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Abstract The projected monsoon hydrological sensitivity, namely, the precipitation change rate per
kelvin of global warming, shows substantial intermodel spread among 40 Coupled Model
Intercomparison Project phase 5 models. The hydrological sensitivity of the Northern Hemisphere summer
monsoon is negatively correlated with that of the Southern Hemisphere summer monsoon. The intermodel
spread of the Northern Hemisphere summer monsoon hydrological sensitivity is mainly attributed to the
projected interhemispheric temperature gradients and the associated low‐level cross‐equatorial ﬂows.
The intermodel spread of the Afro‐Asia summer monsoon sensitivity is rooted in the projected
continent‐ocean thermal gradients, while the spread of the North American monsoon sensitivity is related to
the projected sea surface temperature pattern in the tropical eastern Paciﬁc and Atlantic. These ﬁndings
suggest that further constraining monsoon hydrological sensitivity requires a better projection of the
warming rate between the Northern and Southern Hemispheres and between the land and ocean, and the
sea surface warming pattern in the tropical eastern Paciﬁc and Atlantic.
Plain Language Summary Global monsoon precipitation has far‐reaching impacts on
agriculture planning and social‐economic sustainable development. Previous studies suggested that the
increasing of global monsoon precipitation is sensitive to global warming rate, but the precipitation
sensitivities, i.e., the precipitation change rate per kelvin of global warming, are also different among
state‐of‐the‐art coupled models. The causes of uncertainty in the monsoon precipitation sensitivity and the
associated dominant physical mechanism remain elusive. Based on 40 state‐of‐the‐art coupled climate
models, we reveal that the greenhouse gas‐induced interhemispheric temperature gradient causes the
uncertainty of global monsoon precipitation sensitivity by changing the strengths of monsoon circulation
and Hadley circulation and altering the Intertropical Convergence Zone position. Our results highlight
the importance of a reliable projection of interhemispheric differential warming to the future change of
global monsoon precipitation.

1. Introduction
Monsoon precipitation is the major water source for ecosystem, agriculture, and infrastructure management
in the monsoon regions, where ~70% of the world's population resides. As the annual variation of insolation
is a fundamental driver of the monsoon, the concept of the global monsoon (GM) is proposed to describe the
strength of overall monsoon systems around the globe (Trenberth et al., 2000; Wang & Ding, 2006). The GM
is the dominant mode of the annual variability of the atmosphere (Wang & Ding, 2008). It plays a central role
in planetary‐scale energy and water cycles (Biasutti et al., 2018; Trenberth et al., 2000; Wang et al., 2017). The
GM exhibits variabilities on interannual, interdecadal, centennial, millennial, orbital, and tectonic time
scales, as seen in instrumental observation and paleoproxy data (Cao et al., 2019; Liu et al., 2009; Wang
et al., 2012, 2014, 2017; Zhou et al., 2008).
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On the interannual time scale, GM precipitation is closely related to the El Niño–Southern Oscillation
(ENSO) (Deng et al., 2018; Wang et al., 2012, 2013; Zhou et al., 2008). On the interdecadal time scale, GM
precipitation, especially the Northern Hemisphere (NH) summer monsoon (NHSM) precipitation, is associated with the variation of the Interdecadal Paciﬁc Oscillation/Mega‐ENSO (Wang et al., 2013) and
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Figure 1. The relationship between the changing rates of monsoon precipitation (ordinate; %) and changes of global
mean surface temperature (abscissa; K) for (a) annal mean and (b) summer mean in the 40 CMIP5 models. (c) The
relationship between the changing rate of annual mean global monsoon precipitation (ordinate; %) and that of summer
monsoon precipitation (abscissa; %). The changes are the differences between future (2075–2099) and historical
(1979–2004) climate. The superscript “*”/“**” indicates that the correlation coefﬁcients are signiﬁcant at a 90%/95%
conﬁdence level.

Atlantic Multidecadal Oscillation (Kamae et al., 2017; Monerie et al., 2019; Wang et al., 2013) and the
thermal contrast between the North Atlantic and South Indian Ocean (Wang et al., 2018). These studies
further revealed that the impacts of these climate modes on GM precipitation are mainly caused by the
associated changes of monsoon circulation.
Projection from the multiple Coupled Model Intercomparison Project phase 5 (CMIP5) models' ensemble
mean shows an expanded GM area and enhanced GM precipitation in response to future global warming
(Hsu et al., 2013; Kitoh et al., 2013; Lee & Wang, 2014). The projected enhancement of the GM precipitation
amount has been attributed to the combination of two opposing effects between the weakened monsoon circulation due to stabilization of the atmosphere and the increase of atmospheric moisture content due to
atmospheric warming (Hsu et al., 2012; Lee & Wang, 2014). The changes in spatial pattern of monsoon precipitation has been attributed to the shifts of tropical circulation (Chadwick et al., 2013; Held & Soden, 2006;
Monerie et al., 2020; Rowell & Chadwick, 2018). Wang et al. (2020) pointed out that two greenhouse gas
(GHG)‐induced thermodynamic effects, i.e., the increase of speciﬁc humidity and the increase of atmospheric
stability due to top‐heavy heating, tend to offset each other; on the other hand, the GHG‐induced horizontally
differential warming results in the robust “NH‐warmer‐than‐SH” and “land‐warmer‐than‐ocean” patterns,
as well as an “El Niño–like warming” pattern, driving circulation change (the GHG‐induced dynamic effect)
that plays a fundamental role in shaping the spatial patterns of the GM precipitation changes.
The increases in monsoon precipitation, however, have substantial intermodel spread (Hsu et al., 2013;
Jayasankar et al., 2015; Kitoh et al., 2013; Monerie et al., 2016, 2020; Park et al., 2015; Rowell &
CAO ET AL.
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Chadwick, 2018). It has been argued that the considerable uncertainty of GM precipitation may be inﬂuenced by different global warming rates among the CMIP5 models (Hsu et al., 2013; Oueslati et al., 2016).
However, monsoon hydrological sensitivity, deﬁned as precipitation change rate per kelvin of global warming, is also strongly model dependent (Hsu et al., 2013; Figure 1). The underlying mechanism for the intermodel spread in monsoon hydrological sensitivity remains elusive although studies have suggested the
importance of the dynamic effect (Huang et al., 2013; Kent et al., 2015; Monerie et al., 2020; Rowell &
Chadwick, 2018; Xie et al., 2015). Understanding what constrains the monsoon hydrological sensitivity is
useful for increasing the conﬁdence in projected precipitation change that guides water resource
management.
Here we use a large ensemble of the CMIP5 models to identify the source of the intermodel spread of GM
hydrological sensitivity and investigate the mechanism responsible for this spread. The models and data
are described in section 2, the inter‐model spread of GM hydrological sensitivity is presented in section 3,
and the underlying cause is detected in section 4. We draw conclusions in section 5.

2. Data and Method
The average of the monthly Global Precipitation Climatology Project (Huffman et al., 2009) and Climate
Prediction Center Merged Analysis of Precipitation data (Xie & Arkin, 1997) from 1979 to 2003 is used as
the observation to deﬁne the GM domain (Wang et al., 2012). In this paper, the GM domain refers to all
the areas where the summer‐minus‐winter precipitation exceeds 2 mm day−1, and the total summer
precipitation accounts for over 55% of the annual amount (Liu et al., 2009). Here May–September is
deﬁned as the NH summer and the Southern Hemisphere (SH) winter, while November–March is
regarded as the NH winter and the SH summer. In this study, the monsoon precipitation is the average
the observed GM domain.
To investigate the intermodel spread of projected GM change, the historical and Representative
Concentration Pathways 4.5 (RCP4.5) simulations from 40 CMIP5 models are used. The RCP4.5 scenario
assumes the radiative forcing stabilized at ~4.5 W m−2 after 2100 (Moss et al., 2010). The ﬁrst realizations
(realization 1) of historical and RCP4.5 experiments in the 40 CMIP5 models are employed. The changes
in global mean surface temperature (GMST) and GM precipitation are the differences between future
(2075–2099) and historical (1979–2004) climate. The model ﬁelds are interpolated onto a 1° latitude × 1°
longitude grid for easy comparison among the models. We did a sensitivity test for interpolating the ﬁeld
onto a 2.5° latitude × 2.5° longitude grid, which yields similar results (not shown).

3. Intermodel Spread of Monsoon Hydrological Sensitivity
Figure 1 shows the changing rate of annual mean GM precipitation and summer monsoon precipitation
against the historical (1979–2004) climatology. The multimodel ensemble means (MMMs) of annual mean
and summer mean GM precipitation are increased by 2.0% and 2.6% (Figures 1a and 1b), respectively.
Both annual mean GM precipitation and summer mean GM precipitation show large intermodel spread
among the CMIP5 models, ranging from −1.4% to 4.6% and from −1.4% to 6.1% (Figures 1a and 1b), respectively. The intermodel spread of the annual mean GM precipitation is closely related to that of the summer
mean GM precipitation (r ¼ 0.84, p < 0.01), indicating the intermodel spread is mainly during the summer
season (Figure 1c). Note that models from the same modeling center generally show small difference in projected annual mean and summer mean GM precipitation changes (i.e., Australian Community Climate and
Earth System Simulator [ACCESS], Beijing Climate Center [BCC], Community Earth System Model
[CESM], Goddard Institute for Space Studies [GISS], Max Planck Institute [MPI], and Norwegian Earth
System Model [NorESM]) (Knutti et al., 2010, 2013; Monerie et al., 2016). The magnitude of precipitation
change may be modulated by the magnitude of GMST anomalies (GMSTA) (e.g., Li et al., 2013). We calculated the correlation coefﬁcients between the changing rate of annual mean (summer mean) GM precipitation and the GMSTA; the correlation coefﬁcient 0.27 (0.3) is only signiﬁcant at the 90% conﬁdence level,
suggesting that the intermodel spread of GM precipitation cannot be well explained by the intermodel
spread of GMSTA.
We then computed the ratio of change of GM precipitation to GMSTA, referred to as monsoon hydrological sensitivity (Fläschner et al., 2016; Li et al., 2013); it describes monsoon precipitation change per unit
CAO ET AL.
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Figure 2. The changes of annual mean monsoon hydrological sensitivity (% K ) and summer monsoon hydrological
−1
sensitivity (% K ) over (a) the globe, (b) the Northern Hemisphere, and (c) the Southern Hemisphere in the 40
CMIP5 models. (d) The relationship between the NHSM hydrological sensitivity and SHSM hydrological sensitivity in the
40 CMIP5 models. The red dot in (a) indicates the multimodel ensemble mean. The superscript “**” indicates that the
correlation coefﬁcients are signiﬁcant at a 95% conﬁdence level.

of GMST change. Figure 2 shows the relationship between the annual mean monsoon hydrological
sensitivity and summer monsoon hydrological sensitivity over the globe, NH, and SH. The monsoon
hydrological sensitivity shows substantial differences among the CMIP5 models over the globe, NH,
and SH (Figures 2a–2c), indicating that these models simulated great differences in monsoon
precipitation changes under the same level of global warming. Besides, the annual mean of monsoon
hydrological sensitivity is highly dependent on its summer season with the correlation coefﬁcients of
0.83 (p < 0.01), 0.93 (p < 0.01), and 0.93 (p < 0.01) over the globe, NH, and SH, respectively,
suggesting the dominant role of intermodel spread of summer monsoon hydrological sensitivity
(Figure 2).
The projected MMM of summer monsoon precipitation increases by ~1.5% K−1 global warming
(Figure 2a). It is dominated by the NHSM hydrological cycle change (2.4% K−1) (Figure 2b). In contrast,
the SH summer monsoon (SHSM) precipitation only increases by 0.26%K−1 (Figure 2c). However, the
large intermodel spread of summer monsoon hydrological sensitivity exists over both the NH and the
SH, with the standard deviation being 1.7% K−1 and 1.5% K−1, respectively. The NHSM hydrological sensitivity is signiﬁcantly negatively correlated with the SHSM hydrological sensitivity (Figure 2d), indicating
an antiphase response of summer monsoon precipitation change over the hemispheres. It also suggests
that a similar physical mechanism may be responsible for the intermodel spread of NHSM and SHSM
hydrological sensitivity.
CAO ET AL.
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4. Mechanism
4.1. Relationship Between Monsoon Hydrological Sensitivity and Large‐Scale Temperature
and Circulation
Previous studies revealed that the GM is driven by the changes in large‐scale temperature pattern and its
associated circulation (Deng et al., 2018; Kamae et al., 2017; Wang et al., 2012, 2013; Zhou et al., 2008). To
understand the mechanism behind the intermodel spread of summer monsoon hydrological sensitivity,
we regressed the GMSTA‐scaled anomalies of 2‐m temperature over land, sea surface temperature (SST)
over the ocean, and the circulations to the hydrological sensitivity across the CMIP5 models (Figure 3).
The regressed surface temperature is characterized by a pattern of warm NH and cool SH. High hydrological
sensitivity is associated with a warm NH but a cool SH, which suggests that the hemispheric thermal contrast plays a critical role in controlling the intermodel spread of hydrological sensitivity (Figure 3a).
Meanwhile, the low‐level cross‐equatorial ﬂow is enhanced in the models with high hydrological sensitivity.
The NH‐SH thermal contrast results in an anomalous cross‐equatorial ﬂow, which is prominent over the
northern Indian Ocean, Bay of Bengal, South China Sea, and North Atlantic Ocean (Figure 3a). The
enhanced cross‐equatorial ﬂow transports more moisture from the SH to NH monsoon regions (not shown).
In the upper troposphere, there is a clear southward cross‐equatorial ﬂow associated with the low‐level
northward cross‐equatorial ﬂow, and the vertical shear of zonal wind is enhanced (Figure 3b). This circulation pattern would enhance the convergence over the NH monsoon region. Thus, more monsoon precipitation is produced in the models, which project large interhemispheric thermal contrasts. Those are the
models with higher monsoon hydrological sensitivity.
The SHSM hydrological sensitivity‐regressed temperature and circulation patterns are similar with that
regressed by the NHSM hydrological sensitivity, but with reversed polarity (Figure 3c). It indicates that a
similar mechanism operates for the intermodel spread of SHSM hydrological sensitivity. The negative correlation of summer monsoon hydrological sensitivity between the NH and the SH is associated with the
large‐scale temperature contrasts between hemispheres (Figures 3a and 3c). To summarize, the interhemispheric thermal contrast is of vital importance in controlling both NHSM and SHSM hydrological sensitivity.
4.2. Thermal Contrast Driving the Strength of Circulation and Movement of the ITCZ
Wang et al. (2013) suggested that the change of the NHSM system is associated with the changes of NHSM
circulation and boreal summer Hadley circulation. Figure 4 shows the relationship between hydrological
sensitivity and the GMSTA‐scaled interhemispheric temperature difference (ITD) index among the 40
CMIP5 models and the relationship between the ITD and circulation indices (including the NHSM circulation index, the Hadley circulation index, and the Intertropical Convergence Zone (ITCZ) movement during
the boreal summer). SST is used to calculate the ITD index because it is recognized to be the driving force of
monsoon precipitation change (Kamae et al., 2017; Wang et al., 2012, 2013; Zhou et al., 2008). The ITD index
is deﬁned as the GMSTA‐scaled SST difference between (0°N to 40°N, 0° to 360°) and (40°S to 0°, 0° to 360°).
And the ITCZ movement can be reﬂected by the ITD‐induced across‐equatorial heat transport (Donohoe
et al., 2013; Kang et al., 2008; Philander et al., 1996; Schneider et al., 2014; Xiang et al., 2018). The NHSM
circulation is represented by the GMSTA‐scaled vertical shear of zonal wind between 850 and 200 hPa over
the region of 0°N to 20°N, 120°W to 120°E (Wang et al., 2013). The Hadley circulation is measured by the
GMSTA‐scaled zonally averaged meridional mass stream function between 100 and 1,000 hPa over the band
of 30°S to 10°N (Wang et al., 2013), and the latitude of precipitation centroid is used as the ITCZ location
(Donohoe et al., 2013; Frierson & Hwang, 2012).
The intermodel correlation of hydrological sensitivity and the ITD index is 0.77, exceeding the 99% conﬁdence level (Figure 4a). It suggests that the ITD likely inﬂuences the NHSM hydrological sensitivity. We
further examine how the ITD affects NHSM hydrological sensitivity via changes in the NHSM circulation,
Hadley circulation, and the ITCZ. The results show robust relationships of the ITD index with the NHSM
circulation index (r ¼ 0.52, p < 0.01), the Hadley circulation index (r ¼ −0.86, p < 0.01), and the northward
movement of the ITCZ location (r ¼ 0.59, p < 0.01) (Figures 4b–4d). In other words, the larger ITD enhances
the NHSM circulation and Hadley circulation, leading to enhancement of moisture convergence over the
monsoon regions. The models with large ITD, which is associated with large monsoon hydrological sensitivity, simulate larger vertical zonal wind shear. An observational study suggested that an enhanced vertical
wind shear between 850 and 200 hPa is a good indication of a strong monsoon heating (Webster &
CAO ET AL.
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Figure 3. (a) GMSTA‐scaled boreal summer surface temperature anomalies (2‐m air temperature anomalies over land,
−1 −1
SST over ocean; shading; K) and 850‐hPa wind (m s K ) anomalies regressed to NHSM hydrological sensitivity (%
−1
−1 −1
K ). (b) GMSTA‐scaled boreal summer 200‐hPa wind (m s K ) and vertical shear of zonal wind (only shown
−1 −1
−1
0–40°N, shaded; m s K ) anomalies regressed to NHSM hydrological sensitivity (% K ). (c) GMSTA‐scaled austral
summer averaged surface temperature anomalies (2‐m air temperature anomalies over land, SST over ocean; shading; K)
−1 −1
−1
and 850‐hPa wind (m s K ) anomalies regressed to NHSM hydrological sensitivity (% K ). The anomalies are
the differences between future (2075–2099) and historical (1979–2004) climate. The red lines outline the NH monsoon
domain in (a) and (b) and the SH monsoon domain in (c).

Yang, 1992). The vertical shear of zonal wind can be regarded as the low‐frequency baroclinic Rossby wave
response to the monsoon heating (Webster & Yang, 1992).
During the boreal summer, the upward branch of the Hadley circulation is located in the NH, and an
enhanced Hadley circulation is accompanied by a northward cross‐equatorial ﬂow in the lower troposphere
and strengthened ascending motion between 5°N and 25°N. The NH monsoon domain largely overlaps this
CAO ET AL.
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−1

Figure 4. The relationship between NH summer monsoon hydrological sensitivity (% K ) and GMSTA‐scaled (a)
−1
−1 −1
interhemispheric thermal contrast index (K K ), (b) NHSM circulation index (m s K ), (c) Hadley circulation
10
−1 −1
−1
index (10 kg s K ), and (d) ITCZ movement (° K ) during May–September. The negative Hadley circulation index
means an enhanced ascending motion over the NH and descending motion over the SH. The indices are obtained from
the differences between future (2075–2099) and historical (1979–2004) climate. The superscript “**” indicates that the
correlation coefﬁcients are signiﬁcant at a 95% conﬁdence level.

band; thus, the summer monsoon precipitation would be increased when the Hadley circulation is enhanced
(Figure 4c). That is how the ITD modulates monsoon hydrologic sensitivity by changing the strength of the
Hadley circulation (Figure 4c).
The monsoon has a close relationship with the ITCZ (Biasutti et al., 2018; Wang et al., 2014, 2017). Figure 4d
shows the relationship between the ITD and the ITCZ movement among the 40 CMIP5 models. The models
would project the northward shift of the ITCZ when the projected ITD is larger, because it generates anomalous heat transport across the equator (Donohoe et al., 2013; Kang et al., 2008; Schneider et al., 2014; Xiang
et al., 2018). The associated meridional shift of the Hadley circulation further enhances the monsoon precipitation. Therefore, the NHSM precipitation will be enhanced when the boreal summer ITCZ shifts
northward.
4.3. Regional Monsoon Hydrological Sensitivity
At the regional scale, the monsoon hydrological sensitivity may also be driven by adjacent environmental
conditions. The North American monsoon hydrological sensitivity is highly correlated with the tropical
North Atlantic (TNA; 10–25°N, 80–20°W)‐southeastern Paciﬁc Ocean (SPO; 40–15°S, 150–70°W) index
(Figure 5a). The TNA‐SPO index is deﬁned as the GMSTA‐scaled SST difference between the TNA and
the SPO. It is suggested that a low‐value TNA‐SPO index will weaken the North American monsoon precipitation, while a large positive‐value TNA‐SPO index will enhance the North American monsoon
precipitation.
CAO ET AL.
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Figure 5. (a) Relationship between North American summer monsoon hydrological sensitivity and GMSTA‐scaled SST
difference between the tropical North Atlantic Ocean (10–25°N, 80–20°W) and southeastern Paciﬁc Ocean (40–15°S,
150–70°W). (b) The relationship between Afro‐Asian summer monsoon hydrological sensitivity and scaled land‐sea
thermal contrast. The scaled land‐sea thermal contrast is deﬁned as the surface air temperature difference between NH
land (except North American continent) and the global ocean (40°S to 60°N) scaled by the GMSTA. The indices are
obtained from the differences between future (2075–2099) and historical (1979–2004) climate. The superscript “**”
indicates that the correlation coefﬁcients are signiﬁcant at a 95% conﬁdence level.

Previous studies suggested that the land‐sea thermal contrast is one of the formation mechanisms of the
Asian monsoon (e.g., Webster, 1987). Figure 5b shows the relationship between the land‐sea thermal contrast index and Afro‐Asian monsoon hydrological sensitivity. Here the land‐sea thermal contrast index is
the GMSTA‐scaled temperature difference between the NH land (except the North American continent)
and global ocean (40°S to 60°N). The scaled land‐sea thermal contrast is closely related to the Afro‐Asian
monsoon hydrological sensitivity. The enlarged land‐sea thermal contrast can increase the sea level pressure
gradients between the continent and its adjacent ocean, thus enhancing the monsoon circulations. It dynamically drives a more vigorous monsoon hydrological cycle.

5. Conclusions
Previous studies on the future change of GM or its regional features are usually based on the MMM results
(Hsu et al., 2013; Jayasankar et al., 2015; Kitoh et al., 2013; Monerie et al., 2016; Park et al., 2015). The MMM
of CMIP5 models projects an increase in GM precipitation under future global warming, while the uncertainty of quantitative precipitation increase remains large in the CMIP5 models. We investigated the cause
of the intermodel spread of GM hydrological sensitivity, which is deﬁned as monsoon precipitation change
scaled to 1 K global warming, in 40 CMIP5 models under the RCP4.5 scenario. The intermodel spread of GM
hydrological sensitivity is tightly related to the summer monsoon hydrological sensitivity. The NHSM hydrological sensitivity is robustly negatively correlated to the SHSM hydrological sensitivity, suggesting a similar
physical mechanism for the intermodel spread of summer monsoon hydrological sensitivity for both the NH
and the SH.
Over the NH, the high monsoon hydrological sensitivity is accompanied by the interhemispheric thermal
contrast, i.e., a warm NH and a cool SH. This supports the assertion that the NH monsoon precipitation will
increase signiﬁcantly more than will the SH counterpart due to the increase in temperature difference
between the NH and the SH (Lee & Wang, 2014). On the one hand, the interhemispheric thermal contrast
is associated with an enhanced low‐level cross‐equatorial ﬂow over the Indian Ocean, the western Paciﬁc
Ocean, and the Atlantic Ocean. It increases the moisture convergence of the Afro‐Asian summer monsoon
and the updraft of the Hadley circulation; meanwhile, the enhanced downward of the Hadley circulation
would reduce the SH winter monsoon precipitation. On the other hand, the spread in the change of thermal
contrast over the eastern hemisphere causes the uncertainties of the Afro‐Asian monsoon precipitation
CAO ET AL.
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(Figure 5), and the uncertainties in the projected tropical eastern Paciﬁc and Atlantic SST causes the uncertainties in the central North American monsoon precipitation. The interhemispheric thermal contrast
mechanism is also valid during the austral summer over the SH. The high SHSM hydrological sensitivity
is dominated by a warm SH and a cool NH. The interhemispheric temperature gradient enhances southward
moisture transport.
Results of this study suggest that the intermodel spread of monsoon hydrological sensitivity is primarily driven by the GHG‐induced surface temperature patterns and the corresponding monsoon circulation change
among the CMIP5 models. Further restraining the monsoon hydrological cycle requires a better intermodel
consistency in the projection of the interhemispheric temperature gradient, land‐ocean temperature gradient, and the tropical SST pattern.

Data Availability Statement
The CMIP5 data used in this study are freely available through the Earth System Grid Federation (https://
esgf-node.llnl.gov).
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