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Regulation of atmospheric circulation controlling
the tropical Pacific precipitation change in response
to CO2 increases
Byung-Ju Sohn1, Sang-Wook Yeh2, Ahreum Lee 1 & William K.M. Lau3

The spatial pattern of precipitation responses to CO2 concentration increases significantly

influences global weather and climate variability by altering the location of tropical heating in

a warmer climate. In this study, we analyze the Coupled Model Intercomparison Project

Phase 5 (CMIP5) climate model projections of tropical Pacific rainfall response to quadrupled

increase of CO2. We found that the precipitation changes to the CO2 concentration increase

cannot be interpreted by a weakening or strengthening of large-scale east–west coupling

across the tropical Pacific basin, i.e., Walker circulation. By calculating the water vapor

transport, we suggest instead that different responses of the Walker and Hadley circulations

to the increasing CO2 concentration shape the details of the spatial pattern of precipitation in

the tropical Pacific. Therefore, more regionally perturbed circulations over the tropical Pacific,

which is influenced by the mean state change in the tropical Pacific and the enhanced

precipitation outside the tropical Pacific, lead to greater increases in precipitation in the

western equatorial Pacific as compared to the eastern tropical Pacific in a warmer climate.

https://doi.org/10.1038/s41467-019-08913-8 OPEN

1 School of Earth and Environmental Sciences, Seoul National University, Seoul 08826, Korea. 2 Department of Environmental Marine Science, Hanyang
University, Ansan 15588, Korea. 3 Earth System Science Interdisciplinary Center, University of Maryland, College Park, MD 20742, USA. Correspondence and
requests for materials should be addressed to S.-W.Y. (email: swyeh@hanyang.ac.kr)

NATURE COMMUNICATIONS |         (2019) 10:1108 | https://doi.org/10.1038/s41467-019-08913-8 | www.nature.com/naturecommunications 1

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0002-7478-1044
http://orcid.org/0000-0002-7478-1044
http://orcid.org/0000-0002-7478-1044
http://orcid.org/0000-0002-7478-1044
http://orcid.org/0000-0002-7478-1044
mailto:swyeh@hanyang.ac.kr
www.nature.com/naturecommunications
www.nature.com/naturecommunications


The atmospheric concentration of carbon dioxide (CO2),
which is well known as a strong greenhouse gas, has been
gradually increasing since the mid-19th century and will

continue to increase in the near future1,2. In addition to a rising of
global mean surface temperature, an increase of CO2 concentra-
tion leads to changes in a number of atmospheric and oceanic
variables in terms of their spatial pattern and intensity, as well as
frequency1,3–9. Among them, the tropical Pacific precipitation
changes due to the increase of CO2 concentration have received
much attention because precipitation is one of the most impor-
tant parameters of the hydrological cycle, as well as the ecological
environment10–15. In particular, the spatial pattern of precipita-
tion in the tropical Pacific under global warming significantly
influences global weather and climate variability by altering the
location of tropical heating8,15–20. Furthermore, the amount of
precipitation in the central-to-eastern tropical Pacific can be used
as an index to represent the intensity of El Niño and Southern
Oscillation (ENSO)21,22, which is the most dominant variability
of sea surface temperature (SST)7,23. In addition, the influence of
the eastern tropical Pacific state, including mean SST and pre-
cipitation, on global climate is equally important24,25. Therefore,
it is crucial to understand the details of the physical processes
playing key roles in determining the spatial pattern of tropical
Pacific precipitation in the warmer climate, due to the increase of
greenhouse gas concentration.

Most previous studies examining the precipitation change in the
tropical Pacific under the warmer climate are based upon the
analysis of the Coupled Model Intercomparison Projection Phase 5
(CMIP5) climate model results. Precipitation change in a warmer
climate is often characterized as a wet-get-wetter/dry-get-drier
pattern16,17 or a warmer-get-wetter pattern18,26. While the wet-get-
wetter/dry-get-drier pattern thermodynamically interprets an
increasing atmospheric water vapor content and transport fol-
lowing the Clausius–Clapeyron relation, the warmer-get-wetter
mechanism dynamically interprets the cause of precipitation pat-
tern change in the tropics. Specifically, the warmer-get-wetter
mechanism indicates that the precipitation changes in the tropics
are positively correlated with the spatial deviations of SST warming
relative to the tropical mean SST, because the moist instability is
determined by the relative SST changes. Although these two
mechanisms reasonably well explain precipitation changes in a
warmer climate, future projection of rainfall patterns is still a
challenging issue27,28. The scientific community requires more
insight on the mechanisms of precipitation changes to precisely
project future climate. Using CMIP5 CO2 quadrupling experiment
results, we shed a new insight on interpreting precipitation change
in the tropical Pacific based on two main atmospheric circulations,
i.e., Walker and Hadley circulations. Previous studies have
emphasized the SST regulations determining the precipitation
pattern. Furthermore, recent studies are paying more attention
to the respective roles of Walker and Hadley circulation, deter-
mining the structure of divergence/convergence driving the
pattern of precipitation changes over the tropical Pacific in a
warmer climate29–33. In this study, we focus more on the atmo-
spheric regulation controlling the tropical Pacific precipitation
pattern in a warmer climate, in response to CO2.

We mainly use outputs from 21 CMIP5 model simulations
based on a 140-year experiment with a prescribed 1% per year
increase in CO2 concentration (i.e., the quadrupling experiment
of CO2 concentration) (Supplementary Table 1)34, excluding
other greenhouse gases (GHGs) and aerosols. To underpin the
impact of CO2 concentration increase on the tropical circulation,
the 1% CO2 experiment outputs from the 21 climate models are
averaged for the multi-model ensemble mean, representing the
climate variability forced by CO2 change. We consider the first
20-year (1–20 years) simulations as a control run. Since an annual

1% increase of CO2 concentration results in approximately a
quadrupling of CO2 concentrations in the last 20 years of the 140-
year analysis period (i.e., 121–140 years), the difference between
the two periods (1–20 years vs. 121–140 years) is considered to be
the precipitation response to quadrupling of CO2 concentration.
We also analyze outputs from doubling and tripling CO2

concentration experiments from 21 CMIP5 model simulations
(see the Methods section) and 21 CMIP5 preindustrial simula-
tions (Supplementary Table 1) to ensure that the results based on
the quadrupling experiment of CO2 concentration are repre-
sentative. Note that the responses due to doubling and tripling of
CO2 concentration were similar to those from the quadrupling
except with stronger signals in the quadrupling of CO2. Thus, in
this study, we mainly provide results from a quadrupling of CO2

concentration (hereafter referred to as QCO2).

Results
Mass overturning circulation over the tropics. In order to
understand the precipitation change over the tropics in a warmer
climate, we focus on the mass overturning circulation. We first
examine the total water vapor transport (hereafter, Q)35 (see
Methods section) because it takes place mostly in the boundary
layer, and establish a path mostly from the sinking region in the
subtropics to the ascending region over the Equator. Along with
Q, we also use the divergent wind field at 200-hPa level to
describe the upper branch of the circulations linked to the lower-
level circulation branch. However, considering that water vapor
flux is also a function of water vapor change itself, the effective
boundary-layer wind (hereafter, VE) is introduced and calculated
from water vapor transport scaled by the total column water
vapor (i.e., VE=Q/TPW, where TPW is the total precipitable
water) to avoid the influence of water vapor trends (see Methods
section). Because water vapor is mainly transported through the
lower returning branch of tropical circulation (i.e., Hadley or
Walker circulations), VE can represent the circulation intensity
and its intensity change can be interpreted as a change of the
Hadley or Walker circulation intensity36. Detailed discussion on
VE is found in previous literature37.

Figure 1a, b shows the ensemble mean distribution of velocity
potential and the associated divergent wind at 200-hPa level and
Q averaged in the control run, respectively. Note that the zonal
mean total water vapor transport is removed in Fig. 1b to
emphasize the zonal asymmetry caused by east–west circulations.
The associated precipitation rates are given in Fig. 1c. It is found
that the spatial structures of velocity potential along with 200-hPa
divergent wind, Q, and the precipitation rate obtained from the
ensemble mean of 21 CMIP5 preindustrial runs are not much
different from those in the control run (Supplementary Fig. 1).
This similarity suggests that climate system is not meaningfully
perturbed by the additional CO2 in the control run (i.e., the first
20-year period); therefore, the difference between the two periods
(1–20 years vs. 121–140 years) is considered representative of the
atmospheric response to QCO2.

The well-known Walker circulation is clearly depicted across
the tropical Pacific basin. Water vapor convergence and upper-
level divergence over the western tropical Pacific indicate the
ascending region, connecting to the eastern tropical Pacific
descending region where water vapor divergence is clearly shown.
It is of importance to note that the 200-hPa level velocity
potential shows a dominant wave number 1 pattern. In addition,
it is also evident that the local north–south Hadley circulation
is prevalent over the Indo-western tropical Pacific region.
The geographical distribution of the ensemble model mean
precipitation (Fig. 1c) agrees reasonably well with the expected
precipitation from the water vapor convergence/divergence
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pattern (Fig. 1b). Heavy precipitation areas over the Indo-western
Pacific region, Inter-tropical Convergence Zone (ITCZ), and
South Pacific Convergence Zone (SPCZ) coincide with the water
vapor convergence areas. The prevailing dry regions over the
equatorial eastern Pacific and subtropical oceans coincide with
water vapor divergence areas. A similar result is obtained from
the ERA-Interim reanalysis dataset33 for 1979–2017 with a wave
number 1 pattern of the 200-hPa level velocity dominant in the
tropics (Supplementary Fig. 2a). In addition, water vapor
convergence and upper-level divergence are prominent over the
Indo-western tropical Pacific along with Walker circulation and
the local north–south Hadley circulation. It is also evident that
much of the precipitation over the Indo-western Pacific region,
ITCZ, and SPCZ are closely associated with the water vapor
convergence (Supplementary Figs. 2b, c).

Changes in precipitation and circulation to CO2 increase. In
order to examine the QCO2 influence on tropical precipitation,
the precipitation differences between the two ensemble time
means (1–20 years vs. 121–140 years) are displayed in Fig. 2a.
Note that contour lines in Fig. 2a–c indicate the ensemble mean

precipitation in the control run, which is identical to Fig. 1c and
the precipitation response to QCO2 is highly consistent among
ensemble members (Fig. 2a), which are not due to one or two
models driving the maximum in precipitation change. Further-
more, it is indicated that QCO2 results are more consistent
among climate models, compared with the other two experi-
ments. It is also noteworthy that the precipitation differences
between the ensemble mean of 21 CMIP5 preindustrial runs and
the response to QCO2 (121–140 years) (Supplementary Fig. 3) are
similar to that from the first to last 20 years in the quadrupling
experiment of CO2 (Fig. 2a).

A pronounced increase in precipitation due to QCO2 is found
over the western equatorial Pacific with a maximum increase over
the area between 150° E and 160° W. Most of this increased
precipitation area nearly corresponds to the local minimum
of climatological precipitation area from 150° E to 80° W in
the equatorial Pacific, which appears to be in contrast to a wet-
get-wetter pattern. On the other hand, the rainfall amount is
reduced in the central-to-eastern subtropical Pacific where the
climatological precipitation is a minimum, which is consistent
with a dry-get-drier pattern in a warmer climate16,17. Therefore,
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the precipitation change due to QCO2 is not fully explained by a
thermodynamic process. Furthermore, the details of precipitation
changes have both been somewhat contrasting and consistent,
when the warmer-get-wetter mechanism is employed. While both
the SST warming and the SST increase relative to the tropical
mean SST from the first to the last 20 years is a maximum in the
eastern equatorial Pacific (Fig. 3), a maximum increase of
precipitation is found over the western equatorial Pacific (Fig. 2a).
On the other hand, both the western Indian Ocean and the
tropical Atlantic Ocean, where the SST warming relative to the
tropical mean SST is significant (Fig. 3b), are characterized by a
significant increase of precipitation amount due to QCO2

(Fig. 2a). This could be explained by a warmer-to-wetter
mechanism. These results require a further understanding to
explain the precipitation change in a warmer climate.

It should be noted that using CMIP5 model simulations, the
geographical distribution of the CMIP5 model ensemble mean
response in the total precipitation for doubling and tripling of
CO2 concentrations11 is quite similar to that due to QCO2

(Fig. 2a–c). This result indicates that the spatial structures of
tropical rainfall change are not much influenced by the

magnitude of atmospheric CO2 concentration change, implying
that a similar mechanism may work for the doubling, tripling,
and quadrupling of CO2 concentrations in a warmer world.
However, it is noted that the degree of inter-model agreement is
higher for the QCO2 experiment.

The change in the precipitation rate over the tropical Pacific to
QCO2 (Fig. 2a), i.e., greater increases in the western equatorial
Pacific as compared with the central-to-eastern tropical Pacific,
may be caused by an increased intensity of Walker circulation
with a more zonally expanded pattern. This seems contradictory
to the expected weakening of the Walker circulation under
the global warming conditions found in most coupled climate
models36–41. Using a typical index based on the sea-level pressure
(SLP) difference between the ascending and descending
regions38,39 (see Methods section), it is obvious that the intensity
of the Walker circulation to QCO2 gradually decreases (Supple-
mentary Fig. 4). This result raises a question, i.e., how can
weakening of the Walker circulation explain the change in the
precipitation rate of the tropical Pacific to QCO2? The answer
might be that the pressure changes defining the Walker
circulation are not only influenced by east–west-coupled Walker
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circulation but also by the north–south local Hadley circulation.
Therefore, a weakening of the Walker circulation in a warmer
climate, which is based on a typical index using the east–west
difference of SLP, might be oversimplified and there may be
changes in the structure of Walker circulation due to both
thermodynamics and dynamical responses, affecting rainfall
change.

In this study, the details of atmospheric circulation change are
examined based on the change in the mass overturning
circulation to QCO2 to interpret the change in the spatial pattern
of rainfall (Fig. 4). The dominant wave number 1 pattern in 200-
hPa velocity potential in the control run (contour in Fig. 4a) tends
to be shifted to the east, as noted in the difference field of 200-hPa
divergent wind and velocity potential (shading in Fig. 4a). While
the wave number 1 pattern in velocity potential at 200-hPa is still
dominant in the period of QCO2 (i.e., 121–140 years)
(Supplementary Fig. 5), a wavenumber 1.5–2 perturbation field
of velocity potential is established (see also Supplementary Fig. 6).
The oval-type minimum anomalies centered over Malaysia
indicate an upper-level mass convergence over the area covering
the eastern part of the Indian Ocean and the Maritime continent
(Fig. 4a), which is connected with an upper-level mass divergence
over the tropical Atlantic Ocean and a far western part of the
Indian Ocean where the SST warming relative to the tropical
mean SST is significant with an increase of precipitation amount,
in response to QCO2 (Fig. 3b). The strongest decrease in the
velocity potential roughly corresponds to the area showing the
decreased precipitation over the western part of the Maritime
continent and the eastern Indian Ocean (see Fig. 2a). We argue
that the enhanced precipitation in the far western Indian Ocean
and the tropical Atlantic Ocean (Fig. 2a), which could be
explained by the warmer-get-wetter mechanism, acts to shift the

convergence/divergence structure of Walker circulation to the
east in a warmer climate. On the other hand, the much elongated
pattern of positive anomalies extends from the central tropical
Pacific to the eastern tropical Pacific over 10° N–10° S and
appears to be dynamically connected to the negative anomalies
located in the west (Fig. 4a). This dipole-like distribution may
suggest a link between the two regions, establishing the upper
branch of the Pacific Walker circulation. However, considering
that perturbed velocity is mostly linked in the north–south
direction over most of the central and eastern tropical Pacific, the
equatorial area extending from the central tropical Pacific to the
eastern tropical Pacific is subject to more of a north–south
aligned outflow from the latitudinal belt along the equator.

It is noteworthy that there is a study pointing out the eastward
shift of Walker circulation represented by the zonal stream
function in response to global warming, which is mainly
associated with a shift toward more El Niño-like mean state
due to a long-term trend in ENSO variability pattern29. While
such an El Niño-like mean state change is also seen in the period
of QCO2 (Fig. 3a), the spatial structure of the mass overturning
circulation associated with El Niño events has both similarities
and differences (Supplementary Fig. 7a) compared with that due
to QCO2 (i.e., Fig. 4a). During El Niño events (see Methods
section), the minimum anomalies of mass overturning circulation
are located over the eastern part of the Indian Ocean and the
Maritime continent, which is similar to the result in Fig. 4a.
However, the elongated pattern of positive anomalies extending
from the central to the eastern tropical Pacific along with the
upper-level mass divergence over the tropical Atlantic Ocean and
a far western Indian Ocean does not appear during El Niño
events, which is in contrast to that due to QCO2 (Fig. 4a).
Furthermore, it is also noteworthy that the mean state change of
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SST due to QCO2 (Fig. 3a) is somewhat different from the spatial
pattern of El Niño events simulated in CMIP5 climate models
(Supplementary Fig. 7b), in particular over the western Indian
ocean and equatorial Atlantic.

The change in VE induced by QCO2 is presented in Fig. 4b. In
accordance with the upper-level divergence/convergence distri-
bution shown in the 200-hPa divergent wind field (Fig. 4a), VE

shows divergence over the eastern part of the Indian Ocean and
convergence across the Pacific from 150° E eastward. The
divergence and convergence of VE imply water vapor divergence
and convergence, respectively, which explains the precipitation
change to QCO2 shown in Fig. 2. The increase in the velocity
potential roughly corresponds to the increased rainfall amount
area between 150° E and 160° W as well as the coast of South
America around 90° W (Fig. 2a and Fig. 3a). In addition, such an
elongated pattern across the tropical Pacific Ocean indicates that
the upper-level mass fluxes diverge from the equatorial area
toward the subtropical oceans in both hemispheres. This reflects a
narrowing of the ITCZ, the enhanced drying of the subtropics,
and marginal convective zones of the tropics31(see also
Supplementary Fig. 8), describing the change structure of the
Hadley circulation due to QCO2

29,30,32,33. Therefore, the tropical
circulation anomalies inferred from 200-hPa divergent wind and
VE with precipitation anomalies suggest how precipitation
anomalies are formed in response to QCO2: precipitation over
the western tropical Pacific is caused by eastward water vapor
transport from the Indian Ocean, while precipitation over the

central-to-eastern tropical Pacific Ocean is largely due to the
equatorward transport of water vapor from subtropical oceans
(Supplementary Fig. 9). This result indicates that the changes in
precipitation to QCO2 might be linked to regionally confined
circulations, i.e., Walker and Hadley circulations. In other words,
more regionally developed circulations over the tropical Pacific
basin tend to break the trans-Pacific Walker circulation into
rather smaller regional scales, leading to greater increases in
precipitation in the western equatorial Pacific as compared with
the eastern tropical Pacific.

Discussion
We conclude that the details of precipitation changes in response
to QCO2 are not directly linked by large-scale east–west-coupling
across the tropical Pacific basin. By calculating water vapor
transport (Q) and the effective boundary-layer wind (VE), we
proposed that regionally different responses of the Walker and
Hadley circulations to increasing CO2 tend to shape the details of
the spatial pattern of precipitation in the tropical Pacific. There-
fore, regional scales of atmospheric circulation over the tropical
Pacific basin should be understood to correctly project the pre-
cipitation changes in response to increasing CO2 in a warmer
climate. Precipitation changes over the western equatorial Pacific
seem to be more related to the Indian Ocean and the tropical
Atlantic Ocean, when the eastward shift of the Walker circulation
is considered. On the other hand, most central-to-eastern

30N

30E 60E

–18 –15 –12 –9 –6 –3 0 3 6 9 12 15 18

90E 120E

120

100

80

60

–40

150E 150W 120W 90W 60W 30W 0180

15N

EQ

0

30E 60E 90E 120E 150E 150W 120W 90W 60W 30W 01800

[105 m2 s–1]

1.0 m s–1

1.5 m s–1a

15S

30S

30N

15N

EQ

b

15S

30S

Fig. 4 Changes in atmospheric circulation to CO2 concentration increases. Difference distribution (121–140 years minus 1–20 years) of ensemble mean of
(a) velocity potential function (colors) and divergent wind (arrow) at 200-hPa level and (b) effective wind [VE]. Contours in a indicate ensemble mean
field of velocity potential for the first 20 years with intervals of 20 × 105 m2 s−1. Dotted denotes the region where the responses of 14 or more out of the 21
CMIP5 models are of the same sign

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-08913-8

6 NATURE COMMUNICATIONS |         (2019) 10:1108 | https://doi.org/10.1038/s41467-019-08913-8 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


equatorial Pacific regions depict an increase of local Hadley-type
circulation in a warmer climate, suggesting that the conventional
east–west Walker circulation in the same regions is less sensitive
to CO2 increases. In other words, the change in total precipitable
water in the central-to-eastern tropical Pacific is largely controlled
by the local Hadley circulation, consistent with intensified sub-
tropics and a narrowing of ITCZ under the global warming
condition. This somewhat contradicts the previous literature,
which emphasizes the respective role of Walker circulation and
Hadley circulation change in a warmer climate. In the Darwin
area, for example, the change in the atmospheric circulation and
the total precipitable water is greatly linked to the Indian Ocean
where divergence can be expected, whereas in Tahiti, the atmo-
spheric circulations leading to the change in the total precipitable
water are nearly in the north–south direction (Supplementary
Fig. 10). Thus, in many previous studies38–41, the difference of
SLP between two regions may not be interpreted as a Walker
circulation change. The present study emphasizes the regulation of
regional atmospheric circulation controlling the precipitation
changes in response to QCO2 in a warmer climate.

Methods
Total water vapor transport (Q). Because water vapor storage in the atmosphere
is small over monthly timescales for a given location in comparison with eva-
poration (E) minus precipitation (P), water vapor excess (E − P) should be
balanced by the divergence water vapor transported into the surrounding regions
(Q), i.e., ∇ • Q= E − P. By separating the water vapor transport vector (Q) into
rotational (QR) and divergent (QD) components (i.e., Q=QR+QD), and by
introducing the potential function of water vapor transport (Φ), QD can be cal-
culated from the relationship of ∇•QD=−∇2Φ= E – P38,39,42. A detailed solving
method is found in a previous study39. For the model output, the water vapor
fluxes are vertically integrated using moisture and wind profiles. After this vertical
integration, only the divergent component of water vapor transport is taken43–45.
Detailed descriptions of the calculation methods, including validations, are found
in a previous study30. In this approach, the specific humidity (q) and horizontal
wind fields (V) are needed to calculate water vapor flux.

The total water vapor transport (Q) can be defined by

Q ¼ � 1
g

ZPo

Ps

qVdp ð1Þ

where g, q, V, Ps, and Po are the acceleration of gravity, specific humidity,
horizontal wind vector, surface pressure, and top-of-the-atmosphere pressure,
respectively.

Effective boundary-layer wind field (VE). As expressed in equation (1), water
vapor transport varies with the combination of water vapor and wind speed. Thus,
both of these factors contribute to trends in water vapor flux. In other words, water
vapor flux can increase under a static velocity field when the amount of water vapor
increases. To understand trends in circulation strength using water vapor flux, it
would be ideal if we could remove the influence of water vapor increases or
decreases on the vapor transport trend. To achieve this, we introduce the concept
of “effective wind (VE) for water vapor transport” by considering the divergent
component only, i.e.,

QD ¼ TPW
XN
i¼1

PWðiÞ
TPW

VDðiÞ ð2Þ

where TPW and PW are total precipitable water and precipitable water, respec-
tively. Then the satellite estimate for the effective wind is given by

VE ¼ QD=TPW: ð3Þ

On the other hand, the effective wind from model output data is from

VE ¼
XN
i¼1

WðiÞVDðiÞ: ð4Þ

In Eq. (4), the atmospheric column is divided into N layers, with PW(i)
representing precipitable water at the ith layer. The termW(i) is the contribution of
the water vapor amount by the ith layer to the TPW.

Walker circulation index (WCI). The Walker circulation index is defined as the
pressure difference between the eastern (160° W–80° W and 5° N–5° S) and
western Pacific (80° E–160° E and 5° N–5° S).

Doubling and tripling experiments of CO2 concentration. We use outputs from
21 CMIP5 model simulations based on a 70-year and 111-year experiment with a
prescribed 1% per year increase in CO2 concentration, respectively, in the doubling
and tripling experiment of CO2 concentration. Similar to the quadrupling
experiment, we consider the first 20-year (1–20 years) simulations as a control run
in both the doubling and tripling experiment. Since an annual 1% increase of CO2

concentration results in approximately a doubling (tripling) of CO2 concentrations
in the last 20 years of the 70-year (111-year) analysis period, i.e., 51–70 years (i.e.,
92–111 years), the difference between the two periods, i.e., 1–20 years vs. 51–70
years (1–20 years vs. 92–111 years) is considered to be the precipitation response to
doubling (tripling) of CO2 concentration.

El Niño composites in 21 CMIP5 climate models. We counted the El Niño event
as the year when the Niño 3.4 index during boreal winter (December–January–
February, DJF) is above 0.4 °C during the first 20 years in each of the 21 CMIP5
climate models. In order to identify the characteristics of atmospheric states when
El Niño occurs, the climatological DJF mean during the entire first 20-year period
was subtracted from the years when El Niño occurs.

Code availability. All the IDL and Fortran 90 codes used to generate the results of
this study are available from the authors upon request.

Data availability
All CMIP5 model data are publicly available from https://esgf-node.llnl.gov/search/cmip5/.

Received: 7 June 2018 Accepted: 22 January 2019

References
1. IPCC. Climate Change 2013: The Physical Science Basis. Contribution of

Working Group I to the Fifth Assessment Report of the Intergovernmental Panel
on Climate Change (eds. Stocker, T. F. et al.) (Cambridge University Press,
Cambridge, 2013).

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

3. Kharin, V., Zwiers, F. W., Zhang, X. & Hergerl, G. C. Changes in temperature
and precipitation extremes in IPCC ensemble of coupled model simulations. J.
Clim. 20, 1419–1444 (2007).

4. Grise, K. M. & Polvani, L. M. The response of midlatitude jets to increased
CO2: distinguishing the roles of sea surface temperature and direct radiative
forcing. Geophys. Res. Lett. 41, 6863–6871 (2014).

5. Kennedy, D., Parker, T., Woollings, T., Harvey, B. & Shaffrey, L. The response
of high-impact blocking weather systems to climate change. Geophys. Res. Lett.
43, 7250–7258 (2016).

6. Holmes, C. R., Woollings, T., Hawkins, E. & Vries, H. Robust future changes
in temperature variability under greenhouse gas forcing and the relationship
with thermal advection. J. Clim. 29, 2221–2236 (2016).

7. Collins, M. et al. The impact of global warming on the tropical Pacific Ocean
and El Niño. Nat. Geosci. 3, 391–397 (2010).

8. Xie, S.-P., Lu, B. & Xiang, B. Similar spatial patterns of climate responses to
aerosol and greenhouse gas changes. Nat. Geosci. 6, 828–832 (2013).

9. Chung, E.-S., Soden, B., Sohn, B. J. & Shi, L. Upper-tropospheric moistening in
response to anthropogenic warming. Proc. Natl. Acad. Sci. USA 111,
11636–11641 (2014).

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

11. Lau, W. K. M., Wu, H.-T. & Kim, K.-M. A canonical response of precipitation
characteristics to global warming from CMIP5 models. Geophys. Res. Lett. 40,
3163–3169 (2013).

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

13. Zhang, W., Villarini, G., Scoccimarro, E. & Vecchi, G. A. Stronger influences
of increased CO2 on subdaily precipitation extremes than at the daily cycle.
Geophys. Res. Lett. 44, 7464–7471 (2017).

14. O’Gorman, P. A. Precipitation extremes under climate change. Curr. Clim.
Change Rep. 1, 49–59 (2015).

15. Pfahl, S., O’Gorman, P. A. & Fischer, E. M. Understanding the regional
pattern of projected future changes in extreme precipitation. Nat. Clim.
Change 7, 423–427 (2017).

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-08913-8 ARTICLE

NATURE COMMUNICATIONS |         (2019) 10:1108 | https://doi.org/10.1038/s41467-019-08913-8 | www.nature.com/naturecommunications 7

https://esgf-node.llnl.gov/search/cmip5/
www.nature.com/naturecommunications
www.nature.com/naturecommunications


16. Chou, C. & Neelin, J. D. Mechanisms of global warming impacts on regional
tropical precipitation. J. Clim. 17, 2688–2701 (2004).

17. Chou, C., Neelin, J. D., Chen, C.-A. & Tu, J.-Y. Evaluating the “rich-get-
richer” mechanism in tropical precipitation change under global warming. J.
Clim. 22, 1982–2005 (2009).

18. Xie, S.-P. et al. Global warming pattern formation: sea surface temperature
and rainfall. J. Clim. 23, 966–986 (2010).

19. Marvel, K. & Bonfils, C. Identifying external influences on global precipitation.
Proc. Natl. Acad. Sci. USA 110, 19301–19306 (2013).

20. Yeh, S.-W. et al. ENSO atmospheric teleconnections and their response to
greenhouse gas forcing. Rev. Geophys. 56, 185–206 (2018).

21. Cai, W. et al. Increasing frequency of extreme El Nino events due to
greenhouse warming. Nat. Clim. Change 4, 111 (2014).

22. Curtis, S. & Adler, R. ENSO indices based on patterns of satellite-derived
precipitation. J. Clim. 13, 2786–2793 (2000).

23. McPhaden, M. J., Zebiak, S. E. & Glantz, M. H. ENSO as an integrating
concept in earth science. Science 314, 1740–1745 (2006).

24. Huffman, G. J. et al. The Global Precipitation Climatology Project (GPCP)
combined precipitation dataset. Bull. Am. Meteorol. Soc. 78, 5–20 (1997).

25. Schneider, E. K., Lindzen, R. S. & Kirtman, B. P. A tropical influence on global
climate. J. Atmos. Sci. 54, 1349–1358 (1997).

26. Maloney, E. D. et al. North American climate in CMIP5 experiments: part
iii: assessment of twenty-first-century projections. J. Clim. 27, 2230–2270
(2014).

27. Kharin, V. V., Zwiers, F. W., Zhang, X. & Hegerl, G. C. Changes in
temperature and precipitation extremes in the IPCC ensemble of global
coupled model simulations. J. Clim. 20, 1419–1444 (2007).

28. Sun, J. & Wang, H. Changes of the connection between the summer North
Atlantic Oscillation and the East Asian summer rainfall. J. Geophys. Res. 117,
D08110 (2012).

29. Bayr, T., Dommenget, D., Martin, T. & Power, S. B. The eastward shift of the
Walker circulation in response to global warming and its relationship to
ENSO variability. Clim. Dyn. 43, 2747–2763 (2014).

30. Byrne, M. P. & Schneider, T. Narrowing of the ITCZ in a warming climate:
Physical mechanisms. Geophys. Res. Lett. 43, 11350–311 (2016).

31. Lau, W. K. M. & Kim, K.-M. Robust Hadley circulation changes and
increasing global dryness due to CO2 warming from CMIP5 model
projections. Proc. Natl. Acad. Sci. USA 112, 3630–3635 (2015).

32. Su, H. J. et al. Weakening and strengthening structures in the Hadley
Circulation change under global warming and implications for cloud
response and climate sensitivity. J. Geophys. Res. Atmos. 119, 5787–5805
(2014).

33. Su, H. et al. Tightening of tropical ascent and high clouds key to precipitation
change in a warmer climate. Nat. Commun. 8, 15771 (2017).

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

35. Park, S.-C., Sohn, B. J. & Wang, B. Satellite assessment of divergent water
vapor transport from NCEP, ERA40, and JRA25 reanalyses over the Asian
summer monsoon region. J. Meteor. Soc. Jpn. 85, 615–632 (2007).

36. Sohn, B. J., Yeh, S.-W., Schmetz, J. & Song, H. J. Observational evidences of
Walker circulation change over the last 30 years contrasting with GCM
results. Clim. Dyn. 40, 1721–1732 (2013).

37. Sohn, B. J. & Park, S. C. Strengthened tropical circulations in past three
decades inferred from water vapor transport. J. Geophys. Res. 115, D15112
(2010).

38. Vecchi, G. A. & Soden, B. J. Global warming and the weakening of the tropical
circulation. J. Clim. 20, 4316–4340 (2007).

39. Vecchi, G. A. et al. Weakening of tropical atmospheric circulation due to
anthropogenic forcing. Nature 441, 73–76 (2006).

40. Tokinaga, H., Xie, S.-P., Deser, C., Kosaka, Y. & Okumura, Y. M. Slowdown of
the Walker circulation driven by tropical Indo-Pacific warming. Nature 491,
439–444 (2012).

41. Plesca, E., Grutzun, V. & Buehler, S. A. How robust is the weakening of the
Pacific Walker circulation in CMIP5 idealized transient simulations? J. Clim.
31, 81–97 (2017).

42. Dee, D. P. et al. The ERA-Interim reanalysis: configuration and performance
of the data assimilation system. Q. J. R. Meteorol. Soc. 137, 553–597 (2011).

43. Rosen, R. D., Salstein, D. A. & Peixoto, J. P. Variability in the annual fields of
large-scale atmospheric water vapor transport. Mon. Wea. Rev. 107, 26–37
(1979).

44. Chen, T.-C. Global water vapor flux and maintenance during FGGE. Mon.
Wea. Rev. 113, 1801–1819 (1985).

45. Sohn, B. J., Smith, E. A., Robertson, F. R. & Park, S.-C. Derived over-ocean
water vapor transports from satellite retrieved E − P datasets. J. Clim. 17,
1352–1365 (2004).

Acknowledgements
B.-J.S. and A.L. were supported by the Korea Meteorological Administration Research
and Development Program under Grant KMIPA KMI2018–06910. S.-W.Y. was sup-
ported by National Research Foundation Grant NRF-2018R1A5A1024958.

Author contributions
B.-J.S. and S.-W.Y. conceived the study, A.L. conducted analysis, and B.-J.S. and S.-W.Y.
wrote the paper with comments and input from W.K.M.L.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-08913-8.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Journal peer review information: Nature Communications thanks the anonymous
reviewers for their contribution to the peer review of this work. Peer reviewer reports are
available.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-08913-8

8 NATURE COMMUNICATIONS |         (2019) 10:1108 | https://doi.org/10.1038/s41467-019-08913-8 | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-019-08913-8
https://doi.org/10.1038/s41467-019-08913-8
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Regulation of atmospheric circulation controlling the tropical Pacific precipitation change in response to CO2 increases
	Results
	Mass overturning circulation over the tropics
	Changes in precipitation and circulation to CO2 increase

	Discussion
	Methods
	Total water vapor transport (Q)
	Effective boundary-layer wind field (VE)
	Walker circulation index (WCI)
	Doubling and tripling experiments of CO2 concentration
	El Niño composites in 21 CMIP5 climate models
	Code availability

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




