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comparable to those derived from the state-of-the-art reanalysis data
(Supplementary Fig. 1) or the climate models with the best precipitation simulations (see Supplementary Fig. 2). Investigations with this
model of various aspects of climate variability including temperature,
ENSO and global monsoons18–20 have built confidence in the model’s
credibility for understanding physical processes pertinent to global
precipitation change. It is important to note that the simulation we
study treats the effect of volcanic aerosol as if it were exactly the same as
a reduction in solar radiance21. Because it is difficult to extract an
unambiguous pattern for the response to greenhouse gases from a
simulation that ends in the twentieth century and that also includes
solar forcing, we turn to results from a simulation with the same
ECHO-G model of the twenty-first century forced by the A1B scenario
of greenhouse-gas increases and from a simulation forced by observed
greenhouse gases only from 1860–2000 (Supplementary Information).
Strikingly, although the late twentieth century is warmer than the
Medieval Warm Period, rainfall is less (Fig. 1). How much global
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As a result of global warming, precipitation is likely to increase in
high latitudes and the tropics and to decrease in already dry subtropical regions1. The absolute magnitude and regional details
of such changes, however, remain intensely debated2,3. As is well
known from El Niño studies, sea-surface-temperature gradients
across the tropical Pacific Ocean can strongly influence global
rainfall4,5. Palaeoproxy evidence indicates that the difference
between the warm west Pacific and the colder east Pacific increased
in past periods when the Earth warmed as a result of increased solar
radiation6–9. In contrast, in most model projections of future greenhouse warming this gradient weakens2,10,11. It has not been clear how
to reconcile these two findings. Here we show in climate model
simulations that the tropical Pacific sea-surface-temperature gradient increases when the warming is due to increased solar radiation
and decreases when it is due to increased greenhouse-gas forcing.
For the same global surface temperature increase the latter pattern
produces less rainfall, notably over tropical land, which explains
why in the model the late twentieth century is warmer than in the
Medieval Warm Period (around AD 1000–1250) but precipitation
is less. This difference is consistent with the global tropospheric
energy budget12, which requires a balance between the latent heat
released in precipitation and radiative cooling. The tropospheric
cooling is less for increased greenhouse gases, which add radiative
absorbers to the troposphere, than for increased solar heating,
which is concentrated at the Earth’s surface. Thus warming due to
increased greenhouse gases produces a climate signature different
from that of warming due to solar radiation changes.
How much will precipitation increase as the world warms as a result
of increased greenhouse gases2,3,12? Will the greenhouse-warminginduced precipitation change be different from that induced by natural
forcing? Past climate changes might provide guidance. Much has been
achieved in the reconstruction of climate from proxy data (tree ring,
stalagmites, ice cores, corals, laminated sediments and historical documents) and in numerical simulations of climate change over the past
thousand years13. There has been great progress in understanding
millennial variations of global mean temperature14,15 and dynamical
modes of climate variability such as the North Atlantic Oscillation and
the El Niño–Southern Oscillation (ENSO)7, but knowledge of precipitation change remains quite limited and primarily confined to
regional scales16,17.
Here we examine differences over the last millennium between
global precipitation changes due to natural changes in the solar–
volcanic forcing, that is, the sum of the radiative effects of variations
in solar irradiance and volcanic aerosols, and precipitation changes
resulting from greenhouse-gas forcing. Because proxy data are sparse
and the spatial distribution of precipitation is complex, our approach
relies on millennial simulations with ECHO-G, an atmosphere–ocean
coupled climate model able to reproduce realistic present-day climatology and short-term climate fluctuations (Supplementary Information). The model-simulated present-day precipitation climatology is
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Figure 1 | The external forcing and responses. a, The grey line shows the
annual mean time series of effective radiative (solar and volcanic) forcing. The
red line shows the 11-year running mean time series of solar radiation. The blue
line shows volcanic radiative forcing. The black line shows the effective
radiative (solar-volcanic) forcing. The purple line shows the CO2 concentration
(right axis). b, Shown are the global mean temperature (red), and the global
mean precipitation intensity (blue) simulated in the forced run with the ECHOG model. (p.p.m., parts per million.)
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Figure 2 | Scatter plot of decadal means of the global mean precipitation
rate versus the global mean temperature, at 2 m above the surface. Blue
circles show the millennium simulation (ERIK) for the pre-industrial period
(AD 1000–1850), with regression slope 2.1% uC21 (0.058 mm d21 uC21). Red
squares show ERIK for the industrial period (1850–1990), with regression slope
1.4% uC21 (0.039 mm d21 uC21). Green symbols show two ECHO-G model
runs with only greenhouse-gas forcing, with regression slopes 1.2% uC21
(0.033 mm d21 uC21) (squares) and 1.3% uC21 (0.036 mm d21 uC21) (circles).

precipitation would increase for a given temperature increase due to
global warming has been the subject of intense debate2,3. In the forced
millennium simulation (Supplementary Information) this ratio is
about 2.1% uC21 during the pre-industrial period (AD 1000–1850),
but only about 1.4% uC21 during the industrial period (AD 1850–
1990) (Fig. 2), a difference that is significant above the 95% confidence
level (Supplementary Information). Figure 2 also shows that in two
runs with the same model forced only by greenhouse gases (Methods),
the ratio is close to but less than that for the industrial period and is
again distinct from that in the pre-industrial period when the only

Latitude
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significant forcing is solar. Regional precipitation changes depend on
circulation changes and are influenced by local sea surface temperature
(SST), and the global precipitation change is not solely dependent on
global mean temperature, but what accounts for the difference in this
ratio between the Medieval Warm Period and the present?
A good starting point is the tropospheric energy budget: whereas the
change in atmospheric water vapour is closely controlled by temperature via the Clausius–Clapeyron relation, precipitation changes are
constrained by the energy budget12. For the troposphere as a whole,
the precipitation heating is principally balanced by radiative flux divergence. Thus the total global precipitation is controlled by the difference
between the upward radiative flux at the tropopause and that at the
earth’s surface. All other things being equal, an increase in surface
temperature, whether it is due to increased solar flux or increased
greenhouse trapping, will increase this flux divergence and hence
increase precipitation. However, adding long-wave absorbers to the
atmosphere will tend to lessen the difference between the flux at the top
and that at the bottom, so the increase in precipitation will be less
than if the surface heating results from increased solar radiation12.
The energy argument can explain the difference in global mean
precipitation, but it does not address the spatial distribution of precipitation changes. We first estimate the changes in precipitation and SST
by differencing these fields at a time of high solar radiance and little
volcanic aerosol (AD 1100–1200, during the Medieval Warm Period;
see Fig. 1a) and a time of low solar radiance and high volcanic aerosol
(AD 1630–1730, during the Little Ice Age). We take 100-year averages
to reduce the influence of higher-frequency natural variability. We will
refer to the derived mode as the solar–volcanic mode. It features an
enhanced zonal SST gradient in the tropical Pacific Ocean (Fig. 3a)
and, as might be expected, the stronger SST gradient is accompanied
by stronger easterlies in the equatorial Pacific, and a stronger Walker
circulation. It has these features in common with a La Niña event, but
the pattern differs in many respects, including having a positive value
of the ENSO index NINO3.4 (the SST anomaly averaged over the
eastern equatorial box 5u S–5u N, 120u W–170u W; Supplementary
Fig. 3), which would be negative for a La Niña event.
b

MWP minus LIA

MCA1

60° N

60° N

30° N

30° N

Equator

Equator

30° S

30° S
0°

60° E

120° E

180°

120° E

60° E

0°

0°

60° E

120° E

180°

120° W

60° W

0°

120° W

60° W

0°

Longitude
–0.6 –0.5 –0.4 –0.3 –0.2 –0.1

0.1

0.2

0.3

0.4

0.5

0.6

Latitude

Precipitation (mm d–1)
60° N

60° N

30° N

30° N

Equator

Equator

30° S

30° S
0°

60° E

120° E

180°

120° E

60°°E

0°

0°

60° E

120° E

180°

Longitude
–1.2 –1.0 –0.8 –0.6 –0.4 –0.2 –0.1 0.1 0.2

0.4 0.6

0.8 1.0 1.2

SST (°C)

Figure 3 | Spatial patterns of the solar–volcanic forced mode. a, The
precipitation and SST changes are shown for the Medieval Warm Period
(MWP, AD 1100–1200) minus the Little Ice Age (LIA, AD 1630–1730) in
response to differences in solar forcing. b, The precipitation and SST patterns of
the leading maximum covariance analysis mode in the ERIK millennium run

are shown for the period AD 1000–1850, based on 11-year running means after
the leading mode of internal variability is removed. (They explain 15.3% and
11.1% of the variance, respectively.) The pattern correlation coefficients between
a and b over the entire domain are 0.92 for precipitation and 0.98 for SST.
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mode is larger than that in the greenhouse-gas mode, though the
solar–volcanic mode is drier than the greenhouse-gas mode in the
central equatorial Pacific. The global total precipitation increase for
a given temperature increase due to greenhouse-gas warming (about
1.2% to 1.3% per uC) is about 40% less than that due to solar–volcanic
warming (2.1% per uC) (Fig. 2). Of note for societal impacts is that for
the solar–volcanic forced mode the rainfall over tropical land increases
by 5.5% for a 1 uC increase in global mean temperature, while for the
greenhouse-gas forced mode the corresponding increase of 2.4% is less
than half of that.
The late twentieth century is warmer than the Medieval Warm
Period but the rainfall is less (Fig. 1b), and we argued above that the
difference may be attributed to the difference in energy budget constraints when the warming is due to increased greenhouse gases as
opposed to solar–volcanic heating. The climate system accommodates
the energy budget differences by changing the pattern of global warming. For the same increase in global mean temperature, the solar forced
pattern has a stronger SST gradient than the greenhouse-gas forced
pattern. Along with the enhanced SST gradient, the Walker circulation
strengthens and moisture convergence is concentrated in the IndoPacific warm pool region. This wet region gets wetter1,2, augmenting
global precipitation.
There is ongoing debate about whether the equatorial Pacific
responds to increased heating by enhancing the east–west gradient23,24
or reducing it2,10,11. The ‘‘ocean dynamical thermostat’’ theory23,24,26
argues that increased heating at the surface warms SSTs in the west
more because in the east the heating is countered by upwelling of cold
waters from below. The increase in SST gradient gives rise to an
enhanced pressure gradient and hence stronger easterly winds and a
stronger Walker circulation, which in turn enhance the SST gradient, a
mechanism known as ‘‘the Bjerknes feedback’’. The essence of the
opposing argument2,11 is that because the warming increases the moist
static energy in the atmosphere by a greater amount than the energy
transports associated with precipitation, the Walker circulation must
slow down, so the Bjerknes feedback now implies a weaker SST gradient. The ‘‘ocean dynamical thermostat’’ argument draws support
from palaeoclimate proxy data6–9,27 and intermediate model simulations23,24. On the other hand, Intergovernmental Panel on Climate
Change (IPCC) model projections for the twenty-first century typically show a weaker zonal SST gradient1,25, supporting the weaker
Walker argument.

We checked this result with a different technique for detecting
major patterns of decadal precipitation variations. To focus on the
forced response, we first removed the leading internal mode component from the millennium run (Methods and Supplementary Figs 3
and 4) and then applied a maximum covariance analysis (that is,
a singular value decomposition22) to the precipitation and SST
fields for the period AD 1000–1850, when the only appreciable forcing
is solar–volcanic. The leading coupled spatial patterns of SST and
precipitation (Fig. 3b) are markedly similar to the strong gradient
patterns of the solar–volcanic mode (Fig. 3a); spatial correlation coefficients are 0.98 and 0.92 for the SST and precipitation fields, respectively. The time expansion coefficients of the precipitation and SST
(Supplementary Fig. 5) show a prominent centennial–millennial fluctuation, with a substantial dry and cold epoch during the Little Ice Age
(AD 1450–1850), when radiance at the surface due to solar–volcanic
forcing is low, and a wet and warm epoch occurring in the Medieval
Warm Period (AD 1000–1250), when radiance is high.
The implication that the Medieval Warm Period featured a solar–
volcanic pattern (in particular, a stronger zonal SST gradient) but
that the global cooling at the Little Ice Age has the opposite pattern
agrees with available proxy evidence6,7,9 and model results23–25. With
increased solar–volcanic forcing the rainfall increases over the climatological ‘wet’ regions, resulting in an overall increase in global
mean precipitation (Fig. 3).
To estimate the response induced by greenhouse-gas forcing, we
examined two greenhouse-gas-only forcing runs, one for the industrial
period (AD 1860–2000) with observed greenhouse-gas concentration
as the only forcing, and the other for AD 1990–2100, forced by the A1B
scenario of increased greenhouse gases (Supplementary Fig. 6). The
resultant trend patterns of SST and precipitation for the two runs
are similar except that the A1B run has substantially larger amplitudes than the industrial run, owing to stronger greenhouse-gas forcing. Figure 4a shows the greenhouse-gas mode estimated from the
ECHO-G A1B run, which is similar to the Coupled Model Intercomparison Project Phase 5 (CMIP5) multi-model mean projection
(Fig. 4b), showing that this pattern in response to greenhouse-gas
forcing is common among models. In contrast to the strong zonal
SST gradient forced by solar warming, this greenhouse-gas forced
mode shows a reduced equatorial Pacific zonal SST gradient. Corresponding to the enhanced and reduced zonal SST gradients, the
overall increase of global mean precipitation in the solar–volcanic
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Figure 4 | Comparison of the changes in annual
mean precipitation and SST. a, The ECHO-G
simulated changes under the A1B run forced by
greenhouse-gas change only for the period AD
2070–2099 relative to the period AD 1990–2019.
b, The change in precipitation and SST for the
period AD 2070–2099 relative to AD 1980–2005 in
the multi-model mean of the six best (6BMME)
CMIP5 models forced according to Representative
Concentration Pathway 4.5 (a scenario that
stabilizes radiative forcing at 4.5 W m22 or less in
the year AD 2100) forcing (ref. 30). The six best
models are the ones with the best simulation of the
mean and annual cycle precipitation, as shown in
Supplementary Fig. 2. The pattern correlations
between a and b are 0.42 for precipitation and 0.98
for SST.
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Figures 3 and 4 show that solar heating led to a stronger SST gradient, whereas greenhouse-gas heating led to a weaker one, demonstrating that there is no contradiction between the palaeoclimate
records and the IPCC simulations and that both theories may have a
realm of validity. However, neither theory indicates that the outcome
should depend on the type of heating. We found that, consistent with
the earlier argument for less precipitation with greenhouse-gas forcing
than with solar–volcanic forcing, the increase in atmospheric static
stability is noticeably greater with greenhouse-gas forcing (Supplementary Fig. 7). The increased atmospheric stability favours a weaker zonal
circulation and the accompanying weaker SST gradient characterizing
the greenhouse-gas mode. We suggest that although the thermostat and
associated stronger gradient pattern dominated in the past when the
external warming was solar–volcanic, the weaker gradient pattern
associated with greenhouse-gas forcing will dominate future change.

METHODS SUMMARY
Two millennial simulations28 and two greenhouse-gas-only forcing runs with the
ECHO-G coupled climate model29 were analysed: (1) a 1,000-year control (free)
simulation generated using fixed annually cycling forcing set at present-day values;
(2) a forced run, named ERIK, covering the period AD 1000–1990, which is externally forced by solar variability, the effective radiative effects from stratospheric
volcanic aerosols, and greenhouse-gas concentrations in the atmosphere, including CO2 and CH4, for the period AD 1000–1990; (3) a greenhouse-gas forced run
for the period AD 1860–2000 with initial conditions selected from a long preindustrial control simulation. Nineteen observed greenhouse gases were used,
including CO2, CH4 and N2O (ref. 18); and (4) an emissions scenarios (SRES)
balance across all sources (A1B) run from AD 1990 to 2100 with 720 p.p.m. stabilization at AD 2100.
To identify the internal decadal variation mode, a principal-component analysis
of the 11-year running mean precipitation was performed. To detect major patterns of forced decadal variation, we first removed the leading internal mode
component of the precipitation from the ERIK run, and then applied a maximum
covariance analysis22 to the precipitation and SST fields for the period AD 1000–
1850. To test whether the difference between the two slopes (Fig. 2) was due to
sampling errors, we used the Student’s t-test (it was not). Further details are given
in the Supplementary Information.
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