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Abstract
Theory and model evidence indicate a higher global hydrological sensitivity for the same amount
of surface warming to solar as to greenhouse gas (GHG) forcing, but regional patterns are highly
uncertain due to their dependence on circulation and dynamics. We analyse a multi-model
ensemble of idealized experiments and a set of simulations of the last millennium and we
demonstrate similar global signatures and patterns of forced response in the tropical Pacific, of
higher sensitivity for the solar forcing. In the idealized simulations, both solar and GHG forcing
warm the equatorial Pacific, enhance precipitation in the central Pacific, and weaken and shift the
Walker circulation eastward. Centennial variations in the solar forcing over the last millennium
cause similar patterns of enhanced equatorial precipitation and slowdown of the Walker circulation
in response to periods with stronger solar forcing. Similar forced patterns albeit of considerably
weaker magnitude are identified for variations in GHG concentrations over the 20th century, with
the lower sensitivity explained by fast atmospheric adjustments. These findings differ from
previous studies that have typically suggested divergent responses in tropical precipitation and
circulation between the solar and GHG forcings. We conclude that tropical Walker circulation and
precipitation might be more susceptible to solar variability rather than GHG variations during the
last-millennium, assuming comparable global mean surface temperature changes.

1. Introduction

In response to surface warming caused by a radiative
forcing agent, global precipitation increases at an
almost fixed rate of about 2.4%–2.6% degree−1

of global warming, independently of the nature of
the agent (Andrews et al 2010, O’gorman et al
2012, Allan et al 2020). This temperature depend-
ent increase in precipitation is commonly referred
to as the slow component of the apparent (total)

hydrological sensitivity, to differentiate from the
rapid component, often of opposite sign, associated
with near-instantaneous changes in the atmospheric
energy budget and properties (Bala et al 2010, Myhre
et al 2018). For the same forcing agent, climate
models show substantially different apparent hydro-
logical sensitivities, ascribed mainly to structural
model uncertainties in simulating the rapid atmo-
spheric adjustments. For different forcing agents, the
apparent hydrological sensitivity strongly depends
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on atmospheric absorption that stabilizes the atmo-
sphere. For example, model simulations have broadly
identified higher hydrological sensitivity for increas-
ing total solar irradiance (TSI) than CO2 concen-
trations (Allen and Ingram 2012, Flaschner et al
2016, Samset et al 2016), attributed to the fact that
extra CO2 in the atmosphere increases atmospheric
absorption of shortwave and longwave radiation, sta-
bilizes the atmosphere and reduces the amount of
precipitation on short time scales (days to weeks).
This mechanism is not effective in the case of increas-
ing TSI, which is a driver that predominately warms
the surface.

While global precipitation change is relatively
constrained, regional patterns of forced responses
are highly uncertain as they depend on dynam-
ics, which are sensitive to model biases (Bony et al
2013, He and Soden 2015, Zhang and Soden 2019).
Model simulations considering historical or idealized
increases in greenhouse gas (GHG) concentrations
have identified forced responses in tropical precip-
itation characterized by wet-get-wetter and dry-get-
drier patterns (Held and Soden 2006, Chou et al
2009). In a warming climate, most model simula-
tions indicate that the Walker circulation slows down
due to thermodynamic and energy budget constraints
(Collins et al 2010) but some studies indicate no
change or even strengthening of the Walker circula-
tion (Kohyama et al 2017), consistent with a strength-
ening trend observed in recent decades (L’heureux
et al 2013). Past efforts to understand the trop-
ical Pacific response to GHG forcing have identi-
fied several competing mechanisms related to ocean
dynamics, atmosphere–ocean interactions, sensitiv-
ity of atmospheric stability to radiative cooling and
global constraints on the hydrological cycle (Clement
et al 1996, Gu and Philander 1997, Held and Soden
2006, He and Soden 2015). These mechanisms likely
operate on different spatial or temporal scales (Chung
et al 2019,Heede et al 2020) thus shaping tropical pre-
cipitation and circulation from decadal to centennial
and millennial time scales (Dinezio et al 2011).

Our understanding on the mechanisms con-
straining the past, current and future variability of
the tropical precipitation and circulation could be
improved by studying responses to different forcings
in idealized modelling studies (Huneeus et al 2014,
Samset et al 2016). Liu et al (2013) compared sig-
natures of TSI versus GHG forcing and identified
divergent patterns of tropical precipitation in the last
millennium. They showed that increasing TSI caused
an increased zonal temperature gradient and reduced
precipitation in the tropical Pacific, while increas-
ing GHGs caused an opposite response. These res-
ults are in line with evidence for a basin-wide cooling
in the equatorial Pacific in periods of increased solar
activity on decadal and centennial time scales (Mann
et al 2009, Meehl et al 2009). Observational evid-
ence over the last 60 years, however, has supported

the notion of weakened Walker circulation during
periods of increased solar cycle activity that eventu-
ally should bring more rainfall towards the central
Pacific (Misios et al 2019), in a fashion similar to
the Pacific response to increasing GHG concentra-
tions (Vecchi et al 2006, Dinezio et al 2009, Bayr et al
2014). Multi-model comparisons conducted within
the Precipitation Driver Response Model Intercom-
parison Project (PDRMIP) provided new insights
on the precipitation response to different forcing
agents (Myhre et al 2016). In idealized forcings scen-
arios of doubling CO2 concentrations or increas-
ing TSI by 2%, the regional patterns of precipita-
tion responses were found to be similar, characterized
by a wetter equatorial Pacific and reduced precipita-
tion over the maritime continent (Samset et al 2016,
2018, Sillmann et al 2017). Here we pair the ideal-
ized PDRMIP simulations with the last millennium
(850–2005) ensemble of the Community Earth Sys-
tem Model (CESM-LME) (Otto-Bliesner et al 2015)
to identify systematic responses in regional precip-
itation and circulation to changes in TSI and GHG
forcings. We demonstrate similar patterns of forced
response, stronger for the solar forcing given equal
global mean surface warming, for both the ideal-
ized PDRMIP simulations and the more realistic
CESM-LME runs. Over the 20th century, the neg-
ative adjustments to GHG forcing compensate the
slow temperature-dependent increases in precipita-
tion, hindering a robust detection of changes in pre-
cipitation and the Walker circulation.

2. Methods

We analyse ensemble mean temperature, precipita-
tion and zonal wind anomalies in coupled simula-
tions from nine PDRMIP climate models: CanESM2,
GISS-E2-R, HadGEM2, HadGEM3, IPSL-CM5A,
MIROC-SPRINTARS, MPI-ESM, NCAR-CESM1-
CAM5, and NorESM1. We make use of experiments
that consider the effects of an abrupt (a) doubling
CO2 concentration (PDRMIP-CO2, hereafter) and
(b) 2% increase in TSI (PDRMIP-SOL, hereafter),
relative to the unperturbed reference values (which
differ between the models). These two scenarios give
a very similar global mean temperature warming of
about 2.4 K at the end of the 100 years simulated
period and multi-model mean apparent hydrological
sensitivities of 1.4% K−1 and 2.4% K−1 for PDRMIP-
CO2 and PDRMIP-SOL respectively (Samset et al
2016).

PDRMIP invokes idealized scenarios to reduce
forcing uncertainties and facilitate multi-model com-
parisons, which may not be considered as a realistic
representation of observed historical forcings, partic-
ularly in regards to solar variability. The PDRMIP-
SOL scenario assumes a TSI increase which is approx-
imately 20 times stronger than the observed TSI
variation over the 11 year solar cycle (∼0.1%).
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Furthermore, the step change has been uniformly
applied to all spectral bands, contrary to the observed
solar cycle spectral dependence being considerably
higher in shorter wavelengths (Haigh 1994, Harder
et al 2019). PDRMIP models also do not consider the
UV–ozone-heating interactions in the stratosphere
that would amplify the solar cycle impact on climate
via a top-down stratospheric pathway in high lat-
itudes (Gray et al 2010), but these appear to have
only modest impacts in the tropics (Shindell et al
2020). As a result, the strongest atmospheric warm-
ing in PDRMIP-SOL is found in the upper tro-
posphere while the stratospheric signal is consider-
ably weaker (supplementary figure 1 (available online
at stacks.iop.org/ERL/16/104045/mmedia)). This is
opposite to the observed atmospheric temperature
response to the 11 year solar cycle, which is char-
acterized by stronger warming in the stratosphere
than at the surface because of the UV–ozone feedback
(Mitchell et al 2015).

To identify the forced surface responses to real-
istic forcing variations we additionally analyse single
forcing runs from CESM-LME considering (a) real-
istic variations in solar spectral irradiances only
(CESM-SOL, four realizations) and (b) GHG con-
centrations only (CESM-GHG, three realizations)
(Otto-Bliesner et al 2015).With the CESM-LME sim-
ulations we can separate the contribution of solar
and GHG forcings to the last millennium and high-
light the dominant role of GHG forcing in the last
150 years. We have not included an analysis of the
all-forcing runs from CESM-LME because the solar
signature would be likely contaminated by the strong
volcanic eruptions that have often occurred in periods
of grand solar minima. Although the spectral distri-
bution of the imposed changes is more realistic in the
CESM-LME simulations they (and also the PDRMIP
experiments) nevertheless do not include strato-
spheric ozone variability and hence the ‘top-down’
solar cycle mechanisms are under-represented as the
solar-induced warming in the stratosphere is muted
(supplementary figure 1). However, as detailed in
Misios et al (2019), this facilitates the attribution
of signals to direct TSI forcing of surface warm-
ing, although we note that the exclusion of strato-
spheric ozone feedbacks may increase the modelled
sensitivity to the imposed solar forcing as solar radi-
ation reaches the surface unmodulated (Chiodo and
Polvani 2016).

3. Results

3.1. Global responses
To focus on the longer time scales, we apply a low-pass
six-order Butterworth digital filterwith cut-off period
at 30 years in the ensemblemean annual time series of
PDRMIP-CO2, PDRMIP-SOL and CESM-GHG, fol-
lowing the methodology of Mann (2004). This filter-
ing, necessitated by the relatively small ensemble size

of the runs, efficiently dampens internal variability
on decadal and interannual scales—the latter dom-
inated by the El Niño–Southern Oscillation (ENSO)
signature. Global mean temperature in CESM-GHG
stays relatively stable over the last millennium, with
filtered (unfiltered) variations hardly exceeding 0.1 K
(0.3 K) and only after 1850 shows a steady increase
of 0.07 K decade−1, significantly accelerated to
0.2 K decade−1 in the last half of the 20th cen-
tury (figure 1(b)). Associated with the global sur-
face warming, global precipitation increases by 1.8%
in year 2005 relative to the 1850 conditions. In the
case of the ensemble mean CESM-SOL time series,
we applied a 150 year low-pass Butterworth fil-
ter to isolate the centennial component of the cli-
mate variability, corresponding to periods of pro-
longed solar maxima and minima (figure 1(a)). In
this way, multidecadal natural variability related to
the Pacific Decadal Oscillation (50–70 years) is addi-
tionally filtered out. Note that results on centennial
time scales are not particularly sensitive to the cut-
off period. CESM-SOL simulates a multi-centennial
cooling trend over the last millennium, with the
coolest period in the filtered and unfiltered global
anomalies relative to the 1000–1200 AD of about
−0.1 K and −0.2 K, respectively, found coincident
to the Maunder Minimum of TSI. The solar induced
cooling has approximately the same magnitude of
the centennial-scale cooling in other CESM-LME
single-forcing runs considering forcings from land
use changes or volcanic eruptions (Otto-Bliesner et al
2015) and is comparable to the modelled temperat-
ure variations prior to 1800 caused by GHG forcing
(figure 1). In the post-1700 period, TSI increase con-
tributes to global temperature increase by 0.1 K. The
150 year low pass filtering isolates global mean sur-
face temperature anomalies that fluctuate almost in
phase with the centennial TSI variations exhibiting a
correlation coefficient of about r = 0.53, which how-
ever is not statistically robust as the overlying negat-
ive centennial trend and the high autocorrelation in
the time scales considered reduces considerably the
degrees of freedomof the filtered time series, as calcu-
lated following Zwiers and von Storch (1995). It must
be noted that the maximum correlation is obtained
at a time lag of 15–20 years, as expected by the slow
ocean response. The regression coefficient is found to
be 0.06 K per 1Wm−2 increase of TSI at lag 20 years,
which is comparable to the sensitivity of 0.03–0.16 K
per 1 W m−2 increase of TSI documented for the
CMIP5 historical simulations (Misios et al 2016).

As indicated in figure 1, globalmean precipitation
in CESM-LME and likewise PDRMIP (not shown)
scales linearly to the global mean surface temperat-
ure. This allows us to express hydrological sensitivities
in terms of a linear regression in all four experiments
following the methodology of Gregory et al (2004).
In the PDRMIP simulations the rapid and slow pre-
cipitation responses are separated by calculating the
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Figure 1. Filtered global mean temperature (red) and precipitation (blue) in the ensemble mean CESM-SOL and CESM-GHG
over the period 850–2005. Low-pass filters of 150 years and 30 years have been applied in the CESM-SOL and CESM-GHG,
respectively. Unfiltered ensemble mean temperature anomalies are superimposed as thin dotted curves. Precipitation is expressed
in % relative to the climatology in the unforced control simulation. Changes in solar and GHG forcings are shown in grey and
plotted with an arbitrary scaling to facilitate illustration.

Figure 2. Scatter plot of filtered annual global mean precipitation versus temperature in the PDRMIP-SOL (black circles),
PDRMIP-CO2 (red circles), CESM-SOL (orange circles, period 850–2005) and CESM-GHG (blue circles, period 1850–2005)
simulations. Solid lines (orange and blue) indicate slopes for CESM-SOL and CESM-GHG (2.3% K−1 and 1.4% K−1). The
multi-model mean slope is 2.7% K−1 for both PDRMIP simulations. Black and red dashed lines indicate the slope of each
individual model in the PDRMIP ensemble.

intercept and slope, respectively, between ensemble
mean filtered precipitation and surface temperature,
while in the transient simulations of CESM-LME,
regression coefficients isolate the apparent (total)
hydrological sensitivity, given that it is not possible
to separate the rapid and slow responses in these type
of simulations (Flaschner et al 2016). Previous stud-
ies of PDRMIP simulations have analysed composite
anomalies in terms of the last 50 years versus unper-
turbed conditions, but the results are generally con-
sistent regardless of the method (Samset et al 2016).

Figure 2 shows the scatter of filtered global
mean precipitation versus surface temperature in
PDRMIP-SOL and PDRMIP-CO2 (black and red
circles, respectively). In the first year, both ensembles

exhibit a surface warming of 0.5 K. In PDRMIP-
CO2 there is a corresponding reduction in precip-
itation of about −1.6%, explained by the negative
rapid adjustments, while PDRMIP-SOL shows neg-
ligible fast changes in global precipitation. The lin-
ear slope is about 2.7% K−1 in both PDRMIP-SOL
and PDRMIP-CO2 respectively, consistent with the
estimates of slow hydrological sensitivity of 2.5%K−1

and 2.7% K−1 for CO2 and solar forcing docu-
mented in Samset et al (2016). The slope in indi-
vidual PDRMIPmodels (black and red dotted lines in
figure 2) ranges from 3.2% K−1 to 2.3% K−1 in both
experiments. Analysis of the CMIP5 simulations of
quadrupling the CO2 concentrations have found slow
hydrological sensitivities of about 2.6–2.8% K−1 and
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geoengineering experiments of reduced incoming
radiation have found 2.7%K−1 (Sillmann et al 2017),
similar to the PDRMIP-SOL. The fast temperature-
independent precipitation change estimated by the
intercept of the regression, is −0.61% for solar and
−2.94% for CO2 forcing, consistent with the expect-
ation of a considerably stronger rapid adjustment to
CO2 perturbation (Andrews et al 2010, Samset et al
2016).

Global mean surface temperature in CESM-SOL
varies by about 0.06 K following centennial vari-
ations in TSI (figure 1 and orange circles in figure 2),
with evidence for a time lag of about 20 years
for both global temperature and precipitation. We
calculate a slope of 2.3% K−1 of global precipit-
ation increase with the associated global warming
over the period 850–2005, which is the apparent
hydrological sensitivity according to the definition
of Flaschner et al (2016). As expected, this sens-
itivity is slightly lower than the slow hydrological
sensitivity of 2.8% K−1 inferred from an individual
PDRMIP-SOL experiment that used a similar version
of the NCAR-CESM1-CAM5 model that carried out
the CESM-LME runs. In the case of CESM-GHG, the
apparent hydrological sensitivity over the industrial
period (1850–2005) is found to be 1.4% K−1, consid-
erably weaker than the slow hydrological sensitivity
of PDRMIP-CO2, explained by rapid adjustments to
increased GHG concentrations and atmospheric opa-
city. We note that the apparent hydrological sensit-
ivity in CESM-GHG will also depend on the histor-
ical variation in non-CO2 GHGs. Methane, N2O, and
CFCs have been shown to have slightly higher appar-
ent hydrological sensitivities than CO2 (Hodnebrog
et al 2020), so the CESM-GHG hydrological sensitiv-
ity is likely an upper bound.

The CESM simulations indicate that we should
expect a stronger sensitivity of the global mean pre-
cipitation to the surface temperature in the preindus-
trial than the post-1850 period, for equal global mean
warming, because precipitation responses in the later
period are muted by the negative impact of the rapid
adjustments. Liu et al (2013) reached a similar con-
clusion by considering the combined solar plus vol-
canic forcing in the pre-industrial period versus the
GHG forcing which dominates over the industrial
period and they documented sensitivities of 2.1%K−1

versus 1.4% K−1, consistent with our findings. In
the following we show that the solar forcing is also
responsible for stronger responses at regional scales
for equal increase in global mean temperature.

3.2. Regional responses
Previous analysis of the PDRMIP simulations have
documented patterns of hydrological sensitivities that
exhibit substantial magnitudes of almost 30% K−1

over the inter-tropical convergence zone (ITCZ)
under the influence of CO2 and TSI forcing (Samset
et al 2018). Figure 3, which focuses in the Indo-Pacific

region, identifies the strongest absolute changes over
the equatorial Pacific, with magnitude exceeding
1 mm d−1 per 1 K increase of global mean temper-
ature, irrespective of the forcing. The signal is sig-
nificant with two-tailed p-values < 0.05 in most of
the tropics. Outside the equator, a band of negat-
ive anomalies at 10◦ N is indicative of an equator-
ward shift of the ITCZ. This intensification of the
regional precipitation pattern has been attributed
to deviations in surface temperature gradients (Xie
et al 2010) and thermodynamic considerations of
increased atmospheric water vapour associated with
a warmer surface and the associated increase of mois-
ture convergence (Held and Soden 2006, Bony et al
2013).

CESM-SOL shows similar patterns of precipita-
tion response to PDRMIP, providing additional con-
fidence that the regressed signals in figure 3(c) can
be genuinely attributed to TSI forcing and the asso-
ciated surface warming. Like PDRMIP-SOL, excess
rainfall is found in the western and central equat-
orial Pacific with peak sensitivity > 1 mm d−1 per
1 K increase of globalmean temperature from centen-
nial TSI forcing, with p-values <0.05 assuming one
degree of freedom in the time series. Outside the
equator, negative anomalies are simulated associated
with an overall contraction of the ITCZ in solar max-
ima. This pattern is also detected in the CESM-GHG
ensemble, albeit of reduced amplitude that is likely
due to themuted global hydrological sensitivity under
the influence of historical GHGs. Precipitation anom-
alies in figure 3(d) hardly exceeds 0.4 mm d−1 K−1

in the equatorial Pacific, which is less than half the
sensitivity found for solar forcing. As surface warm-
ing continues to rise, it is expected that the slow
temperature-related response will dominate over the
rapid adjustments and eventually a clearer pattern
should be detected in future GHG scenario simula-
tions, as shown in recent CESM large-ensemble single
forcing runs (Deser et al 2020) for the 1970–2019
period.

Using the forcing-dependent hydrological sens-
itivities from PDRMIP, Richardson et al (2018)
reached a similar conclusion and show that 20th
century precipitation changes over the oceans have
been suppressed by GHG rapid adjustments, but will
become larger with future warming. By comparing
responses in future versus present climate simulated
with CMIP5 models, Liu et al (2013) also identified
similar patterns of increased precipitation over the
Pacific.

The pattern of precipitation anomalies identi-
fied in the PDRMIP and CESM-SOL is associated
with a warmer Pacific (contours in figure 3), that is
stronger in the east than the west. A similar pattern
of ocean warming in the Pacific has been found in
the composite analysis of the PDRMIP models of
Samset et al (2018). The regression pattern is char-
acterized by a reduced zonal temperature gradient
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Figure 3. Spatial patterns of ensemble mean filtered precipitation (shaded, in mm d−1 K−1) and surface temperature (contours,
in K K−1) regressed onto the filtered global mean surface temperature in (a) PDRMIP-SOL, (b) PDRMIP-CO2, (c) CESM-SOL
and (d) CESM-GHG simulations. Stippling indicates regions of chance probability p < 0.05 with a t-test assuming one degree of
freedom calculated following Zwiers and von Storch (1995). Contour spacing is 0.2 K K−1.

resembling a positive ENSO phase, although the
detected signals refer to multidecadal (>30 years)
time scales. This leads to an eastward shift of the
convective precipitation that brings more rainfall to
the central Pacific. In contrast, CESM-GHG does
not show any clear evidence for stronger warm-
ing in the eastern equatorial Pacific (figure 3(d)),
as expected from its weaker precipitation sensitiv-
ity over the 1850–2005 period. Deser et al (2020),
however, demonstrated a pattern of amplified
warming in the tropical Pacific of increasing mag-
nitude over the last century, particularly after 1970s
when the GHG forcing dominates, in an ensemble
of CESM simulations spanning the 1920–2019
period.

We examined the robustness of the solar sig-
natures in figure 3(c) by calculating differences of
unfiltered time series between the periods of the
Medieval Climate Anomaly (MCA) and Little Ice Age
(LIA) which coincide with the grand solar maxima
and grand solar minima. To make results compar-
able with Liu et al (2013), MCA is defined as the
period 1100–1200 and LIA spans over the 1630–1730
period, although different definitions are possible.
The LIA is the coldest period in the CESM-SOL,
suggesting that the Maunder minimum of the solar
activity reduced global mean surface temperature by
about 0.1 K compared to the MCA period. We note
though that the simulated response is much weaker
than estimates based on proxy data, suggesting that
additional cooling from volcanic eruptions and land
use changes is needed to explain the observed mag-
nitudes (Otto-Bliesner et al 2015). As in figure 3(c),
the pattern of precipitation anomalies in the trop-
ical pacific betweenMCA and LIA is characterized by
wetter conditions in the equatorial Pacific, with the
strongest positive anomalies of 0.2 mm d−1 found
in the central region (supplementary figure 2). Like-
wise, the Pacific is generally warmer by about 0.1 K
in MCA in comparison to LIA, in agreement with the

analysis of all forcing CESM ensemble (Otto-Bliesner
et al 2015).

3.3. Sensitivity of theWalker circulation
Precipitation responses in the tropical Pacific are
highly dependent on changes in the Walker circula-
tion, which is strongly sensitive to variations in sea
surface temperature (SST) gradients. Several stud-
ies have provided evidence that the Pacific Walker
circulation weakens with increasing CO2 (Held and
Soden 2006, Vecchi et al 2006) and aweakenedWalker
circulation has also been attributed to warming in
the tropical SSTs (Tokinaga et al 2012). Likewise,
there is an observational and modelling evidence that
the 11 year solar cycle forcing might slow down the
Walker circulation (Misios et al 2019). Our analysis
of the PDRMIP simulations finds a similar reduction
of theWalker circulation in response to TSI and CO2.
Interestingly, both PDRMIP-SOL and PDRMIP-CO2

simulate positive anomalies of the filtered equatorial
(10◦ S–10◦N) zonalwinds over the Pacific, suggesting
an overall reduction of the climatological easterlies
(figure 4). The strongest sensitivity of 0.4 m s−1 K−1

and 0.6 m s−1 K−1 to solar and CO2 respectively
is found around 600–800 hPa 140◦ E–180◦ E, while
winds at 200 hPa form a dipole of positive and neg-
ative anomalies further corroborating the notion of
an eastward shift of the Walker Circulation. Follow-
ing the previous convention for scale separation of
the precipitation response, we term this pattern as the
temperature dependent response of the Walker cir-
culation, which is similar for both CO2 and TSI for-
cing. We note large differences in the simulated pat-
tern of tropical wind anomalies among the PDRMIP
models, but in any individual model, TSI and CO2

forced patterns are strikingly similar (supplement-
ary figure 3). This means that structural differences
among the climate models contribute to the uncer-
tainty of the Walker circulation response and not the
nature of the applied forcing.
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Figure 4. Spatial patterns of ensemble mean filtered equatorial (5◦ S–5◦ N) winds (m s−1 K−1) regressed onto the filtered global
mean surface temperature in (a) PDRMIP-SOL, (b) PDRMIP-CO2, (c) CESM-SOL and (d) CESM-GHG simulations. Stippling
indicates regions of chance probability p < 0.05 with a t-test assuming four degrees of freedom to account for the autocorrelation
of the filtered time series.

Comparison of the CESM-SOL and PDRMIP-
SOL results shows that variations of TSI at centennial
time scales cause similar changes in the Walker cir-
culation. Figure 4(c) shows westerly anomalies in the
western and central Pacific up to 600 hPa, paired with
negative anomalies at 200 hPa between 160◦ W and
80◦ W, which resembles the response simulated in
the ensemble mean PDRMIP-SOL. As with PDRMIP,
the strongest sensitivities occur in the central Pacific
around 600–800 hPa, with a slightly larger maximum
sensitivity of 0.8 m s−1 K−1 (figure 4(c)). CESM-
GHG on the other hand, does not support the evid-
ence of PDRMIP-CO2 for a reduction of the Walker
circulation. This is consistent with the response of the
ocean temperatures, which in CESM-GHG is weaker
than inCESM-SOL and lacks the stronger warming in
the eastern pacific, a response that has been identified
in all other ensemble simulations.

It has been suggested that excess surface heating in
the extra-tropics is subducted into the tropics affect-
ing the upwelled water in the eastern equatorial cold
tongue (Gu and Philander 1997). The multi-decadal

time scale of this oceanic ‘tunnel’ is relevant to the
centennial variations examined here and our regres-
sion analysis identifies similar bands of surface warm-
ing in the extratropical Pacific, being stronger over the
South Ocean (not shown). A reduced east–west tem-
perature gradient along the equator should weaken
the sea level pressure gradient, which in turn would
slow down surface winds and the Walker circula-
tion. In parallel with the dynamical ocean response,
the Walker circulation might also slow down in
solar maxima by the muted hydrological mechan-
ism of Held and Soden (2006), as demonstrated in
the model simulations of Misios et al (2019). Both
PDRMIP and CESM runs do not provide any evid-
ence for the ‘dynamical ocean thermostat’ mechan-
ism, which is expected to enhance zonal SST gradient
in the equatorial Pacific (Clement et al 1996). This
proposed mechanism would strengthen precipita-
tion over the maritime continent, strengthen sur-
face easterlies and ultimately accelerates the Walker
circulation, in contrast to the responses seen in
figures 3 and 4.
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We note that the CESM-LME ensemble is based
on the CESM1-CAM5, which shows the strongest
sensitivity of the Walker circulation in the PDRMIP
runs (supplementary figure 3). For this reason, a
possible overestimation of solar cycle signatures in
the CESM-SOL cannot be excluded per se and
this may explain the generally stronger sensitivit-
ies in precipitation and winds simulated with the
CESM-SOL. However, here we do not aim to provide
a quantitative assessment of the solar influence on
the Walker circulation, but highlight similarities
and differences in the precipitation and circulation
responses in the Indo-Pacific to the TSI and GHG
forcings.

4. Discussion and summary

Previous analysis of last millennium simulations have
suggested that periods of high solar forcing increase
SST gradients in the equatorial Pacific Ocean and
decrease rainfall, while increasing GHG concentra-
tions have the opposite effect (Mann et al 2009,
Liu et al 2013). Proxy reconstructions of surface
temperature have also suggested a cooling in the
equatorial Pacific during the MCA that coincided
with elevated solar activity, but model simulations
do not provide support for such a La-Nina like
response (Otto-Bliesner et al 2015). In contrast, the
CESM-LME simulations provide evidence that solar
and GHG forcings cause very similar patterns in the
tropical Pacific characterized by an ocean warming,
enhanced precipitation in the central Pacific, and
a weakening and eastward shift of the Walker cir-
culation. Moreover, CESM-SOL indicates that the
period of MCA is characterized by positive SSTs
under the sole influence of solar forcing (and vice
versa during the solar minimum period of the LIA).
The inclusion of idealized single-forcing simulations
fromnine different PDRMIPmodels further supports
this conclusion, which differs from previous stud-
ies that have typically relied on all-forcing last mil-
lennium simulations—meaning that the solar cycle
response could not be cleanly separated from vol-
canic forcing which also varied over the same time
period—or relied on a single model’s results. A cli-
mate model intercomparison of the last millennium
simulations has also demonstrated substantial dis-
crepancies in estimations of the Pacific temperat-
ure change during MCA, highlighting the potential
role of internal variability (Fernández-Donado et al
2013). Hence, our result cannot be extrapolated dir-
ectly to explain proxy records in the historical peri-
ods, as other forcing agents and natural variability
likely play a significant role (Tan et al 2019). Despite
this, reconstructions of rainfall variations in theCent-
ral Pacific provide some evidence for increased pre-
cipitation during the MCA associated with an east-
ward shift of the Walker circulation (Tan et al 2019),

in qualitative agreement with the response shown in
figures 3 and 4.

By analysing the transient CESM simulations we
confirm previous findings that for the same amount
of global warming we should expect a stronger hydro-
logical sensitivity to solar than GHG forcing, because
rapid adjustments to GHG forcing mute the slow
temperature-dependent response. This result implies
that tropical climate could be more susceptible to
solar variability than to GHG variations during the
pre-industrial period, given comparable global mean
temperature changes. However, as the GHG forcing
increases in the 20th century and dominates in the
last decades and in the future (Deser et al 2020),
we expect a small contribution of the TSI in future
changes in tropical precipitation and circulation, even
under prolonged solar minimum conditions (Meehl
et al 2013). The similarity of the TSI and GHG trop-
ical precipitation responses is analogous to the sim-
ilarity of the patterns (but opposite sign) in response
to anthropogenic aerosols and GHG over the 2nd half
of the 20th century, demonstrating that a common
set of coupled air-sea processes is fundamental to pat-
tern formation in response to different forcing agents
(Deser et al 2020).

The collective analysis of CESM and PDRMIP
simulations provides qualitative support to the obser-
vational evidence for a slowdown of the Walker cir-
culation and enhanced precipitation in the Central
pacific (Misios et al 2019), but the role of internal
variability needs to properly assessed by consider-
ing large ensemble simulations. The regression coef-
ficients calculated in PDRMIP-SOL and CESM-SOL
imply that in reality we should expect miniscule
changes in precipitation and wind anomalies in
response to the 11 year solar cycle because the
observed global mean surface warming to the 11 year
solar cycle barely exceeds 0.1 K. This raises questions
on the detectability of solar cycle signatures in the
tropical Pacific in the observational records. How-
ever, we note the possibility that (a) CESMmight not
capture the relative contribution of the mechanisms
that have been suggested to amplify solar responses
in the Tropical Pacific and/or (b) some mechanisms
may operate on decadal but not multi-decadal time
scales.

To the extent that CESM-LME simulations are
a valid representation of past climate variability, we
suggest that the solar and GHG forcing on multi-
decadal timescales have caused similar spatial pat-
terns of forced response in Pacific, characterized by
a weaker Walker circulation, positive SST anom-
alies and enhanced precipitation in the western/cent-
ral equatorial Pacific. Given the possible interference
between different competing mechanisms that oper-
ate on different time scales, future research should
focus on disentangling their relative role with care-
fully designed idealized simulations.
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