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EXECUTIVE SUMMARY 

Projections of future Australian monsoon precipitation are highly uncertain under a range 

of emission scenarios. While greenhouse gas concentrations are a dominant driver of 

monsoon precipitation changes, anthropogenic aerosols may also influence regional 

monsoon precipitation in both historical and future climate. From a zonal-mean 

perspective, displacement of tropical precipitation may be driven by changes in 

interhemispheric temperature gradients due to greater aerosol-induced cooling and 

recovery in the Northern Hemisphere. Using historical and future climate simulations 

under low, medium and high greenhouse gas emission scenarios, the influence of 

anthropogenic aerosols on interhemispheric temperature and precipitation gradients is 

confirmed. The models are divided into groups with a representation of both aerosol direct 

and indirect effects and those with only aerosol direct effects to investigate the influence 

of these two types of effects on Australian monsoon precipitation. In agreement with 

previous studies, the group of models with aerosol indirect effects simulates a much larger 

change in the interhemispheric temperature and precipitation. This group of models also 

simulates greater drying over northern Australia in future climate, although this response 

is dominated by the particularly strong drying signal in a subset of models. Comparison 

of an ensemble of simulations from a single model with fixed and variable anthropogenic 

aerosol concentrations in the 21st century also shows relative reductions in zonal mean 

Southern Hemisphere tropical precipitation in response to aerosol decreases, but no 

consistent response over northern Australia. 
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1. INTRODUCTION 

Future changes in Australian summer monsoon precipitation are uncertain for the full 

range of Representative Concentration Pathway (RCP; van Vuuren et al., 2011) emission 

scenarios (e.g. CSIRO and Bureau of Meteorology, 2015). The wide range of future 

projections is partly due to the different rates of global warming in each model, as well 

as the different spatial patterns of sea surface temperature (SST) warming (e.g. Jourdain 

et al., 2013; Brown et al., 2016; Dey et al., 2018; Zhang et al., 2018). These diverse spatial 

patterns of SST warming in turn lead to distinct changes in the location of tropical 

convection and precipitation in each model (Chadwick et al., 2013; Brown et al., 2016; 

Zhang et al., 2018). In addition, monsoon precipitation projections may be sensitive to 

model-specific changes in land-ocean temperature gradients, as well as interhemispheric 

temperature gradients (e.g. Lee and Wang 2014; Wang et al., 2014).  

Under the high greenhouse gas emissions scenario “RCP8.5”, climate models from the 

Coupled Model Intercomparison Project Phase 5 (CMIP5; Taylor et al., 2012) project 

Australian summer monsoon precipitation changes by 2100 of between +37% and -43%, 

with a multi-model mean change of +1.1% (Brown et al. 2016). The models that project 

the largest future drying were found to be have the largest warming in the western 

equatorial Pacific, and a subset of these models were found to be less reliable due to large 

cold biases in this region (Brown et al., 2016). This result is consistent with Cai et al., 

(2011), who also identified a relationship between Australian monsoon precipitation 

changes and SST biases in this region. Under lower emissions “RCP2.6” and “RCP4.5” 
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scenarios, the multi-model mean precipitation change is also close to zero, with inter-

model spread of around 20% wetter or drier (CSIRO and Bureau of Meteorology, 2015).  

An additional source of climate model disagreement in monsoon precipitation projections 

may be due to the varying sensitivity of models to anthropogenic aerosols. Anthropogenic 

aerosols consist of a range of particles including sulfates, black carbon, organic carbon 

and nitrates, which increased in concentration over much of the 20th century due to 

industrial activity (Lamarque et al., 2010). Anthropogenic aerosols act to absorb and 

scatter shortwave radiation, reducing incoming solar radiation at the surface: the “direct 

effect”. Some types of aerosols also act as cloud condensation nuclei, influencing the 

cloud albedo and cloud lifetime: the “indirect effect” (see Boucher et al., (2013) for a 

comprehensive discussion of aerosol effects and their representation in climate models). 

A number of studies have suggested that anthropogenic aerosols may have a strong 

influence on both historical and future regional monsoon precipitation (e.g. Bollasina et 

al., 2011; Cowan and Cai 2011; Levy et al., 2013; Rotstayn et al., 2015; Chung and Soden 

2017; Bartlett et al., 2018; Undorf et al., 2018). 

Recent studies, based on climate model simulations, have found that the precipitation 

response to aerosol forcing is dominated by the indirect effect (e.g. Levy et al., 2013; 

Wilcox et al., 2013; Allen 2015; Rotstayn et al., 2015; Chung and Soden 2017). Note 

however that other recent work has suggested the magnitude of aerosol-cloud interactions 

may be overestimated in climate models (e.g. Malavelle et al., 2017; Stevens 2017), 

providing an additional source of uncertainty. The precipitation response to aerosol 

forcing is closely linked to changes in the interhemispheric temperature gradient (Chiang 

and Friedman 2012; Frierson and Hwang, 2012; Friedman et al., 2013; Hwang et al., 
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2013; Rotstayn et al., 2015; Chung and Soden 2017). During the historical period, 

increasing anthropogenic aerosols result in greater cooling in the Northern Hemisphere 

than the Southern Hemisphere, while future scenarios include decreases in aerosol 

concentrations (prescribed in the RCPs – see Lamarque et al. 2011) leading to a relative 

warming of the Northern Hemisphere. 

There has been a positive trend in precipitation over northern Australia, particularly in 

the northwest, since the 1950s (Taschetto and England 2009; Dey et al., 2019), which is 

consistent with the trend expected from anthropogenic aerosol forcing over the same 

period. However, it is not clear whether this positive precipitation trend is due to natural 

variability or is driven by forcing such as greenhouse gases or anthropogenic aerosols 

(Rotstayn et al 2007; Shi et al., 2008; Taschetto and England 2009; Berry et al., 2011; 

Catto et al., 2012; Clark et al., 2018; Dey et al., 2018). Studies with an earlier generation 

of models (Coupled Model Intercomparison Project Phase 3, CMIP3) found they were 

unable to simulate the observed increase with or without aerosol indirect effects (Cai et 

al., 2011). Another study using CMIP5 models found that simulations including aerosol 

forcing (not distinguishing models with direct or both direct and indirect effects) were 

better able to reproduce the observed northwest Australian precipitation trend than 

simulations with only greenhouse gas forcing (Dey et al., 2018). Thus, the role of 

anthropogenic aerosols in driving the historical trend in northern Australian precipitation 

remains unclear. Nonetheless, we consider that future reductions in atmospheric aerosols 

may have a significant influence on Australian monsoon precipitation, at least under some 

emission scenarios. In particular, if past changes in greenhouse gases and aerosol forcing 

produced opposing trends in regional precipitation, then the reversal of the aerosol forcing 
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signal may reveal a stronger future Australian monsoon precipitation trend (Rotstayn et 

al., 2012; 2013; 2015).  

The recent generation of CMIP5 climate models includes a group of models with only 

aerosol direct effects and another group of models with both direct and indirect effects 

represented (Boucher et al., 2013; Collins et al. 2013). Previous studies have 

demonstrated that those models which include indirect effects simulate a larger difference 

in interhemispheric temperature and precipitation gradients (Allen et al., 2015; Rotstayn 

et al., 2015). As monsoons are driven by large-scale temperature and energy gradients, it 

is possible that the larger changes in interhemispheric temperature gradients due to 

aerosol indirect effects may influence Australian monsoon precipitation, for example by 

driving displacement of the Intertropical Convergence Zone and associated regional 

monsoons.  

In this study, we use historical and future simulations from groups of CMIP5 models with 

and without aerosol indirect effects to explore the sensitivity of Australian monsoon 

precipitation to greenhouse gases and anthropogenic aerosols. The aim is to better 

understand the range of projections of future monsoon precipitation, and potentially 

constrain uncertainty by identifying groups of more plausible models (cf. Brown et al., 

2016). We therefore examine changes in interhemispheric temperature and precipitation 

gradients and Australian monsoon precipitation in the two groups of models in response 

to future scenarios with low, medium and high greenhouse gas emissions and similar 

prescribed reductions in anthropogenic aerosol emissions. The CMIP5 results are 

compared with an ensemble of simulations from a single model (CESM1-CAM5-BGC) 

under RCP8.5 greenhouse gas emissions but with both variable and fixed anthropogenic 
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aerosol concentrations. As this model includes both aerosol direct and indirect effects, it 

provides a “single model” estimate of the impact of total aerosol forcing on regional 

monsoon precipitation.  

2. MODELS AND METHODS 

A set of 32 CMIP5 coupled atmosphere-ocean climate models (Taylor et al., 2012) are 

used in this study (see Table 1). For each model, simulations of “Historical” climate and 

the climate of the 21st century under three Representative Concentration Pathways 

("RCP2.6", "RCP4.5" and "RCP8.5") are analyzed. Further details of the CMIP5 models 

and experimental design are available online (https://pcmdi.llnl.gov/mips/cmip5/). The 

Historical simulations are forced with prescribed changes in solar input, volcanoes and 

land use as well as greenhouse gases, stratospheric ozone and aerosols to simulate the 

climate of the period 1850 to 2005 (Taylor et al., 2012). The RCP simulations use 

projected greenhouse gas, stratospheric ozone and anthropogenic aerosol concentrations 

and land use change forcing to simulate climate from 2006 to 2100 (van Vuuren et al., 

2011). RCP8.5 is a high emission scenario, with no stabilization of greenhouse gas 

concentrations during the 21st century. RCP4.5 is a medium emission scenario, with 

stabilization of greenhouse gas concentrations by the end of the 21st century while RCP2.6 

is a low emission mitigation scenario, with emissions that peak by mid 21st century and 

then decline to zero or “negative” emissions by the late 21st century. The anthropogenic 

aerosol concentrations in Historical simulations are prescribed to increase over the 20th 

century, peaking around 1980 and then declining at a similar rate in each of the RCPs 

over the 21st century to reach near pre-industrial levels by the end of the century (see 

Figure 9 of Lamarque et al. 2011).  
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Some of the CMIP5 models represent only the aerosol direct effects, while others include 

the effect of aerosols on cloud albedo and cloud lifetime, so-called aerosol "indirect 

effects". Following Rotstayn et al., (2015), we divide models into two group (labelled as 

"LoForce" and "HiForce") depending on whether they include only aerosol direct effects 

or both aerosol direct and indirect effects respectively. Models that have only one of cloud 

albedo or cloud lifetime indirect effects are excluded from this part of the study. The 

model classification, based on information in Table 12.2 of Collins et al., (2013), is 

summarized in Table 2. Note that FGOALS-g2 is classified as HiForce in this study based 

on Collins et al., (2013), whereas this model was classified as LoForce in Rotstayn et al., 

(2015). For each CMIP5 RCP simulation, the first realization (“run 1”) from each model 

is used for all experiments. The model fields are re-gridded to a common 1.5° x 1.5° grid 

before further analysis.  

In addition to the standard Historical and RCP simulations, a set of idealized Historical 

simulations with prescribed aerosol-only forcing ("HistoricalAA") and greenhouse-gas 

forcing ("HistoricalGHG") are examined. These single forcing simulations are only 

available for a subset of models (as indicated in Table 2). The analysis of these 

simulations provides information about the magnitude and spatial pattern of the models' 

response to aerosol and greenhouse gas forcing, for comparison with the trends in the 

Historical and RCP simulations.  

A set of simulations using the CESM1-CAM5-BGC model (Hurrell et al., 2013) with 

fixed and variable aerosols are also compared to determine the sensitivity of monsoon 

precipitation to aerosol forcing within a single model. This model includes both aerosol 

direct and indirect effects and hence is classified as a “HiForce” model (i.e. CESM1-
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CAM5 in Table 2). The simulations with variable aerosols form the Large Ensemble (Kay 

et al., 2015), with 30 simulations for Historical and RCP8.5 scenarios. The simulations 

with anthropogenic aerosol concentrations fixed at 2005 levels consist of 15 realizations 

from 2006-2100, branching off the same Historical simulations as the RCP8.5 Large 

Ensemble (Xu et al., 2018). In this study, the same set of 15 runs are compared for the 

Historical, standard RCP8.5 and fixed-AA RCP8.5 cases. 

Australian monsoon precipitation is defined as the area average in the domain bounded 

by 10°S-20°S, 120°E-150°E. Both land and ocean grid points are used as many models 

have biases in the distinction between ocean and land convection at this scale (e.g. Flato 

et al. 2013). This study focuses on the northern Australian domain, rather than the smaller 

northwest region considered in some studies (Clark et al., 2018; Dey et al., 2018) for 

consistency with previous sets of Australian monsoon projections (Brown et al., 2016; 

Moise et al., 2012), and to capture a robust signal in climate models which may disagree 

over smaller spatial scales. 

3. RESULTS 

3.1 CMIP5 historical aerosol and greenhouse gases-only 
simulations 

Two sets of idealized single-forcing simulations of Historical climate are examined in 

order to identify the spatial patterns of temperature and precipitation responses to 

anthropogenic aerosols and greenhouse gases. Changes in temperature and precipitation 

are calculated for these sets of simulations between the first 30 years (1900-1930) and the 

last 30 years (1975-2005) of the Historical period. For the anthropogenic aerosol-only 

simulation (HistoricalAA), the surface temperature change anomaly (relative to the 
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tropical-wide mean change) is shown in Figure 1(a) and the precipitation change is shown 

in Figure 1(b). Consistent with previous studies (e.g. Rotstayn et al., 2015; Chung and 

Soden, 2017), we find a relative cooling and drying in the Northern Hemisphere and the 

opposite response in the Southern Hemisphere. The region of increased precipitation in 

the Southern Hemisphere includes northern Australia, although model agreement on the 

sign of precipitation change is below 70% for most of this region.  

The changes in temperature and precipitation over the 20th century in greenhouse gas-

only (HistoricalGHG) simulations are shown Figure 2. In this case, there is enhanced 

warming in the Northern Hemisphere and precipitation increases over the Asian monsoon 

region and the Inter-tropical Convergence Zone in the tropical Pacific. The precipitation 

changes (Figure 2b) are not so clearly asymmetric between Northern and Southern 

Hemispheres compared with the HistoricalAA simulations (Figure 1b), while there is 

little change over northern Australia. However, the tropical mean interhemispheric 

differences in the HistoricalAA simulations nearly cancel those in the HistoricalGHG 

simulation, as previous studies have noted (e.g. Friedman et al., 2013). As discussed 

previously, this is one reason why it may be difficult to distinguish significant trends in 

tropical precipitation over the 20th century when multiple forcing factors interact, or to 

attribute those trends to anthropogenic aerosol changes (e.g. over northern Australia). In 

contrast, future climate projections include both increasing greenhouse gases and 

decreasing aerosol concentrations, so that the interhemispheric temperature and 

precipitation responses should be in phase and hence easier to identify (Rotstayn et al., 

2012; 2013; 2015). 
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3.2 CMIP5 projected changes in interhemispheric gradients 

Changes in the interhemispheric temperature gradient may occur in response to the 

hemispheric asymmetry of anthropogenic aerosol forcing, as discussed in Section 1. We 

examine the tropical interhemispheric temperature gradient, calculated from zonal mean 

SST in the band 0-20°N minus 0-20°S, for RCP2.6, RCP4.5 and RCP8.5 for the 

"LoForce" and "HiForce" groups of models (Figure 3). For all three RCPs, the LoForce 

models simulate a small multi-model mean increase in interhemispheric temperature 

asymmetry relative to the 1986-2005 climatology period, but the inter-model range (± 

one standard deviation) spans positive and negative values under low and medium 

emissions (RCP2.6 and RCP4.5) and the multi-model mean declines or stabilizes in the 

late 21st century. In contrast, the HiForce models simulate a larger increase in 

interhemispheric temperature asymmetry, representing greater warming in the Northern 

Hemisphere. In fact, all HiForce models simulate positive temperature asymmetry 

anomalies (based on the 11-year running mean) by the second half of the century for all 

RCPs (not shown). The increase is largest in RCP8.5, consistent with the combined 

contribution of increasing greenhouse gases and decreasing aerosols to relatively greater 

Northern Hemisphere warming. 

As the aerosol changes are similar under all RCPs, the differences between RCPs are 

primarily due to greenhouse gas forcing, and resulting regional and global temperature 

trends. It might be expected that HiForce and LoForce models would respond in a similar 

manner to this greenhouse gas forcing. In fact, the HiForce models have a slightly larger 

average warming for a given RCP (see Supplementary Figure 1), due to a slightly higher 

average climate sensitivity (see Supplementary Table 1 and Figure 1) as well as the 
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greater response to the reduced (negative) aerosol forcing. Thus, some of the differences 

between HiForce and LoForce responses to a given RCP may be due to the different 

warming of the two groups of models. With this caveat in mind, we can identify the 

overall changes due to the inclusion of aerosol indirect effects by comparing HiForce and 

LoForce for each RCP, and changes due to greenhouse gases by comparing each RCP for 

the same group of models.  

Simple dynamical considerations imply that relative warming in one hemisphere may 

drive a shift of tropical precipitation towards that hemisphere (Chiang and Friedman 

2012; Frierson and Hwang, 2012). In addition, recent studies suggest that the response to 

aerosol forcing via the cloud albedo and cloud lifetime aerosol indirect effects may be an 

important driver of meridional shifts in tropical precipitation (Wilcox et al., 2013; Allen 

2015; Allen et al. 2015; Chung and Soden 2017). To confirm this relationship for the 

range of emission scenarios, we examine changes in interhemispheric precipitation 

asymmetry, calculated as zonal mean precipitation in the band 0-20°N minus 0-20°S, for 

both LoForce and HiForce models under the three RCPs (Figure 4). The results are similar 

to the temperature asymmetry shown in Figure 3, with moderate increases in the LoForce 

multi-model mean – indicating increased Northern Hemisphere tropical precipitation at 

the expense of the Southern Hemisphere tropics – and greater increases in asymmetry in 

the HiForce models. The HiForce interhemispheric precipitation anomaly increases under 

all RCPs, with the strongest response under RCP8.5.  

The relationship between changes in interhemispheric temperature and precipitation 

asymmetry is further illustrated in scatter plots for Historical, RCP2.6, RCP4.5 and 

RCP8.5 simulations (Figure 5). The correlation between the two variables (taken across 
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all models) is highly significant in all cases, and the two sets of models (HiForce and 

LoForce) are clearly separated in their behavior, with HiForce models showing greater 

relative increases in Southern Hemisphere temperature and precipitation in the Historical 

simulations and the opposite response under all RCPs (i.e. greater Northern Hemisphere 

warming and increased precipitation). 

An increased interhemispheric precipitation asymmetry may be due to increases in 

Northern Hemisphere precipitation or decreases in Southern Hemisphere or both. There 

is also likely to be a large amount of spatial inhomogeneity due to the complexity and 

scale of precipitation processes. We therefore examine the spatial pattern of precipitation 

change in each set of Historical versus RCPs for LoForce and HiForce model groups, 

shown in Figure 6. The enhanced precipitation in the equatorial Pacific is a common 

feature in all RCPs for both HiForce and LoForce model groups, consistent with previous 

studies of CMIP5 models (e.g. Xie et al., 2010). The equatorial Pacific precipitation 

anomalies are larger under higher greenhouse gas emissions, implying this response 

scales with temperature increases. Over the South and East Asian monsoon domains, 

precipitation anomalies are positive with larger anomalies under higher emissions 

(RCP8.5). In the Southern Hemisphere tropics, the HiForce models simulate a large-scale 

pattern of drying with over 70% of models agreeing on the sign of the response over parts 

of northern Australia, whereas the LoForce models simulate increases in the south-west 

Pacific and over northern Australia, with greater than 70% model agreement for RCP8.5. 

The differences in precipitation spatial patterns between HiForce and LoForce models are 

more clearly shown when considering the difference between the two model groups for 

each RCP. The precipitation difference for Historical minus RCPs for HiForce minus 
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LoForce models is shown in Figure 7. The HiForce models simulate greater precipitation 

increases (or smaller decreases) in the Northern Hemisphere, particularly over the Asian 

and Central American regions and adjacent ocean, with relative decreases (drying or less 

wetting) over the Southern Hemisphere tropics and subtropics, particularly over the South 

Pacific, Africa and South America.  

Figure 7 also shows the stronger increase in South Asian and East Asian monsoon domain 

precipitation in the HiForce models (although with some regions of exception under 

RCP8.5), while there is a relative drying over northern Australia and the surrounding 

ocean areas. A region of particularly large disagreement between HiForce and LoForce 

models is in the South Pacific Convergence Zone (SPCZ), where the larger tropical 

warming in the HiForce models appears to drive a shift of SPCZ precipitation towards 

the equatorial region, consistent with Cai et al., (2012). 

The differences between each panel of Figure 7 show that the precipitation response due 

to aerosol indirect effects in the HiForce models compared to the LoForce models is not 

uniform for the three RCPs, despite the very similar aerosol concentrations prescribed in 

these scenarios. Specifically, the increasing magnitude of the precipitation differences for 

RCP4.5 relative to RCP2.6 and RCP8.5 relative to RCP4.5 implies that the HiForce 

models have a greater sensitivity to the radiative forcing applied in each RCP than the 

LoForce models. The HiForce models would be expected to have a higher sensitivity to 

the prescribed decline in aerosols, leading to some warming, but this would of similar 

magnitude for all RCPs. Thus, the larger anomalies under RCP8.5 than RCP4.5 or 

RCP2.6 are likely to be due to the slightly higher climate sensitivity to greenhouse gases 

of the HiForce models (see Supplementary Table 1). This is also supported by the 
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similarity in spatial pattern with Figure 2b, showing the precipitation response to 

Historical greenhouse-gas only forcing. 

3.3 CMIP5 projected changes in northern Australian 
precipitation 

We next consider the response of northern Australian monsoon precipitation to the 

combination of aerosol and greenhouse gas forcing in the RCP simulations. We calculate 

the timeseries of austral summer (DJF) precipitation over the northern Australian 

monsoon domain, defined as the area bounded by 10°S-20°S, 120°E-150°E. In the 

Historical simulations (shown as first section of timeseries in Figure 8), there is no clear 

trend in Australian monsoon precipitation in either the LoForce or HiForce models. The 

observed trend over the most recent 50-year period is positive in the northwest but 

negative in the northeast (Dey et al., 2019), so models may not be expected to simulate a 

strong positive trend over the entire northern Australia domain. As discussed in Section 

1, the observed trends may also be due to natural variability or external forcing, or a 

combination of both.  

In the RCP simulations, the LoForce models project little change (RCP2.6, RCP4.5) or 

small increases (RCP8.5) with model spread (represented by ± one standard deviation of 

the model range) encompassing no change. In the case of the HiForce models, there is 

consistently larger model spread than the LoForce models, possibly due to the different 

representations of aerosol indirect effects or their influence on precipitation. The multi-

model mean projection from the HiForce models is for decreasing Australian monsoon 

precipitation under all RCPs. While the model spread is large, the majority of HiForce 

models simulate drying over northern Australia under all RCPs (see Figure 9). Under 
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RCP8.5, the multi-model mean change is smaller and the model spread larger, indicating 

a range of model responses to the strong greenhouse gas forcing: some models simulate 

an increase due to thermodynamic factors, other simulate a decrease due to dynamic 

factors (Chadwick et al., 2013; Brown et al., 2016). In particular, we note that three of 

the HiForce models, CSIRO-Mk3-6-0, MIROC-ESM and MIROC-ESM-CHEM, were 

found in a previous study to simulate particularly strong future drying of northern 

Australia (Brown et al., 2016). These models had strong warming in the western 

equatorial Pacific, associated with a dynamic northward displacement of the monsoon 

and tropical convergence zone in these models (Brown et al., 2016).  

The relationship between changes in northern Australian summer precipitation and 

changes in interhemispheric temperature asymmetry is shown in scatter plots in Figure 9. 

As expected, the relationship is weaker than for the zonal-average interhemispheric 

precipitation asymmetry, shown in Figure 5. In the Historical simulations (Figure 9a), the 

interhemispheric temperature gradient tends to increase in HiForce models and decrease 

in LoForce models, with the majority of models in both groups simulating a small 

increase in northern Australian precipitation. In the RCP simulations (Figure 9b-d), while 

the interhemispheric temperature gradient anomaly is positive in most models, 

precipitation changes are smaller in the LoForce than HiForce models. The majority of 

HiForce models simulate a drying of northern Australia and a warming of the Northern 

Hemisphere (or Southern Hemisphere cooling) in the RCPs, with small scatter for 

RCP2.6, increasing scatter for RCP4.5 (producing a significant correlation), and larger 

scatter for RCP8.5. A possible explanation for this increasing scatter is the greater 

influence of greenhouse gas forcing under higher emissions RCPs. As for 
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interhemispheric precipitation asymmetry, the scatter in projected Australian monsoon 

precipitation is much higher for HiForce than LoForce models, possibly due to variable 

representation of aerosol indirect effects or to the larger climate sensitivity in these 

models. 

3.4 CESM Large Ensemble projections with fixed and 
variable aerosols 

As the CMIP5 analysis relies on comparison between one set of models without aerosol 

indirect effects and another with aerosol indirect effects, there may be biases due to the 

different models in each group. Furthermore, the range of different aerosol schemes (both 

direct and indirect) across those models make the LoForce and HiForce categories 

unavoidably somewhat broad. To evaluate the influence of aerosol forcing in a single 

model, we next examine output from a set of simulations carried out with CESM1-

CAM5-BGC under the RCP8.5 greenhouse gas emissions scenario with standard varying 

(i.e. reducing over time) anthropogenic aerosol concentrations and with concentrations 

fixed at 2005 levels. As outlined in Section 2, the model was run for large number of 

realizations under each forcing, with 30 standard RCP8.5 ensemble members as part of 

the CESM "Large Ensemble" (Kay et al., 2015) and 15 fixed aerosol RCP8.5 ensemble 

members (Xu et al., 2018). These are compared with the corresponding Large Ensemble 

Historical simulations. To allow unbiased comparison of spread, only 15 realizations are 

used for each case. The CESM1-CAM5-BGC model includes both aerosol direct and 

indirect effects, and hence is classified as a “HiForce” model. 

The change in interhemispheric temperature and precipitation asymmetry was calculated 

for each set of realizations. Under the standard RCP8.5 configuration (i.e. with decreasing 
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21st century anthropogenic aerosols), there is an increased interhemispheric temperature 

and precipitation asymmetry (Figure 10). In the fixed anthropogenic aerosol RCP8.5 

simulations, there is little change in either temperature or precipitation asymmetry over 

the period to 2100. These results are qualitatively in agreement with the interhemispheric 

gradient changes for HiForce (equivalent to Standard) versus LoForce (equivalent to 

fixed aerosols) shown in Figures 3 and 4, although in this case there is no positive trend 

in interhemispheric temperature or precipitation gradient under greenhouse gas forcing 

(cf. Figures 3e and 4e). There is also a small decrease in asymmetry in the Historical 

period based on the shared Large Ensemble simulations, evident in Figures 10a-b, and 

Figures 10c-d. This is consistent with observations (see Figure 3 of Rotstayn et al., 2015). 

The projected change in northern Australian summer precipitation was also calculated for 

each set of realizations, with little difference evident between the declining and fixed 

aerosol simulations (Figure 10), in contrast to the CMIP5 HiForce versus LoForce results 

(Figure 8). The reason for this difference is evident when considering the spatial pattern 

of precipitation change in the CESM simulations, as shown in the difference between the 

standard and fixed aerosol RCP8.5 precipitation fields (Figure 11). There is a strong 

hemispheric asymmetry in the precipitation difference, with greater increases in the 

Northern Hemisphere and decreases in the Southern Hemisphere in the standard RCP8.5 

simulations, in response to the declining aerosol concentrations. While there are large 

negative anomalies in parts of the Southern Hemisphere tropics, including across the 

Indian Ocean to the northwest coast of Australia, anomalies over northern Australia are 

near zero, with low agreement between ensemble members. This lack of a consistent 

regional precipitation signal highlights the difference between considering large-scale, 
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zonal-mean precipitation patterns and regional changes, which may be influenced by 

local circulation and other processes in the CESM simulations. While the CESM 

ensemble results do not agree with the CMIP5 HiForce versus LoForce results over 

northern Australia, the large-scale (interhemispheric) patterns of change are consistent. 

4. DISCUSSION AND CONCLUSIONS 

The sensitivity of Australian monsoon precipitation to changes in both greenhouse gas 

concentrations and anthropogenic aerosols was investigated for low (RCP2.6), medium 

(RCP4.5) and high (RCP8.5) emissions scenarios using CMIP5 model simulations. Under 

all emissions scenarios, the projected change in northern Australian precipitation is highly 

uncertain, with some models simulating increases and others simulating decreases. One 

possible source of model disagreement is the representation of aerosol effects, as 

anthropogenic aerosol forcing may be expected to influence temperature and precipitation 

trends in many locations including monsoon regions. We therefore investigated the 

influence of anthropogenic aerosol decreases, prescribed in all the 21st century emission 

scenarios, on Australian monsoon precipitation. 

To identify the spatial pattern of the temperature and precipitation response to aerosol 

forcing, we used Historical aerosol-only and greenhouse-gas only simulations. While the 

spatial patterns of temperature and precipitation changes are not identical for aerosol 

forcing and greenhouse gas forcing, there are some important similarities (albeit with 

opposite sign), as discussed in previous studies (Xie et al., 2013). In particular, there is 

enhanced cooling over the Northern Hemisphere in response to increasing anthropogenic 

aerosols, while the reverse pattern occurs under increasing greenhouse gas 

concentrations. The regional details of the spatial pattern of precipitation change vary 
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widely from model to model, but there is a common forced trend in the interhemispheric 

precipitation gradient that is tightly coupled with the temperature gradient change, as 

identified in previous studies of both historical and projected future climate (e.g. 

Friedman et al., 2013; Levy et al., 2013; Rotstayn et al., 2015; Chung and Soden 2017). 

To explore the sensitivity of Australian monsoon precipitation to aerosols and greenhouse 

gases in future projections, this study compared two sets of CMIP5 models, those with a 

representation of aerosol direct and indirect effects (here named “HiForce” models) and 

those with a representation of aerosol direct effects only (“LoForce” models). This 

approach was informed by the conclusion of previous studies (e.g. Rotstayn et al. 2015; 

Chung and Soden 2017) that models with a representation of aerosol indirect effects are 

much more sensitive to aerosol forcing than models with only a representation of direct 

effects. We recognize that the fact that the two groups of models are not identical is a 

limitation of this approach, and we indeed find that the relatively small sample size of 

“HiForce” and “LoForce” models (14 and 13 models respectively for RCP4.5 and 

RCP8.5, 11 and 9 for RCP2.6) means that the strong climate response of a few models 

can influence the results of the entire sample. We also note that the representation of both 

direct and indirect effects differs from model to model, as discussed in Boucher et al., 

(2013) and references therein. Despite these caveats, we were interested in making use of 

the available set of CMIP5 models and experiments to begin to explore the sensitivity of 

the Australian monsoon to aerosol forcing in future climate simulations. 

To validate our approach, we confirmed that the HiForce models simulate a much larger 

increase in interhemispheric temperature asymmetry in all the RCPs than the LoForce 

models. We also confirmed that this response is accompanied by a stronger increase in 
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interhemispheric precipitation asymmetry in the HiForce models than LoForce models. 

Further, both sets of models display a significant correlation between interhemispheric 

temperature and precipitation asymmetry for Historical and all RCP simulations, 

indicating that the basic physical mechanisms are shared in all models but the sensitivity 

to the forcing differs between HiForce and LoForce models.  

The spatial pattern of precipitation changes for the two groups of models indicates some 

common features, but also regions of disagreement. Both HiForce and LoForce models 

simulate a large equatorial Pacific precipitation increase, with stronger increases under 

higher emissions, indicating that this is a response to greenhouse gas forcing. The HiForce 

models simulate a relative increase in Northern Hemisphere tropical precipitation, 

including over the South Asian and East Asian monsoon domains, and a relative decrease 

in Southern Hemisphere tropical precipitation over Africa, South America, and the South 

Pacific. Decreases are also evident over northern Australia and the adjacent ocean area. 

When calculating the area-average DJF precipitation over the Australian monsoon 

domain, there is an apparent difference between HiForce and LoForce models, with the 

HiForce models simulating decreases for all three RCPs while the LoForce models 

simulate increases under RCP8.5 and little change for the other RCPs. Further 

investigation of this result reveals that the majority of HiForce models simulate a drying 

under all RCPs (and increased precipitation during the Historical period), but the strength 

of the signal is dominated by a few models with particularly strong drying trend (e.g. 

CSIRO-Mk3-6-0).  

In addition, there is a larger spread in precipitation projections from HiForce models than 

LoForce models, which may be in part due to the range of parameterizations of aerosol 
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indirect effects in individual HiForce models, or the larger climate sensitivity in these 

models. We note again that if the current generation of climate model parameterizations 

overestimate the strength of aerosol-cloud interactions (Malavelle et al., 2017; Stevens 

2017), then the HiForce models may be too sensitive to aerosol forcing. This remains an 

area requiring further research, and contributing additional uncertainty to current 

monsoon precipitation projections. 

Finally, the results from the multi-model investigation were compared with CESM-

CAM5-BGC Large Ensemble Historical and RCP8.5 simulations and a set of additional 

experiments with anthropogenic aerosols fixed at 2005 levels. These experiments 

quantify the influence of aerosol forcing under future greenhouse emissions, but are based 

on a single climate model and therefore do not span the full range of uncertainty in future 

temperature and precipitation projections. As this model includes both aerosol direct and 

indirect effects, it should be compared with the HiForce CMIP5 model results. The CESM 

experiments with standard, decreasing 21st century anthropogenic aerosol concentrations 

simulate an increase in interhemispheric temperature and precipitation gradients, whereas 

the experiments with fixed aerosol concentrations simulate no such changes, consistent 

with the HiForce versus LoForce results. However, there is little difference in the DJF 

precipitation change over northern Australia between the mean of the two sets of 

simulations, and the spatial pattern of precipitation difference between standard and fixed 

aerosol RCP8.5 simulations shows low agreement between ensemble members over this 

region. This lack of agreement is consistent with the spread in Australian monsoon 

precipitation projections seen in HiForce models (e.g. Figure 8 and Figure 9), indicating 
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that model differences in responses to both aerosol and greenhouse gas forcing are large 

over this region. 

In conclusion, we find some evidence of a stronger drying response over the Australian 

monsoon domain in models with a representation of aerosol indirect effects, particularly 

for low and medium emissions scenarios (RCP2.6 and RCP4.5). This response is broadly 

consistent with a northward displacement of tropical precipitation as the Northern 

Hemisphere warms more than the Southern Hemisphere with decreasing anthropogenic 

aerosol concentrations, with larger changes found if aerosol indirect effects are included. 

While the spatial pattern of warming under increasing greenhouse gases also includes 

relatively greater warming in the Northern Hemisphere (e.g. Collins et al., 2013), the 

thermodynamic response to this warming as well as dynamic changes in atmospheric 

circulation are increasingly important under higher emissions, and produce a more 

complex spatial pattern of precipitation change (e.g. Chadwick et al., 2013). Thus, the 

change in Australian monsoon precipitation under high emissions represents the response 

to this complex combination of factors, producing a wider model spread than for lower 

emissions scenarios, especially when aerosol indirect effects are included.  

Previous studies have found that models projecting decreases in Australian monsoon 

precipitation may be less robust due to model biases in the western equatorial Pacific; a 

region which has a strong relationship with monsoon precipitation change (Brown et al., 

2016). The results of this study suggest that model projections of increases in Australian 

monsoon precipitation, particularly under low and medium emissions, may also be 

unreliable when this increase is due to the absence of the aerosol indirect effects in 

models. Unfortunately, projections of Australian monsoon precipitation remain highly 



SENSITIVITY OF AUSTRALIAN MONSOON RAINFALL TO AEROSOL DIRECT AND INDIRECT EFFECTS UNDER A RANGE OF EMISSION SCENARIOS  

 

 

23 
 

uncertain based on the available CMIP5 model simulations. The next generation of 

CMIP6 models may provide additional insight, as a larger group of models will include 

the full treatment of aerosol direct and indirect effects. There may also be a reduction in 

model SST biases in regions such as the equatorial Pacific in the new generation of 

models, potentially providing a more realistic simulation of the precipitation response in 

the northern Australian region. This will be the subject of a further study.  
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7. TABLES AND FIGURES 

7.1 Tables 

Table 1: Name and host institution for CMIP5 models included in this study. 

Model name(s) Model host institution(s) 

ACCESS1.0 

ACCESS1.3 

Commonwealth Scientific and Industrial Research 

Organisation (CSIRO) and Bureau of Meteorology 

BCC-CSM1.1  

BCC-CSM1.1-M 

Beijing Climate Center, China Meteorological Administration 

BNU-ESM College of Global Change and Earth System Science, Beijing 

Normal University 

CanESM2 Canadian Centre for Climate Modelling and Analysis 
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CCSM4 National Center for Atmospheric Research 

CESM1-BGC 

CESM1-CAM5 

CESM1-WACCM 

National Science Foundation, Department of Energy, National 

Center for Atmospheric Research 

CNRM-CM5 Centre National de Recherches Meteorologiques / Centre 

Europeen de Recherche et Formation Avancees en Calcul 

Scientifique 

CSIRO-Mk3.6.0 Commonwealth Scientific and Industrial Research 

Organisation (CSIRO) 

EC-EARTH EC-EARTH Consortium 

FGOALS-g2 LASG, Institute of Atmospheric Physics, Chinese Academy of 

Sciences; and CESS, Tsinghua University 

FGOALS-s2 LASG, Institute of Atmospheric Physics, Chinese Academy of 

Sciences 

FIO-ESM The First Institute of Oceanography, SOA, China 

GFDL-CM3  

GFDL-ESM2G  

GFDL-ESM2M  

Geophysical Fluid Dynamics Laboratory 

GISS-E2-H  

GISS-E2-R 

NASA Goddard Institute for Space Studies 

HadGEM2-CC  

HadGEM2-ES 

Met Office Hadley Centre 

IPSL-CM5A-LR  Institut Pierre-Simon Laplace 

MIROC5 Atmosphere and Ocean Research Institute (The University of 

Tokyo), National Institute for Environmental Studies, and 

Japan Agency for Marine-Earth Science and Technology 

MIROC-ESM  

MIROC-ESM-

CHEM 

Japan Agency for Marine-Earth Science and Technology, 

Atmosphere and Ocean Research Institute (The University of 

Tokyo), and National Institute for Environmental Studies 

MPI-ESM-LR 

MPI-ESM-MR  

Max Planck Institute for Meteorology (MPI-M) 

MRI-CGCM3 Meteorological Research Institute 
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NorESM1-M 

NorESM1-ME  

Norwegian Climate Centre 

 

Note. Information is summarized from 

https://pcmdi.llnl.gov/mips/cmip5/availability.html.  
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Table 2: Classification of models and list of available simulations. 

 Model Name 

Direct 

Effect 

only? 

Indirect 

Effects? 

LoForce 

or 

HiForce? 

Historical 

AA? 

Historical 

GHG? 

1 ACCESS1-0  Y HiForce   

2 ACCESS1-3  Y HiForce   

3 BCC-CSM1-1 Y  LoForce  Y 

4 BCC-CSM1-1-M Y  LoForce   

5 BNU-ESM Y  LoForce   

6 CanESM2 
 

Albedo 

only 
 

Y Y 

7 CCSM4 Y  LoForce Y Y 

8 CESM1-BGC Y  LoForce   

9 CESM1-CAM5  Y HiForce   

10 CESM1-WACCM Y  LoForce   

11 CNRM-CM5 
 

Albedo 

only 
 

 Y 

12 CSIRO-Mk3-6-0  Y HiForce Y Y 

13 EC-EARTH Y  LoForce   

14 FGOALS-g2  Y HiForce* Y Y 

15 FGOALS-s2 Y  LoForce   

16 FIO-ESM Y  LoForce   

17 GFDL-CM3  Y HiForce Y Y 

18 GFDL-ESM2G Y  LoForce   

19 GFDL-ESM2M Y  LoForce Y Y 

20 GISS-E2-H 
 

Albedo 

only 
 

Y Y 

21 GISS-E2-R 
 

Albedo 

only 
 

Y Y 

22 HadGEM2-CC  Y HiForce   

23 HadGEM2-ES  Y HiForce  Y 

24 IPSL-CM5A-LR 
 

Albedo 

only 
 

Y Y 
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25 MIROC5  Y HiForce   

26 MIROC-ESM  Y HiForce  Y 

27 MIROC-ESM-CHEM  Y HiForce  Y 

28 MPI-ESM-LR Y  LoForce   

29 MPI-ESM-MR Y  LoForce   

30 MRI-CGCM3  Y HiForce  Y 

31 NorESM1-M  Y HiForce Y Y 

32 NorESM1-ME  Y HiForce   

 

Note. Classification of models with and without aerosol indirect effects into "HiForce" 

and "LoForce" groups. Models with only one type of indirect effect (cloud albedo or 

cloud lifetime) are excluded from these categories. Also listed is the availability of 

Historical Anthropogenic Aerosol-only (HistoricalAA) and Greenhouse Gas-only 

(HistoricalGHG) simulations. 
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7.2 Figures 

 

Figure 1: Multi-model mean change (1975-2005 minus 1900-1930) in annual (a) surface air temperature 

(K) relative to tropical mean change (temperature change minus change averaged 30°N to 30°S) and (b) 

precipitation (mm/day) for Historical anthropogenic aerosol only (HistoricalAA) forced simulations (ten 

models). Stippling in (b) indicates areas where more than 70% of the models agree on the sign of the 

change. 
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Figure 2: Multi-model mean change (1975-2005 minus 1900-1930) in annual (a) surface air temperature 

(K) relative to tropical mean change, and (b) precipitation (mm/day) for Historical greenhouse gas only 

(HistoricalGHG) forced simulations (sixteen models). Stippling in (b) indicates areas where more than 70% 

of the models agree on the sign of the change. 
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Figure 3: Interhemispheric asymmetry (0-20°N minus 0-20°S) of sea surface temperature (K): (a) LoForce 

RCP2.6, (b) HiForce RCP2.6, (c) LoForce RCP4.5, (d) HiForce RCP4.5, (e) LoForce RCP8.5 and (f) 

HiForce RCP8.5. The values are 11-year running mean anomalies relative to the 1986-2005 climatology. 

The black line is the multi-model mean and the shaded area is ± one standard deviation inter-model range. 

See Table 2 for the list of models in each group. 
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Figure 4: Interhemispheric asymmetry (0-20°N minus 0-20°S) of precipitation (mm/day): (a) LoForce 

RCP2.6, (b) HiForce RCP2.6, (c) LoForce RCP4.5, (d) HiForce RCP4.5, (e) LoForce RCP8.5 and (f) 

HiForce RCP8.5. The values are 11-year running mean anomalies relative to the 1986-2005 climatology. 

The black line is the multi-model mean and the shaded area is ± one standard deviation inter-model range. 

See Table 2 for the list of models in each group. 
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Figure 5: Trends in interhemispheric asymmetry (0-20°N minus 0-20°S) of precipitation (mm/day/century) 

versus sea surface temperature (K/century): (a) Historical, (b) RCP2.6, (c) RCP4.5 and (d) RCP8.5 for 

LoForce (blue circles) and HiForce (red circles) models. Trends are calculated over 1900-2005 for 

Historical and 2006-2100 for RCPs. The correlation and p-values are given at top right of each plot. 
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Figure 6: Precipitation differences (mm/day) relative to Historical: (a) LoForce RCP2.6, (b) HiForce 

RCP2.6, (c) LoForce RCP4.5, (d) HiForce RCP4.5, (e) LoForce RCP8.5 and (f) HiForce RCP8.5. 

Differences are for 30-year averages from 2070-2099 (RCPs) minus 1970-1999 (Historical). Stippling 

indicates areas where more than 70% of the models agree on the sign of the difference. 
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Figure 7: Precipitation difference (mm/day) between HiForce minus LoForce models for Historical minus 

(a) RCP2.6, (b) RCP4.5 and (c) RCP8.5. These plots show the difference between each set of plots (b-a, 

d-c, f-e) in Figure 6. Differences are for 30-year averages from 2070-2099 (RCPs) minus 1970-1999 

(Historical). 
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Figure 8: Australian monsoon domain (10-20°S, 120-150°E) DJF precipitation for Historical and (a) 

LoForce RCP2.6, (b) HiForce RCP2.6, (c) LoForce RCP4.5, (d) HiForce RCP4.5, (e) LoForce RCP8.5 and 

(f) HiForce RCP8.5. The values are 11-year running mean anomalies relative to the 1986-2005 

climatology. The black line is the multi-model mean and the shaded area is ± one standard deviation inter-

model range. See Table 2 for the number of models in each group. 
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Figure 9: Trend in Australian monsoon domain (10-20°S, 120-150°E) precipitation (mm/day/century) 

versus trend in interhemispheric temperature asymmetry (0-20°N minus 0-20°S) (K/century) for: (a) 

Historical, (b) RCP2.6, (c) RCP4.5 and (d) RCP8.5 for LoForce (blue) and HiForce (red) models. Trends 

are calculated over 1900-2005 for Historical and 2006-2100 for RCPs. The correlation and p-values are 

given at top right of each plot. 

  



SENSITIVITY OF AUSTRALIAN MONSOON RAINFALL TO AEROSOL DIRECT AND INDIRECT EFFECTS UNDER A RANGE OF EMISSION SCENARIOS  

 

 

51 
 

 

 

 

 



SENSITIVITY OF AUSTRALIAN MONSOON RAINFALL TO AEROSOL DIRECT AND INDIRECT EFFECTS UNDER A RANGE OF EMISSION SCENARIOS 

52 
 

 

 

Figure 10: (top) CESM ensemble change in interhemispheric temperature asymmetry for (a) standard 

RCP8.5 and (b) RCP8.5 with fixed AA at 2005 levels (15 simulations in each case), (c, d) as above for 

precipitation asymmetry, (e, f) northern Australian summer monsoon precipitation for (left) standard 

RCP8.5 and (right) RCP8.5 with fixed AA at 2005 levels. Anomalies are calculated relative to the period 

1960-1990. 
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Figure 11: Difference in precipitation (mm/day) for CESM RCP8.5 Large Ensemble (2070-2099) minus 

CESM RCP8.5 with fixed AA at 2005 levels (2070-2099). There are 15 simulations included in each case. 

Stippling indicates 70% of simulations agree on the sign of the difference. 
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8. SUPPORTING INFORMATION 

8.1 Sensitivity of Australian Monsoon Rainfall to Aerosol 
Direct and Indirect Effects under a Range of Emission 
Scenarios 
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Supplementary Table 1: The Equilibrium Climate Sensitivity (K) for the 27 CMIP5 models that 

are classified as “LoForce” and “HiForce” models in Table 2. The Equilibrium Climate 

Sensitivity is taken from Table 9.5 of Flato et al. (2013) with additional values indicated in italics 

and brackets taken from Sherwood et al. (2014). 

Model Name LoForce or HiForce? Equilibrium Climate 

Sensitivity (K) 

ACCESS1-0 HiForce 3.8 

ACCESS1-3 HiForce (3.5) 

BCC-CSM1-1 LoForce 2.8 

BCC-CSM1-1-M LoForce 2.9 

BNU-ESM LoForce 4.1 

CCSM4 LoForce 2.9 

CESM1-BGC LoForce - 

CESM1-CAM5 HiForce - 

CESM1-WACCM LoForce - 

CSIRO-Mk3-6-0 HiForce 4.1 

EC-EARTH LoForce - 

FGOALS-g2 HiForce (3.5) 

FGOALS-s2 LoForce (4.2) 

FIO-ESM LoForce - 

GFDL-CM3 HiForce 4.0 

GFDL-ESM2G LoForce 2.4 

GFDL-ESM2M LoForce 2.4 

HadGEM2-CC HiForce - 

HadGEM2-ES HiForce 4.6 
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MIROC5 HiForce 2.7 

MIROC-ESM HiForce 4.7 

MIROC-ESM-CHEM HiForce - 

MPI-ESM-LR LoForce 3.6 

MPI-ESM-MR LoForce (3.4) 

MRI-CGCM3 HiForce 2.6 

NorESM1-M HiForce 2.8 

NorESM1-ME HiForce - 

LoForce average   3.2 

HiForce average  3.6 
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Supplementary Figure 1: Change in global average surface temperature (K) for RCP8.5 (2070-

2099) minus Historical (1970-1999) versus Equilibrium Climate Sensitivity (K) as listed in 

Supplementary Table 1. LoForce models are shown as blue circles and HiForce models are shown 

as red circles.  

 

 

 


