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Abstract. Anthropogenicaerosols are dominant drivers of historical monsoon rainfall change. However, large uncertainties in
the radiative forcing associated with anthropogenic aerosol emissions, and the dynamical response to this forcing, lead to
uncertainty in the simulated monsoon response. We use historical simulations in which aerosolemissions are scaled by factors
from 0.2 to 1.5 to explore the monsoon sensitivity to aerosol forcing uncertainty (-=0.38 W m™2 to —1.50 W m?). Hemispheric
asymmetry in emissions generates astrong relationship between scaling factor and both hemispheric temperature contrastand
meridional location of tropical rainfall. Increasing the scaling from 0.2 to 1.5 reduces the global monsoon area by 3% and the
global monsoon intensity by 2% over the period 1950-2014, and switches the dominant influence on the 1950-1980 monsoon
rainfall trend between greenhouse gas and aerosol. Regionally, aerosol scaling has a pronounced effect on Northern

Hemisphere monsoon rainfall.

1 Background

Monsoon systems provide rainfall for billions of people, many of whom are dependent on the monsoon rains for survival. It is
therefore important to understand the effects of climate change on the global monsoon, both in the pastand future. Projections
show a future increase in global monsoon area, rainfall amount, and rainfall intensity (Hsu et al., 2012, 2013). In contrast,
studies have reported adecline in global monsoon rainfall in the latter half of the 20th century (Hsu et al., 2011; Wang & Ding,
2006; Zhou et al., 2008), particularly in Northern Hemisphere (NH) monsoons (Zhou et al., 2008).

Historical emissions of anthropogenic aerosols (AA) and their precursors cause negative radiative forcing, global cooling and
suppression of rainfall, hence opposing the impacts of greenhouse gas (GHG) emissions (Wu et al., 2013). Furthermore, most
AA emissions arise in the NH, giving them a strong control on hemispheric temperature gradients (e.g., Wilcox et al., 2013),
with profound effects on monsoon circulations (Broccoli et al, 2006; Friedman et al., 2013; \oigt et al., 2017) and
interhemispheric energy and moisture transport (Haywood etal., 2016; Stephens etal., 2016). Recently, large-scale AA-driven
circulation changes have acted to weaken the monsoon, and have dominated over the response to GHG. Bollasina et al. (2011),
Polson et al. (2014), Salzmann et al. (2014), Song et al. (2014) and Guo et al. (2015) have all shown that increasing AA
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emissions played an important part in driving regional and global monsoon rainfall decrease during the mid-20th century.
However, in future, a GHG-driven thermodynamic response is expected to dominate, driving increased monsoon rainfall (Li
et al.,, 2015).

Land-sea contrasts affect temperature gradients and thus also affect monsoon circulation strength. On regional scales, AA -
induced cooling can oppose GHG-induced warming effects (Ramanathan et al., 2005; Ramanathan & Feng, 2009), leading to
a slackening of temperature contrasts between land and sea (Lau & Kim, 2017) and an increase in surface pressure (Song et
al., 2014), both of which weaken the circulation. Remote AA emissions are also important, acting to change monsoon rainfall
through circulation changes, albeit via different mechanisms to local AA emissions (Cowan & Cai, 2011; Dong et al., 2016;
Undorf et al.,, 2018; Wang et al., 2017). Within regional monsoon systems, AA emissions can also change the characteristics
and distribution of rainfall, affecting monsoon onset (Lau et al., 2006) and withdrawal (Guo et al., 2016).

In future climate projections, in which AA emissions look likely to decrease while GHG emissions continue to increase, the
ability to capture the balance between their respective radiative effects is crucial. Future reductions in AA emissions have the
potential to cause increases in global rainfall comparable to those resulting from moderate GHG increases (Rotstayn et al.,
2013), with the largest increases anticipated over East and South Asia (Levy et al., 2013; Westerveltet al., 2015). However,
there is substantial uncertainty in present-day top-of-atmosphere aerosol effective radiative forcing, with a 5%-t0-95%
confidence interval spanning —1.9 W m™2 to —0.1 W m 2 (Myhre et al., 2013). Uncertainty in the magnitude of aerosolforcing,
and the monsoon response to it, is compounded in climate projections, where potentialaerosol emission pathways are diverse.
In the Asian region in particular, there is great variety in future emission trends across the Shared Socio -Economic Pathways
(SSPs). Of particular importance for the monsoon is the uncertainty in the sign of the projected emission trends over China
and India depending on the SSP (Samset et al., 2019; Figure 1b).

In this study, we quantify the impact of the uncertainty in present-day aerosolradiative forcing on the global monsoon system
using a set of historical climate simulations produced as part of the SMURPHS (“Securing Multidisciplinary Understanding
and Prediction of Hiatus and Surge Events”) project (Dittus et al., 2020). The SMURPHS ensemble consists of a set of
historical climate simulations with AA emissions scaled by various factors, allowing us for the first time to investigate the
sensitivity ofthe climate systemto the strength ofthe forcing. Such an investigation is challenging in a multi-model framework
(such as the AA-only simulations of CMIP5; Taylor et al., 2012) since differences in model biases and parameterisations
introduces additional uncertainties in the response to forcing, preventing an assessment of the influence of forcing uncertainty
alone. We introduce the ensemble and experimental design in more detail in Section 2. The effect of the aerosol scaling in
terms of temperature contrasts across hemispheres,and between land and sea, is examined in Section 3. Section 4 presents the

effects of scaling on standard metrics of the global and regional monsoons. We summarise and conclude in Section 5.
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Figure 1. Sulphur dioxide emissions usedin SMURPHS on (a) global, (b, ¢) hemisphericand (e—k) regional scales, in Tg yr-1. Organic
and black carbon emissions are scaledin the same way. Monsoon regions are as definedin panel (d).

2 SMURPHS ensemble and aerosol emission data

The SMURPHS dataset consists of historical climate simulations run over the period 1850-2014 usinga fully coupled version
of H[dGEM3-GC3.1 at resolutions of N96 and 1° in the atmosphere and ocean respectively (Kuhlbrodt et al., 2018; Williams
et al., 2018). The model version used here is a development version towards the UK submission to CMIP6 (Andrews et al,
2020; Dittus et al., 2020; Hardiman et al., 2019). HadGEM3 uses the GLOMAP two-moment aerosol scheme that includes
representations of the cloud albedo and cloud lifetime effects (Mulcahy et al., 2018 and references therein). Five ensemble
members are run for each of five experiments in which the historical aerosol emissions are scaled by a constant factor. This

factor is applied to emissions of all species of anthropogenic aerosol and precursors, at all locations throughout the historical
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emissions dataset. Five scaling factors were selected: x0.2, x0.4, x0.7, x1.0 and x1.5, with the x1.0 scaling correspondingto
the standard CMIP6 historical protocol. The scaling factors were chosen to sample a broad range of the uncertainty in present-
day aerosolradiative forcing according to Myhre et al. (2013), and correspond to forcings of —0.38 W m2, —0.60 W m 2, -0.93
W m?2, —-1.17 W m2 and —1.50 W m2 respectively. More detail on the SMURPHS ensemble is presented by Dittus et al.
(2020). The performance of HadGEM3 in representing various monsoon properties is compared against observations and
reanalysis in the Appendix (Figure A1), in which we demonstrate the fidelity with which the model reproduces the monsoon
properties evaluated in this study.

The SMURPHS simulations use the same aerosol emission dataset as used in CMIP6 (Hoesly et al., 2018), which contains
emissions from 1750-2014 for sulphur dioxide, black carbon and organic carbon. Sulphur dioxide emissions from 1900
onwards are shown in Figure 1. In the early 20th century, emissions increased gradually, but then ramped up from 1950 to
1980. Since 1980, emission mitigation efforts in North America and Europe have been balanced by continued increases in
Asia, causing global emissions to level off. The hemispheric asymmetry in AA emissions is clear, with the NH contributing
approximately 90% of the global total throughout the 20th century (Figures 1b, 1c). Most monsoon regions show a gradual
increase in emissions in the 20th century, with pronounced increases since 1970 seen in the Indian and East Asian sectors
(Figures 1g, 1h). The Hoesly et al. (2018) emissions dataset is the most up-to-date inventory of historical AA emissions and is
therefore considered the best estimate.

In this study, we use all five members from each of the five experiments, but include years from 1900 onwards, to allow 50
years for the model to adjust to the scalings (after Dittus et al., 2020). When considering climatological quantities, we consider
the ensemble mean for each experiment to be the model estimate of the climate systemunder those scaling conditions and
indicate uncertainty across ensemble members in terms of inter-member standard deviation. Where quantities are averaged

over areas, a cosine-based latitude weighting is applied.

3 Temperatures and contrasts

The effect of AA on global mean temperature is clear (Figure 2a). Higher aerosol scalings lead to cooler global temperatures,
and by the 1970-2014 period there s little overlap in global temperature between scalings. We also see evidence of the control
by AA emissions on the mid-20th-century hiatus (the period 1950-1980), in agreement with the findings of Wilcox et al.
(2013) and Joneset al. (2013). The higher scalings lead to a stronger hiatus; the lower scalings lead to a much weaker hiatus.
In the x0.2 experiment, a hiatus is barely discernible. These results echo those of Dittus et al. (2020).

The hemispheric asymmetry of AA emissions leads to a much greater degree of cooling in the NH, so the strength of the
forcing has a control on the hemispheric temperature contrast (HTC), defined as NH minus SH (Chang et al., 2011; Wilcox et
al., 2013). Lower scalings reduce the degree of NH cooling and therefore increase the HTC (Figure 2b). The NH is, on average,
warmer than the Southern Hemisphere (SH; for example, Kang et al., 2015) although, under the highest scaling (x1.5), the
HTC reverses in sign during the 1970s and 1980s.
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Figure 2. Time series of various atmospheric properties from the SMURPHS simulations: (a) global mean surface air temperature;
(b) hemispherictemperature contrast (NH minus SH); (c) tropical land-sea temperature contrast, calculatedin the summer months
(November-March in SH, May-September in NH) for latitudes within 30° S and 30° N only; (d) global mean ITCZ location,
calculatedfollowing Shonk etal. (2018). All values are ensemble means; vertical error bars indicate one standard deviation across
the five ensemble members.

This shiftin HTC is reflected in the location of the ITCZ. We calculate ITCZ location using the method of Shonk etal. (2018),
the ITCZ at a given longitude being defined as the latitude centroid of the region of rainfall thatexceeds 50% of the maximum
value at that longitude. The ITCZ location presented here (Figure 2d) is the zonal mean value (note that the general location
of the ITCZ south of the equator is caused by the inclusion of the Southern Pacific and Atlantic Convergence Zones). Lower
scalings, associated with a warmer NH and stronger HTC, lead toan ITCZ location thatis further north, consistent with Hwang
et al. (2013), Allen etal. (2015) and Chung and Soden (2017).

Monsoon strengthis also influenced by changes in the land—seatemperature contrast (LSTC), bothon regional (Lau & Kim,
2017) and global (Fasullo, 2012) scales. While weaker than the effect on HTC, there is a degree of control of the aerosol
scaling onthe LSTC, albeit with a larger overlap between ensemble members (Figure 2c¢). Higher scalings result in cooler land
surfaces with respectto the surrounding oceans, hencethe LSTC is reduced, and the monsoon is weakened.

The control of the aerosol forcing on the properties presented in this section is demonstrated quantitatively in the top section
of Table 1 in terms of means over the 1950-2014 period, when most changes in anthropogenic aerosol have occurred. All

properties vary monotonically and roughly linearly across the range of scalings used in SMURPHS, with higher scalings
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resulting in a cooler global temperature, a weaker HTC, an ITCZ situated further south, and a weaker LSTC. The impact of
the uncertainty in present-day forcing on these properties is presented in the rightmost column of Table 1 as the differences
between the lowest and highest scalings (x1.5 minus x0.2). Changing the forcing from lowest to highest value lowers global
temperature by nearly 1 °C and reduces the HTC from 1.19 °C to 0.27 °C. The zonal-mean ITCZ location shifts southwards
by 0.41° of latitude, and the LSTC reduces by just over 30%, from 0.98 °C to 0.68 °C.

Table 1. Mean monsoon-related properties, as definedin Sections 3and4, averaged over the period 1950-2014 (during which global
aerosol emissionsincreased), andall five ensemble members. The difference column is the change from x0.2 (lowest scaling) to x1.5
(highestscaling), expressedas a percentage where indicated.

x0.2 x0.4 x0.7 x1.0 x1.5 Difference

Global mean temperature [°C] 14.67 14.48 1421 13.99 13.71 -0.95
Hemispheric temperature contrast[°C] 119 1.03 0.78 0.57 0.27 -0.91
ITCZ location (latitude) [°] 0.05 —0.03 -0.15 —0.24 —0.36 -0.41
Tropical land—seacontrast [°C] 0.98 0.92 0.83 0.77 0.68 -0.30
GMA [Mm?] 126.8 126.0 125.0 124.3 122.8 -2.99%
HMA (NH) [Mn?] 66.8 66.0 65.5 64.9 63.9 —4.25%
HMA (SH) [Mm?] 60.0 59.9 59.5 59.5 59.0 -1.60%
GMI [mm d™1] 7.76 7.74 7.69 7.66 7.61 -1.93%
HMI (NH) [mm d™1] 7.68 7.65 7.57 7.54 7.48 —2.58%
HMI (SH) [mm d~'] 7.86 7.84 7.82 7.78 7.76 -1.30%

4 Monsoon area and rainfall

We evaluate the effects of aerosol scaling on the monsoon via Global Monsoon Area (GMA) and Global Monsoon Intensity
(GMI). These properties are defined following Liu et al. (2009), Hsu et al. (2011) and others:a gridbox is within the GMA if
the difference in summer and winter rainfall (May to September and November to March, depending on hemisphere) is greater
than2 mm d-', and more than55% of the rain falls in the summer months. The total GMA is calculated as the sum of the area
of all gridboxes within the GMA region. GMI is then calculated as the total rainfall within the GMA, divided by the area of
the GMA. We also define hemispheric equivalents (HMA and HMI) — these are the GMA and GMI calculated separately for

each hemisphere.
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Figure 3. Time series of (a) global monsoon area (GMA) and (b) global monsoon intensity (GMI) for each experiment. Panels (c, d)
and (e, f) showthe hemisphericequivalents(HMAand HMI) for NH and SH. The ensemble meanis shown, with an 11-year running
mean applied. The vertical error bars indicate the standard deviation across the four members. GMA is in Mm?2, where
1 Mm? =1 x 105 km2,

Both GMA and GMI show a dependence on AA forcing (Figures 3a, 3b), with a higher scaling leading to a reduction of both
intensity and area. This is consistent with the effects of the scaling on global temperature, HTC and LSTC, which are also
reduced at higher scalings. This dependence is clearest in GMI from 1950-1980: during this period, higher scalings produce a
greater weakening of the GMI than lower scalings. This suggests aswitch between GHGs and AAs dominating the influence
on the monsoon from 1950-1980 across the range of uncertainty in aerosol forcing. The dependence is also clear in GMA,
although the timing, duration, and strength of the GMA reduction after 1950 vary across scalings. This is most likely associated
with natural variability across the five ensemble members.

Despite this variability, the effect of the scalings on GMA and GMI when averaged over 1950-2014 is also monotonic and

roughly linear with scaling factor across the experiments (Table 1). The effect of the uncertainty in aerosol radiative forcing
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on GMA and GMI is a reduction of 2.99% and 1.93% respectively, when increasing the scaling across its range. For context,
Hsu et al. (2013) found that1 °C of warming in CMIP5 models resulted in multi-model mean increases of 1.9% and 1.3% in
GMA and GMI (see their Figure 5). The sensitivities identified here are higher (about 3.1% and 2.0% per °C), although lie
well within the range of sensitivities presented by Hsu et al. (2013).
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Figure 4. The difference in monsoon rainfall (in mm d™!) across the range of the scaling factors (x1.5 minus x0.2). The summer
months are shown in each hemisphere (June—August in the NH, December—February in the SH); the thick black line marks the
equator. Averaged over the period 1950-2014, and across all ensemble members. The green dotted line indicates the mean GMAIn
the x1.0 experiment. S pots indicate regions where the rainfall difference is insignificant with respect to variability across yearsand
members.

The effects of aerosolscaling on both GMA and GMI are dominated by the NH, with a weak dependence on the scaling found
in the SH (Figures 3c-3f). The effect of uncertainty in aerosol radiative forcing has substantial effects on the rainfall in the
regional monsoons (Figure 4), with the greatest rainfall changes in the NH monsoons. The North American and North African
monsoon experience a marked reduction, while the decrease in the Asian monsoon is even greater (consistent with the much
larger aerosol emissions originating there; see Figures 1g, 1h). The effect of the scaling on the SH monsoons, in contrast, is
much more variable, reflecting the much smaller aerosol forcing there. The effect of the aerosol forcing uncertainty on HMA
and HMI from 1950 onwards in the NH is more than twice thatin the SH (Table 1).

On account of the complexity of monsoon behaviours in different regions (see Section 1), we defer a full quantitative analysis
of the regional monsoons to a future study. To encourage and motivate this work, we include regional versions of Figure 3 and
Table 1 in the Appendix Furthermore, we further encourage modelling centres to perform their own SMURPHS-style

ensembles to allow inter-model comparison of the impacts of aerosol uncertainty.
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5 Summary and conclusions

The observed reduction in global monsoon area and intensity since 1950 has been widely attributed to a rapid increase in
emissions of anthropogenic aerosols and their precursors. The cooling associated with these emissions is concentrated in the
Northern Hemisphere, and opposes the warming effect of greenhouse gases and reduces the temp erature contrast between
hemispheres and between land and sea. This has been shown to weaken the monsoon circulations, resulting in a reduction of
monsoon rainfall. Understanding the interplay between aerosolforcing and monsoon properties in past simulations is important
in order to constrain future monsoon projections, where anthropogenic aerosol reductions are likely to strengthen the monsoon,
in addition to the strengthening anticipated in response to further increases in greenhouse gases.

We explored the sensitivity of the global monsoon to uncertainty in historical aerosol radiative forcing using an ensemble of
simulations in which anthropogenic aerosoland precursor emissions from 1850-2014 are scaled by factors ranging from x0.2
to x1.5 (corresponding to a present-day aerosol effective radiative forcing range of —0.38 W m™2 to —1.50 W m2). When
averaged over the period 1950-2014, increasing the scaling factor across this range results in a 0.95 °C cooling of global
temperature, a 75% reduction in hemispheric temperature contrast, a 30% reduction in land—sea temperature contrast, and a
southward shift of the ITCZ by 0.4° of latitude. The global monsoon area is reduced by 3% and the intensity of the rainfall
within this region is reduced by 2%. Regionally, much of the reduction in monsoon area and intensity arises in the Northern
Hemisphere monsoons, particularly the Asian sector, where emission changes are greatest.

Long-term monsoon variability since 1950 has very different characteristics across the scaling factors. In the x1.5 experiment,
an overall negative trend in monsoon rainfall intensity is found, dominated by strong aerosol forcing; in the x0.2 experiment,
greenhouse gases are able to dominate and monsoon intensity increases. Reducing uncertainty in the radiative forcing
associated with anthropogenic aerosol would provide more reliable estimates of the future evolution of global and regional

monsoons as anthropogenic aerosoland precursor emissions decline.

Appendix: validation and regional figures

This Appendixvalidates the performance of the model used in the SMURPHS simulations against various observation datasets
(Figure Al). It then demonstrates the effect of the scaling on the individual monsoon regions, in terms of regional monsoon
area (RMA; Figure A2) and regional monsoon intensity (RMI; Figure A3), presented in the style of Figure 3. It concludes with
atable of RMA and RMI values for the monsoon regions, averaged over the years 1950 to 2014 in the style of Table 1.
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Figure Al. Validation time series comparing the model used in the SMURPHS ensembles (HadGEM3) with observation and
reanalysis datasets. For temperature quantities, we use data from 20th Century Reanalysis (20thCRA,; Slivinski et al., 2019) and
Hadley Centre/Climatic Research Unit Temperature (HadCRUT4; Morice etal., 2012). For rainfall quantities, we use data from the
Global Precipitation Climatology Project (GPCP; Adler et al., 2003), the CPC Merged Analysis of Precipitation (CMAP; Xie &
Arkin, 1997) and the Tropical Rainfall Measuring Mission (TRMM; Kummerow et al., 2000). All model ensemble members are
shown, with no running means as usedin Figure 3. Temperature properties span the period 1900 to 2014; rainfall properties span
1950 to 2014. The main paper text describes how the variables are calculated. Anomalies are calculatedfor each dataset and each
experiment, with respect to 1961-1990 (temperature fields) and 1980-2009 (rainfall fields). All variables presented in this paper
compare well between model and observations in terms of interannual variability and long-term trends. The exception is global
temperature since 2000, in which the model produces an accelerated rate of warming, although this is a recognised behaviour ( Dittus
etal., 2020).
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Table Al. Values of regional monsoon area (RMA), averaged ower the years 1950-2014 and all five ensemble members. The
difference column is the change from x0.2 (lowest scaling) to x1.5 (highest scaling), expressedas a percentage. RMA is definedas in
the caption of Figure A2.

x0.2 x0.4 x0.7 x1.0 x1.5 Difference

RMA (North American) [Mm?] 414 413 410 408 408  -1.78%
RMA (South American) [Mm?] 958 953 952 946 940  -1.82%
RMA (North African) [Mm?] 573 573 573 570 566  -1.13%
RMA (South African) [Mm?] 780 770 765 757 746  —4.16%
RMA (Indian) [Mm?] 451 452 449 442 434 -3.59%
RMA (Australian) [Mm?] 4.04 4.03 4.03 4.05 4.10 +1.48%
RMA (East Asian) [Mn?] 252 248 248 246 240  —4.69%

Table A2. Values of regional monsoon intensity (RMI), laid out asin Table Al. RMI is definedin the caption of Figure A3.

x0.2 x0.4 x0.7 x1.0 x1.5 Difference

RMI (North American) [mm d'] 787 781 78 774 7163  -3.06%
RMI (South American) [mm d~! 9.19 9.14 9.08 8.98 8.98 —2.26%
RMI (North African) [mm d~'] 5.12 5.09 5.05 5.01 4.94 —3.46%
RMI (South African) [mm d~] 6.11 6.11 6.10 6.09 6.06 —0.83%
RMI (Indian) [mm d~] 9.06 9.00 8.80 8.81 8.70 —4.00%
RMI (Australian) [mm d!] 6.33 6.29 6.29 6.21 6.16 -2.75%
RMI (East Asian) [mm d~'] 753 749 737 725 723  —4.03%
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Data Availability

The data are currently being archived at the UK Centre for Environmental Data Analysis and will be available by the
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