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Abstract

:

In this study, we investigate global monsoon precipitation (GMP) changes between the Present Warm Period (PWP, 1900–2000) and the Little Ice Age (LIA, 1250–1850) by performing millennium sensitivity simulations using the Community Earth System Model version 1.0 (CESM1). Three millennium simulations are carried out under time-varying solar, volcanic and greenhouse gas (GHG) forcing, respectively, from 501 to 2000 AD. Compared to the global-mean surface temperature of the cold LIA, the global warming in the PWP caused by high GHG concentration is about 0.42 °C, by strong solar radiation is 0.14 °C, and by decreased volcanic activity is 0.07 °C. The GMP increases in these three types of global warming are comparable, being 0.12, 0.058, and 0.055 mm day−1, respectively. For one degree of global warming, the GMP increase induced by strong GHG forcing is 2.2% °C−1, by strong solar radiation is 2.8% °C−1, and by decreased volcanic forcing is 5.5% °C−1, which means that volcanic forcing is most effective in terms of changing the GMP among these three external forcing factors. Under volcanic inactivity-related global warming, both monsoon moisture and circulation are enhanced, and the enhanced circulation mainly occurs in the Northern Hemisphere (NH). The circulation, however, is weakened in the other two cases, and the GMP intensification is mainly caused by increased moisture. Due to large NH volcanic aerosol concentration in the LIA, the inter-hemispheric thermal contrast of PWP global warming tends to enhance NH monsoon circulation. Compared to the GHG forcing, solar radiation tends to warm low-latitude regions and cause a greater monsoon moisture increase, resulting in a stronger GMP increase. The finding in this study is important for predicting the GMP in future anthropogenic global warming when a change in natural solar or volcanic activity occurs.
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1. Introduction


Prediction of global monsoon precipitation (GMP) change is important for our daily life and for the whole society due to its effect on about two-thirds of the world’s population. The global monsoon, viewed as a global-scale atmospheric overturning responding to annual variation of external solar forcing [1,2,3], can be separated into the Northern Hemisphere (NH) and Southern Hemisphere (SH) monsoon subsystems [4,5].



Change of the GMP is caused by both internal variability and external forcing. The GMP variability on the interannual to multidecadal time scales has been found to be driven by internal modes such as El Niño-Southern Oscillation (ENSO), mega-ENSO, the Pacific Decadal Oscillation (PDO), and the Atlantic multi-decadal oscillation (AMO) [5,6,7]. During the last three decades, the GMP experienced a significant increase trend, especially over the oceanic region [4,6,8]. This increase was mainly caused by the enhanced land–ocean and hemispheric thermal contrasts, and by the internal multi-decadal variability in tropical Pacific sea surface temperature (SST) [6]. The NH GMP intensity is found to be highly correlated to the internal mega-ENSO index covering the interannual to interdecadal time scales and to the AMO index since 1958. The intensification of NH GMP is primarily attributed to the mega-ENSO, AMO, and hemispheric asymmetric global warming [5,9]. These interannual to multidecadal variations in the climate system are usually induced via dynamic and thermodynamic feedbacks [10]. Current general circulation models (GCMs), however, have difficulties in simulating these internal modes [11,12,13,14,15]. In recent millennium simulations, the low-frequency variability of global-mean precipitation and temperature forced by external forcing was much larger than that forced by the internal mode [16]. To predict GMP change in the future, in this work we focus on the GMP change induced by individual external forcing, including natural solar forcing and volcanic forcing, and anthropogenic greenhouse gases (GHG) forcing.



Under the global warming induced by strong GHG concentration, the GMP was found to be enhanced from 2006 to 2100 under the Representative Concentration Pathway (RCP) 4.5 scenario in many GCMs [17]. This intensification is mainly caused by the increasing land–ocean and inter-hemispheric thermal contrast due to the GHG forcing [6,17,18]. The projected increase of the GMP was also found in ensemble model results of the Coupled Model Intercomparison Project Phase 5 (CMIP5), which is also under high RCP scenarios in the 21st century. This enhanced GMP can be attributed to increased surface evaporation [19,20]. Sensitivity experiments also showed that the GMP tends to be enhanced as CO2 concentration increases [21]. The increase of GMP was also observed during the last decades [6], and the enhanced GHG concentration was found to contribute to this intensification [22]. The GHG forcing has different effects on subcomponents of the global monsoon [23]. By analysing 17 sets of model outputs of the latest CMIP5, the East Asian summer monsoon circulation was found to be only slightly enhanced by the GHG forcing [24]. Moreover, by analysing the observation and CMIP5 model results, Polson et al. mentioned that the observed changes in NH summer monsoon precipitation over the second half the 20th century was mainly influenced by anthropogenic aerosols, not GHG or natural forcing [25].



The effects of natural forcing on the GMP have received relatively less attention compared to the effects of anthropogenic GHG forcing. Some simulation of the last millennium showed that the GMP experienced a minimum during the Little Ice Age (LIA) and a maximum during the Medieval Warm Period, which closely followed the natural variation of, say, the total amount of effective solar radiative forcing [22,26]. For the East Asian summer monsoon, the effect of natural forcing, however, was negligible during 1958–2001 [24].



Few studies have focused on the solar radiation effect. Over the past thousand years, the GMP had three weakest periods corresponding to three minimum periods of solar activity; by contrast, strong GMP occurred during 1030–1240 under a maximum solar activity [22]. The intensity of the Indian monsoon was also found to be weakened during these minimum periods of solar activity [27]. Both simulations and reconstructions showed that the NH summer monsoon over the African–Asian monsoon region was intensified by the enhanced summer insolation in the NH during the early- to mid-Holocene [28,29,30]. The enhanced solar radiation in the NH also weakened the SH monsoon [31].



Large volcanic eruptions mainly perturb the climate through the injection of large amount of SO2 gas into the stratosphere. This SO2 gas reacts with OH and H2O to form sulfur aerosols, resulting in surface cooling by reflecting shortwave radiation [32]. The GMP was found to be significantly reduced in the two years after an explosive volcanic eruption, while the NH monsoon was enhanced by a remote eruption in the SH [33]. This remote response in Sahal greening after the SH eruption was also reported by Haywood, et al. [34]. Model simulation showed that the volcanic forcing plays a primary role in weakening the NH land monsoon over the latter half of the 20th century [35]. Over the last 110 years, the Asian summer monsoon precipitation during the active volcanic eruption period was less than that during the inactive volcanic eruption period [36]. Model simulations also showed that the East Asian summer monsoon was significantly reduced during the last millennium [37]. In the years after the volcanic eruption, precipitation on mainland China was also reduced; and the more sulfate aerosol injected into the NH stratosphere, the more intense this drying trend [38]. Large NH eruptions can excite a multi-decadal AMO-like response [39]. Different El Niño responses can be found after explosive eruptions at different latitudes and different hemispheres [40]. These resulting east–west or south–north thermal contrasts should affect the GMP significantly [5].



It is not clear how differently the GMP responds to different individual external forcing. In this study, we examine GMP differences between the present warm period (PWP) and LIA caused by external solar, volcanic and GHG forcing, respectively, by performing millennium sensitivity experiments. In Section 2, we discuss model simulations and the calculation of GMP. In Section 3, we present the GMP responses to each individual external forcing in model simulations. The moisture and circulation changes controlling the GMP variation are also discussed in Section 3. Conclusions and a discussion of this study are given in Section 4.




2. Model Simulations and Methods


2.1. Model Simulations


To demonstrate the response of the GMP to various external forcings, three millennium sensitivity experiments are performed by using the Community Earth System Model version 1 (CESM1), as well as a control run. Based on a 2000-year pre-industrial run (the control run) in which the external forcing is specified to the year 1850 setting [41], three sensitivity experiments are carried out from 501 to 2000 AD. In the solar experiment, the only time-varying external forcing is the solar forcing, which is obtained from the reconstruction of Shapiro, et al. [42], and the other external forcing is kept the same as in the control run. In the volcanic and GHG experiments, the time-varying external forcing is the reconstructed volcanic forcing [43] and the GHG concentration [44], respectively. A full-forcing experiment is also carried out with all these three external forcing fields changed with time. To examine the role of solar forcing, the reconstruction of Shapiro et al. [42] is used, which has the strongest variability among existing reconstructions. For these millennium experiments, a coarse resolution of T31 (the horizontal resolution is about      3.75  °  ×   3.75  °    ) is used. More details about this model can be found in Rosenbloom, Otto-Bliesner, Brady and Lawrence [41].




2.2. Calculation of the Global Monsoon Precipitation (GMP)


The simulated global monsoon domain reflects the model’s performance in simulating annual precipitation and seasonal distribution in each monsoon region [45,46]. To represent the seasonal variation, the annual range of precipitation is defined by local summer-minus-winter precipitation, and a region can be seen as a monsoon region when the precipitation annual range is large and its ratio to the annual-mean precipitation is also large [1]. This definition has been shown to be useful for evaluating the climate models’ performances in terms of global monsoon [1,17,47] and for studying the variation of GMP [22,26]. In this study, the global monsoon domain is delineated by the annual range of precipitation exceeding a threshold of 2.0 mm/day and the ratio of annual range to annual mean exceeding 55% [4,17,22]. Using this definition, we can capture the dominant mode of annual variation of the tropical precipitation and low-level winds [46]. In this study, the boreal summer denotes May through September, and the boreal winter covers November through March.





3. Results


3.1. Simulated GMP Responses


We use the simulated global-mean surface air temperature to define the cold LIA and warm PWP. In the full-forcing experiment (Figure 1a), the global-mean temperature shows both strong interannual and multi-decadal variabilities, and a significant global warming is simulated for the period of 1900–2000. A cold period from 1250 to 1850 AD is also simulated, with minimum values around 1250, 1450, 1700 and 1800. The global-mean precipitation follows the variation of global-mean temperature closely. Thus, we define the period of 1250–1850 as the LIA, and the warm period of 1900–2000 as the PWP. Figure 1b–d show the individual external forcing and its associated responses in these three experiments of GHG, solar and volcano, respectively. In the GHG experiment, continuous increases in both global-mean temperature and precipitation are simulated after the industrial revolution around 1850, which follow the increase of GHG concentration closely (Figure 1b). In the solar experiment (Figure 1c), strong centennial variation is simulated. The global-mean temperature and precipitation experienced low values around 1265–1338, 1396–1562, and 1617–1728, being consistent with the weak solar radiation during these periods, interrupted by high global-mean temperature and precipitation. In the volcano experiment (Figure 1d), both global-mean cooling and drying are simulated, mainly for the three periods of 1213–1292, 1452–1485, and 1809–1840, consistent with strong volcanic eruptions. The strongest cooling was simulated after the 1257 Samalas volcanic eruption, consistent with the results of Miller, et al. [48]. Compared to the fields during the LIA, it seems that the PWP is caused by large GHG concentration, large solar radiation, and weak volcanic activity. Before quantifying this contribution, we calculate the global monsoon domain and GMP first.



The GMP for PWP and LIA are shown in Figure 2. As shown above, the cold LIA has weak solar forcing and activity of volcanic eruptions but almost no GHG forcing; while the GHG forcing is the strongest during warm PWP. The GMP decreased in most monsoon regions during LIA (Figure 2a) and increased during PWP (Figure 2b). To further understand these different GMP responses, we explore how the GMP change was induced by different single external forcing during PWP and LIA.



The global monsoon domains for the LIA and PWP in all experiments are summarized in Figure 3. The monsoon domain in the last millennium based on precipitation was stable; however, the changes in global monsoon domain are sensitive to model resolution. Note that the model resolution we use is relatively coarse (T31) compared to state-of-the-art climate models. Consistent with previous work [33], the six sub-monsoon systems, i.e., South Asian, East Asian–western North Pacific, West Africa, North American, South African, Australian, and South American monsoons, are well captured except that both the western North Pacific monsoon and the east part of the Australian monsoon domain shrink into the central Pacific when comparing the observations [5]. In this work, the mean precipitation of these monsoon domains is used to calculate the GMP.



The simulated global-mean temperature and GMP (global-mean precipitation, GP) changes between PWP and LIA induced by the individual external forcing are listed in Table 1. Compared to the LIA, the global warming temperature change of the PWP induced by high GHG concentration is about 0.42 °C, by strong solar radiation is 0.14 °C, and by decreased volcanic activity is 0.07 °C; the global warming temperature change in the full-forcing experiment is 0.61 °C. These results indicate that the global warming of the PWP is mainly due to high GHG concentration, which contributes 68.9% of the global warming, while the strong solar radiation and weak volcanic activity only contribute 23.0% and 11.5%, respectively. Here, the sum of the temperature change in these individual experiments is quite close to, although not the same as, that in the full-forcing experiment, due to the non-linear processes under the full-forcing run.



The global hydrological sensitivity is variable to different external forcing. Previous studies show that the nature forcing is more efficient in changing the GP than the GHG forcing [49,50,51,52,53]. More specifically, Liu et al. investigated the global precipitation responses to different external forcing for a given global temperature change [16]. The results show that the volcanic forcing is the most efficient in changing GP, followed by the solar forcing and GHG forcing. The reason is that the GHG forcing reduces tropospheric cooling and increases atmospheric stability, which means the corresponding precipitation increase is much smaller than the temperature change. We obtained the same results for one degree of global-mean temperature change, whereby the GP increase is 0.051 mm day−1 °C−1 (1.9% °C−1) under the GHG forcing, while it is 0.072 mm day−1 °C−1 (2.6% °C−1) under the solar forcing and 0.090 mm day−1 °C−1 (3.3% °C−1) under weak volcanic activity.



The total GMP increase in the full-forcing case is 0.2 mm day−1, while it is 0.12 mm day−1 in the GHG experiment, 0.058 mm day−1 in the solar experiment, and 0.055 mm day−1 in the volcano experiment. By contrast with the global-mean temperature change that is dominated by the GHG forcing, all these three external forcing factors have comparable contributions to the GMP change. The GMP increase by the GHG forcing contributes 60% of the total GMP increase, while the solar radiation and volcanic activity contribute 29% and 27.5%, respectively.



These different responses in global-mean temperature and GMP indicate that these three external forcing factors have different effects on temperature and precipitation changes. For one degree of global-mean temperature change, the GMP increase is 0.29 mm day−1 °C−1 (2.2% °C−1) under the GHG forcing, while it is 0.41 mm day−1 °C−1 (2.8% °C−1) under the solar forcing and 0.79 mm day−1 °C−1 (5.5% °C−1) under weak volcanic activity. This means that these natural solar and volcanic forcing factors are more efficient at changing the GMP than the anthropogenic GHG forcing; and the volcanic forcing is the most efficient one.



Since the global monsoon includes both NH and SH monsoon subsystems, it is necessary to investigate which sub-monsoon system contributes more to these different responses of precipitation. For one degree of global-mean temperature change, the GMP change for each sub-monsoon system is listed in Table 2. In the full-forcing experiment, the GMP increase mainly comes from the NH. The NH GMP increase of 0.26 mm day−1 °C−1 is much bigger than the SH GMP increase of 0.06 mm day−1 °C−1. Under the GHG-induced global warming, the SH GMP increase is two times the NH GMP increase, while under the global warming caused by strong solar radiation, the GMP increase in the NH is three times that in the SH. The GMP increase in the volcano experiment mainly occurs in the NH, which is 0.86 mm day−1 °C−1, much bigger than the change in the other two experiments. The GMP change in the SH, however, is negative, of −0.064 mm day−1 °C−1. These results indicate that the volcanic eruption produces strong asymmetric responses about the equator and mainly increases the GMP in the NH.




3.2. Simulated Moisture and Circulation Changes


GMP variability can be induced by moisture change and circulation change [33,54]. Following the method used for diagnosing tropical precipitation change [55], the GMP change    P ′    between the PWP and LIA can be written as


    P ′  = −  (   q ¯   ω ′  +  q ′   ω ¯  +  q ′   ω ′   )    



(1)




where q denotes surface specific humidity, and ω is the pressure velocity at 500 hPa. The overbar denotes the mean state of the LIA, and the prime is the difference between the PWP and the LIA (PMP minus LIA). The first and second terms on the right-hand side of Equation (1) denote the GMP change induced by circulation and moisture anomalies, respectively. The third term denotes a non-linear process.



The GMP changes induced by circulation and moisture anomalies in these different experiments are shown in Figure 3a. The non-linear term in Equation (1) is one order of magnitude smaller than the other two terms on the right-hand side, and can be neglected. To compare the responses to each individual external forcing, the results are all normalized by respective global-mean temperature anomalies in each case. Under the full-forcing, the GMP increase is mainly caused by a moisture anomaly, while the circulation is weakened and tends to decrease the GMP (Figure 3a).



Under the GHG forcing (Figure 4a), the GMP intensification is induced by a moisture increase of 3.8 × 10–5 Pa s−1 °C−1, because the contribution of circulation change is negative (−1.3 × 10–5 Pa s−1 °C−1). This result is consistent with the finding in previous work by which under the GHG-induced global warming the GMP is enhanced by the wetter atmosphere, while the circulation is weakened [54]. Under solar-induced global warming, similar results are obtained; that is, the GMP increase is caused by a moisture anomaly rather than by a negative circulation anomaly. For one degree of global warming, the moisture-anomaly-induced GMP in the solar experiment is 4.5 × 10–5 Pa s−1 °C−1, which is stronger than that in the GHG experiment. In the volcano experiment (Figure 4a), the moisture anomaly also contributes greatly, by 83%, to the GMP increase. By contrast with the other two sensitivity experiments, the GMP change induced by the circulation anomaly is positive in the volcano experiment because the circulation is enhanced.



These results show that solar radiation is more efficient in increasing the GMP than the GHG, mainly by increasing moisture. Volcanic eruption is the most efficient forcing changing the GMP among the three external forcing experiments. The reason is that under the global warming induced by reduced volcanic eruptions, circulation is enhanced; however, the circulation is weakened by GHG and solar forcing.



Figure 4b,c show the moisture- and circulation-anomaly-induced GMP changes for the NH and SH subsystems. In the full-forcing experiment, the GMP increase mainly occurs in the NH. Although the moisture increase contributes to the GMP increase in both NH and SH subsystems, the GMP reduction induced by the divergent circulation is much stronger in the SH than in the NH. Under the GHG forcing, the stronger GMP increase in the SH than in the NH is caused by both a larger moisture anomaly and weaker divergent circulation in the SH than in the NH. Under the solar forcing, the stronger GMP increase in the NH than in the SH is caused by the circulation difference in these two subsystems, and the divergent circulation in the SH is much stronger than that in the NH. When the volcanic forcing is reduced, the NH GMP is increased because the circulation is convergent and the moisture is increased. In the SH, however, moisture is increased but the circulation is divergent. It seems that strong solar radiation and reduced volcanic eruptions tend to cause stronger divergent circulation in the SH to counter the SH GMP increase.



To further understand these different GMP responses, we want to answer the following questions: (1) Why is the solar radiation more efficient at enhancing tropical moisture than the GHG forcing? (2) What causes the strong convergent circulation anomaly in the NH and divergent circulation anomaly in the SH when volcanic forcing is reduced?




3.3. Mechanisms


First, we examine why the solar forcing is more efficient in increasing tropical moisture than the GHG forcing. The precipitation spatial distribution is shown in Figure 5. The increased GMP is more efficient under solar forcing (Figure 5c,d) than GHG forcing (Figure 5a,b) for both boreal summer and boreal winter. Figure 4a shows that this difference between the two experiments is mainly induced by the moisture difference.



Figure 6 shows the difference of zonal-mean surface temperature and moisture between the PWP and LIA in the GHG and solar experiments. The low-latitude warming caused by strong solar forcing is stronger than that caused by strong GHG forcing no matter for boreal summer or winter (Figure 6a,b), resulting in stronger moisture increase in the monsoon regions under the solar radiation-induced global warming than under the GHG-induced global warming (Figure 5c,d). We conjectured that the weaker polar amplification induced by solar forcing is mainly due to the Earth’s curvature, which lets the high latitude receive smaller amount of solar radiation than the tropical region. However, to further investigate this issue, sensitivity experiments on the Earth receiving uniform solar forcing are needed. These could confirm whether the polar amplification effect would be the same as it is now if the poles were exposed to the same amount of solar radiation. The GHG forcing excites strong high-latitude warming in the NH for both summer and winter seasons, and this Arctic amplification is robust, consistent with many previous works [56,57]. Thus, the GHG forcing tends to warm high-latitude regions where the mean moisture is low, while the solar forcing causes more warming of low-latitude regions, resulting in a large moisture increase in the monsoon regions.



The other question is why the GHG forcing produces less GMP increase in the NH than in the SH, while the solar forcing has the opposite responses. Under the global warming induced by the GHG forcing, there are El Niño-like SST responses in both boreal summer and winter (Figure 7a,b). La Niña-like SST responses, however, are excited by strong solar radiation in boreal summer and boreal winter (Figure 7c,d). Although the global water vapor is increased because of higher temperature, this east–west thermal contrast seems to have different responses on the NH and SH GMP changes, i.e., the La Niña-like SST response prefers to increase the NH GMP, while the El Niño-like response tends to enhance the SH GMP. In the observation, the La Niña-like SST pattern has been found to increase the NH GMP rather than to increase the SH GMP [5]. The NHSM circulation index during 1985–2011 is well correlated with the mega-ENSO index (r = 0.77). More specifically, the eastern Pacific cooling and the western Pacific warming are consistent with the strengthening of the Pacific subtropical highs in the Northern and Southern hemispheres and their associated trade winds (Figure 3 in their paper), causing moisture to converge into the Asian and African monsoon regions and thus contributing to the intensification of NHSM rainfall. These different SST responses to natural solar and anthropogenic GHG forcing are also simulated by the Hamburg atmosphere–ocean coupled circulation model ECHO-G [52]. More specifically, the GHG forcing increased atmospheric static stability and weakened Walker circulation, which were accompanied by weaker SST gradient; this weak zonal circulation hypothesis is supported by the Intergovernmental Panel on Climate Change (IPCC) model projection for the 21st century [58,59]. The solar forcing increased heating at the surface and warmed the SST in the west because the heating in the east was offset by the upwelling of cold water, via “ocean dynamic thermostat” [60,61,62]. A stronger Walker circulation was then induced by this strong SST gradient; in turn, this strong zonal atmospheric overturning circulation enhanced the SST gradient through the “Bjerknes feedback”.



Different responses in sub-monsoon systems may be caused by the meridional distribution of the volcanic aerosols in the stratosphere [33]. Figure 8 shows the zonally-averaged volcanic aerosols and surface temperature anomaly between PWP and LIA. In the volcanic dataset of [43], the aerosols of the frequent eruptions during the LIA were mainly located in the tropics, with the maximum value at 15° N. The most important feature of this aerosol distribution is that the aerosol concentration in the NH was higher than that in the SH for both boreal summer (Figure 8a) and boreal winter (Figure 8b), resulting in strong inter-hemispheric thermal contrast. Under the global warming induced by the reduction of volcanic eruption, the NH warming is much larger than the SH warming; thus, the equatorial southerly wind anomaly causes strong convergence anomaly in the NH monsoon region, while the divergence anomaly in the SH monsoon region results in GMP increase in the NH and decrease in the SH (Figure 8). Similar results were obtained on the interannual time scale: the NH eruptions tend to reduce the NH GMP while enhancing the SH GMP within a few years after the eruption, mainly through changing the circulation [33].



Figure 9 shows the horizontal distributions of surface temperature with wind, precipitation and circulation anomalies under the global warming induced by the reduction of volcanic eruptions. East–west asymmetric La Niña-like SST responses are excited by weak volcanic activity in both boreal summer and winter (Figure 9a,b). The clear warming spatial pattern in the NH compared with the SH (Figure 9a,b) and enhanced Asian and North American monsoon precipitation in response to La Niña SST (Figure 9c,d) are shown. During the boreal summer (Figure 9c), the Asian monsoon is enhanced, associated with strong westerly wind anomalies over the northern Indian Ocean. The strong anticyclone over south-eastern Asia and the western North Pacific reduces the precipitation over south-eastern Asia. Associated with this anticyclone, a strong Pacific–Japan (PJ) pattern [63,64] appears, and the south-easterly wind anomaly to the south of Japan transports moisture to enhance the precipitation over eastern and northern China. The North American monsoon is also enhanced, with strong wind convergence (Figure 9a,e). Associated with these enhanced North American and southern Asian monsoons, strong divergence occurs over the North African monsoon (Figure 9e), and precipitation is significantly decreased there (Figure 9c). During the boreal winter, the SH GMP change is location-dependent (Figure 9d). The Australian monsoon is strongly suppressed, except that its northern ocean part experiences enhanced precipitation. The precipitation over the inland part of South American and South African monsoons is slightly enhanced, surrounded by dry anomalies.





4. Summary and Discussion


We investigate GMP changes in response to individual GHG, solar and volcanic forcing in this study, by performing millennium experiments using CESM1. The cold LIA and warm PWP can be simulated in each experiment forced by individual external forcing (Figure 1), and the warm PWP’s major contribution comes from the GHG forcing. The results show that the global monsoon domain is quite stable for different periods under different forcings (Figure 3); thus, we can compare the GMP change between the PWP and LIA induced by different external forcings.



Knowing the ratio of GMP change to global-mean surface temperature change under different external forcings is important for our understanding of global monsoon dynamics and prediction. Our results show that solar radiation is more efficient at changing the GMP than the GHG forcing (Figure 4 and Figure 5), mainly because the former tends to warm low-latitude regions and moisten the troposphere, while the latter tends to warm the dry high-latitude region (Figure 6). The solar forcing also causes a stronger NH GMP increase than the SH GMP increase by exciting a La Niña-like SST response, while the GHG forcing excites the opposite response through exciting an El Niño-like SST response (Figure 7).



Volcanic eruption is found to be the most efficient forcing in changing the GMP among these three external forcing experiments, mainly through changing the NH GMP (Figure 4). The stronger aerosol reduction in the PWP happens in the NH rather than in the SH, resulting in strong inter-hemispheric thermal contrast. Thus, both enhanced moisture anomaly and convergent wind anomaly in the NH monsoon regions enhance the NH GMP (Figure 8 and Figure 9). Two other forcing factors enhance the GMP mainly through moistening the troposphere while inducing divergent circulation.



These results should give us a new perspective on global warming, which is mainly induced by anthropogenic GHG, while allowing this to be compared with future volcanic eruptions and solar radiation changes. In this work, we only consider symmetrical external forcing. The GHG forcing and volcanic forcing both have asymmetrical structures; the former will appear in the upcoming CMIP6 report, and the latter has been found to have a distinct impact on climate variability [33,40]. Due to this, further work is needed.
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Figure 1. Responses to different external forcing. Shown are the 31-year running-mean time series of external forcing (thick black curve in b–d) and simulated global-mean surface temperature (thick red curve) and global-mean precipitation (thick blue curve) under (a) all-four forcing; (b) greenhouse gas (GHG) forcing; (c) solar forcing; and (d) volcanic forcing. The annual-mean global-mean surface temperature (thin red curve), global mean precipitation (thin blue curve) and two typical periods (1250–1850 for Little Ice Age (LIA), pale blue shade and 1900–2000 for Present Warm Period (PWP), lavender shade) are also shown. 
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Figure 2. Global monsoon precipitation (GMP) domain and precipitation. Comparison of the GMP maps obtained by using (a) PWP (1900–2000) and (b) LIA (1250–1850) minus pre-industrial climatology (500–1850) in full forcing run. The monsoon domain is those regions where the annual range (local summer mean minus winter mean) of precipitation rate exceeds 2.0 mm/day and the local summer precipitation exceeds 55% of the annual total. Here, local summer is defined as May through September (MJJAS) for the NH and November through next March (NDJFM) for the SH. Stippling indicates statistical significance (10% significance level) based on t-test. 
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Figure 3. GMP domain and annual reversal of precipitation. Global monsoon domain in different external forcing run during the LIA, PWP (thick black contours) and domain average (bold grey contour). Shading shows the climatological-mean MJJAS-minus-NDJFM precipitation. The GMP domain is defined by local summer-minus-winter precipitation rate exceeding 2.0 mm/d and the local summer precipitation exceeding 55% of the annual total. 
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Figure 4. Decomposition of precipitation change in different external forcing run. The x-axis represents    −  q ¯   ω ′    ,    −  q  ′    ω ¯    , and their sum (   Δ P   ) in all forcing (blue), GHG forcing (black), solar forcing (yellow), and volcanic forcing (red) for GM (a), NHSM (b) and SHSM (c) Each field is scaled to have the same global-mean temperature anomaly (PWP minus LIA) as the full forcing. 
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Figure 5. Horizontal distribution of precipitation change. Shown are the spatial patterns of the change of precipitation (shading) and the change of 850-hPa wind (vector) in boreal summer (a,c) and boreal winter (b,d) under the GHG (a,b) or solar (c,d) forcing between PWP and LIA. Each field is scaled to have the same global-mean temperature anomaly (PWP minus LIA) as the full forcing. Stippling indicates statistical significance (10% significance level) based on t-test. 
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Figure 6. Meridional distributions of temperature and moisture change. Shown are zonal-mean changes of surface temperature (left panel) and moisture (right panel) in boreal summer (a,c) and boreal winter (b,d) under GHG (black) or solar (red) forcing. Each curve is scaled to have the same global-mean temperature anomaly (PWP minus LIA) as the full forcing. Statistically significant (10% significance level) based on t-test are indicated by crosses. 
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Figure 7. Horizontal distribution of temperature change. Shown are the spatial patterns of the change of surface temperature (shading) and the change of 850-hPa wind (vector) in boreal summer (a,c) and boreal winter (b,d) under the GHG (a,b) or solar (c,d) forcing between PWP and LIA. Each field is scaled to have the same global-mean temperature anomaly (PWP minus LIA) as the full forcing. Most of the temperature changes are significant; thus, we do not show the significance test. 
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Figure 8. Meridional distributions of temperature and aerosols column density change. Shown are the difference between PWP and LIA of zonal-mean surface temperature (red line) and aerosols column density (black line) in the boreal summer (a) and boreal winter (b) under volcanic forcing. Statistical significance (10% significance level) based on t-test is indicated by red crosses. 
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Figure 9. Horizontal distributions of surface temperature, precipitation and circulation changes. Shown are the spatial patterns of the change of surface temperature (shading) and the change of 850-hPa wind (vector) in (a) boreal summer and (b) boreal winter under the volcanic forcing (PWP minus LIA). Precipitation and circulation changes are also shown in (c,e) boreal summer and (d,f) boreal winter. Each field is scaled to have the same global-mean temperature anomaly (PWP minus LIA) as the full forcing. Statistical significance (10% significance level) based on t-test is indicated by black dots. 
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Table 1. Simulated differences of monsoon-mean(global-mean) precipitation and global-mean temperature between PWP and LIA, and monsoon-mean(global-mean) precipitation rate versus global-mean temperature.
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	PWP-LIA
	Monsoon-Mean (Global-Mean) Precipitation (mm Day−1)
	Global-Mean Temperature (°C)
	mm day−1/°C





	All
	0.20 (0.035)
	0.61
	0.33 (0.057)



	GHG
	0.12 (0.022)
	0.42
	0.29 (0.051)



	Solar
	0.058 (0.010)
	0.14
	0.41 (0.072)



	Volcanic
	0.055 (0.0063)
	0.07
	0.79 (0.09)
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Table 2. Simulated differences of monsoon-mean precipitation (including Northern Hemisphere summer monsoon and Southern Hemisphere summer monsoon) between PWP and LIA for per Celsius degree temperature change.






Table 2. Simulated differences of monsoon-mean precipitation (including Northern Hemisphere summer monsoon and Southern Hemisphere summer monsoon) between PWP and LIA for per Celsius degree temperature change.





	PWP-LIA
	NHSM (mm day−1/°C)
	SHSM (mm day−1/°C)





	All
	0.26
	0.06



	GHG
	0.098
	0.19



	Solar
	0.31
	0.11



	Volcanic
	0.86
	−0.064
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