. J.
Clim. 19, 5686–5699 (2006).

23. R. Seager et al., Causes of increasing aridification of the Mediterranean region in
response to rising greenhouse gases. J. Clim. 27, 4655–4676 (2014).

24. G. Zappa, B. J. Hoskins, T. G. Shepherd, The dependence of wintertime Mediterranean
precipitation on the atmospheric circulation response to climate change. Environ. Res.
Lett. 10, 104012 (2015).

25. J. D. Neelin, B. Langenbrunner, J. E. Meyerson, A. Hall, N. Berg, California winter
precipitation change under global warming in the Coupled Model Intercomparison
Project Phase 5 ensemble. J. Clim. 26, 6238–6256 (2013).

26. E. K. M. Chang, C. Zheng, P. Lanigan, A. M. W. Yau, J. D. Neelin, Significant mod-
ulation of variability and projected change in California winter precipitation by
extratropical cyclone activity. Geophys. Res. Lett. 42, 5983–5991 (2015).

27. I. R. Simpson, R. Seager, M. Ting, T. A. Shaw, Causes of change in Northern Hemi-
sphere winter meridional winds and regional hydroclimate. Nat. Clim. Change 6,
65–70 (2016).

28. J. Choi, J. Lu, S.-W. Son, D. M. W. Frierson, J.-H. Yoon, Uncertainty in future projec-
tions of the North Pacific subtropical high and its implication for California winter
precipitation change. J. Geophys. Res. Atmos. 121, 795–806 (2016).

29. J. P. Boisier et al., Anthropogenic drying in central-southern Chile evidenced by long-
term observations and climate model simulations. Elem Sci Anth 6, 74 (2018).

30. V. Lucarini, F. Ragone, F. Lunkeit, Predicting climate change using response theory:
Global averages and spatial patterns. J. Stat. Phys. 166, 1036–1064 (2017).

31. T. Tang et al., Dynamical response of Mediterranean precipitation to greenhouse
gases and aerosols. Atmos. Chem. Phys. 18, 8439–8452 (2018).

32. T. Kohyama, D. L. Hartmann, Nonlinear ENSO warming suppression (NEWS). J. Clim.
30, 4227–4251 (2017).

33. R. Seager et al., Strengthening tropical Pacific zonal sea surface temperature
gradient consistent with rising greenhouse gases. Nat. Clim. Change 9, 517–522
(2019).

34. K. E. Taylor, R. J. Stouffer, G. A. Meehl, An overview of CMIP5 and the experiment
design. Bull. Amer. Meteor. Soc. 93, 485–498 (2012).

Zappa et al. PNAS | March 3, 2020 | vol. 117 | no. 9 | 4545

D
ow

nl
oa

de
d 

at
 U

N
IV

E
R

S
IT

Y
 O

F
 R

E
A

D
IN

G
 o

n 
M

ar
ch

 5
, 2

02
0 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911015117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911015117/-/DCSupplemental
https://esgf-node.llnl.gov
https://doi.org/10.6084/m9.figshare.11764395
https://doi.org/10.6084/m9.figshare.11764395

