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Abstract

Volcanic aerosols over south east Asia have always been the trigger and sustaining cause of ENSO events. In recent decades

this natural plume has been augmented by the anthropogenic plume which has intensified ENSO events especially in SON.

Data from the Last Millennium Ensemble (13,972 months), and Large Ensemble (3,012 months) demonstrate this connection

with three ENSO indices and aerosol data derived from the same datasets correlating at 1.00 (LME), 0.97 and 0.99 magnitude

(segmented and averaged). ENSO events are the dominant mode of variability in the global climate responsible for Australian,

Indian and Indonesian droughts, American floods and increased global temperatures. Understanding the mechanism which

enables aerosols over SE Asia and only over SE Asia to create ENSO events is crucial to understanding the global climate. I

show that the South East Asian aerosol Plume causes ENSO events by: reflecting/absorbing solar radiation which warms the

upper troposphere; and reducing surface radiation which cools the surface under the plume. This inversion reduces convection

in the region thereby suppressing the Walker Circulation and the Trade Winds which causes the SST to rise in the central

Pacific Ocean and creates convection there. This further weakens/reverses the Walker Circulation driving the climate into an

ENSO state which is maintained until the aerosols dissipate and the climate system relaxes into a non-ENSO state. Measured

aerosol data from four NASA satellites, estimates of volcanic tephra from the Global Volcanism Program (GVP) for over 100

years and the NASA MERRA-2 reanalysis dataset all confirm this analysis.

1
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Abstract 18 

Volcanic aerosols over south east Asia have always been the trigger and sustaining cause of 19 

ENSO events. In recent decades this natural plume has been augmented by the anthropogenic 20 

plume which has intensified ENSO events especially in SON. Data from the Last Millennium 21 

Ensemble (13,972 months), and Large Ensemble (3,012 months) demonstrate this connection 22 

with three ENSO indices and aerosol data derived from the same datasets correlating at 1.00 23 

(LME), 0.97 and 0.99 magnitude (segmented and averaged). ENSO events are the dominant 24 

mode of variability in the global climate responsible for Australian, Indian and Indonesian 25 

droughts, American floods and increased global temperatures. Understanding the mechanism 26 

which enables aerosols over SE Asia and only over SE Asia to create ENSO events is crucial to 27 

understanding the global climate. I show that the South East Asian aerosol Plume causes ENSO 28 

events by: reflecting/absorbing solar radiation which warms the upper troposphere; and reducing 29 

surface radiation which cools the surface under the plume. This inversion reduces convection in 30 

the region thereby suppressing the Walker Circulation and the Trade Winds which causes the 31 

SST to rise in the central Pacific Ocean and creates convection there. This further 32 

weakens/reverses the Walker Circulation driving the climate into an ENSO state which is 33 

maintained until the aerosols dissipate and the climate system relaxes into a non-ENSO state. 34 

Measured aerosol data from four NASA satellites, estimates of volcanic tephra from the Global 35 

Volcanism Program (GVP) for over 100 years and the NASA MERRA-2 reanalysis dataset all 36 

confirm this analysis.   37 
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1 INTRODUCTION 38 

1.1 The Hypothesis and Physical Model 39 

This paper explores an explicit physical model and hypothesis to explain how the 40 

occurrence of ENSO events is and always has been triggered and sustained by the natural 41 

volcanic aerosol plume over south east Asia (SEAsia) which has, in recent decades, been 42 

intensified by the anthropogenic aerosol plume especially from September to November (SON).  43 

The sequence of events is: 44 

1. The volcanic tephra aerosol plume forms and, in recent decades, is intensified by the 45 

anthropogenic plume which is most intense from September to November (SON); 46 

2. The aerosols absorb (and reflect) solar radiation which heats the atmosphere; 47 

3. The aerosols reduce the solar radiation at the surface under the plume which cools the 48 

surface; 49 

4. 2 and 3 create a temperature inversion compared to times without a plume and this 50 

reduces convection; 51 

5. Reducing convection over SEAsia causes the Trade Winds blowing from east to west 52 

over the Pacific Ocean to reduce in intensity as there is no exit into the convection 53 

and the Hadley and Walker Circulation; 54 

6. Reducing the Trade Wind speed over the Pacific Ocean cause the sea surface 55 

temperature to rise; 56 

7. The increased temperature in the central Pacific Ocean causes convection in this 57 

region and the Walker circulation further relaxes or even reverses; 58 

8. The SOI is forced into a negative phase by these changes  59 

9. The western Pacific warm pool then migrates east as the wind stress on the ocean has 60 

reduced; 61 

10. The ENSO event continues until the aerosol plume over SEAsia dissipates which is 62 

typically when the SEAsian monsoon starts; 63 

11. With the revived Trade Wind speed over the Pacific Ocean the warm pool then 64 

migrates west again and the ENSO event ends. 65 

1.2 ENSO 66 

El Niño Southern Oscillation Index (SOI) (ENSO) events are defined in the 67 

Intergovernmental Panel on Climate Change (IPCC) Assessment Report Four (AR4) Glossary as 68 

a coupled atmosphere-ocean phenomenon with a two to seven year time scale during which “the 69 

prevailing trade winds weaken, reducing upwelling and altering ocean currents such that the sea 70 

surface temperatures warm, further weakening the trade winds. This event has a great impact on 71 

the wind, sea surface temperature and precipitation patterns in the tropical Pacific. It has climatic 72 

effects throughout the Pacific region and in many other parts of the world, through global 73 

teleconnections.” 74 
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Three national meteorological organisations together with The National Aeronautics and 75 

Space Administration (NASA) define ENSO in similar ways on their websites and there is also 76 

an extensive body of literature which describes the characteristics of ENSO events including: 77 

1. “All [El Niño or ENSO] events are preceded by westerly wind anomalies on the equator 78 

near the date line.” [Enfield, 1989]; 79 

2. “El Niño (EN) is characterized by a large-scale weakening of the trade winds and warming 80 

of the surface layers in the eastern and central equatorial Pacific Ocean.” McPhaden et al. 81 

[1998] in a review of the history of El Niño events; 82 

3. “The onset of an El Niño is characterized by a decrease in wind power that leads to a 83 

decrease in available potential energy, and hence a flatter thermocline.” [Brown and 84 

Fedorov, 2010]; 85 

4. “the principal factor that affected model ENSO behavior is the change in the basic-state 86 

equatorial winds and associated equatorial upwelling.” [B. Wang and An, 2002]; 87 

5. “Our model experiments reproduce the empirical observations of a short-term ENSO 88 

response to explosive tropical eruptions” [Mann et al., 2005] 89 

6. “The El Niño–Southern Oscillation (ENSO) cycle of alternating warm El Niño and cold La 90 

Niña events is the dominant year-to-year climate signal on Earth. ENSO, originates in the 91 

tropical Pacific through interactions between the ocean and the atmosphere” [McPhaden et 92 

al., 2006] 93 

7.  Zebiak and Cane [1987] in exploring the reproduction of ENSO events in a climate model 94 

noted that “ENSO is largely controlled by deterministic processes in the tropical Pacific 95 

atmosphere-ocean system”. 96 

8. Timmreck [2012] explored the impact of low latitude strong explosive eruptions on climate 97 

and ENSO finding that the climate response depends on the initial ENSO phase and the 98 

eruption season; 99 

9. S McGregor et al. [2014] investigated the pause in global warming and suggested that the 100 

Atlantic SST increase contributed to the strengthening of the Walker circulation. 101 

10. Maher et al. [2015] investigated the effects of large tropical eruptions on the Indian-Pacific 102 

variability and found they are associated with “co-occurring El Niño and positive IOD 103 

events” which peak “6-12 months after the volcanic forcing peaks”; 104 

11. Predybaylo et al. [2017] also investigated the large, low latitude Pinatubo eruption in 105 

1991but only used SO2 emissions and found that the ENSO response depends on season 106 

and initial ENSO state. 107 

12. Blake et al. [2018] investigated the effects of the six largest tropical volcanic eruptions 108 

using the Last Millennium Ensemble (LME) data from 850 to 1850 on Australian rainfall, 109 

the IOD and ENSO finding that the eruptions “increased the likelihood of El Niño and a 110 

positive IOD condition for up to four years following an eruption”. 111 

It is therefore clear that the Trade Winds and therefore the Walker Circulation are 112 

intimately connected with ENSO events and determining the cause of the weakening of the 113 

Trade Winds and Walker Circulation may well reveal the cause of ENSO events.  114 
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It is also worth noting that many of the references above only include large eruptions at 115 

any location and SO2 emissions. Whereas this paper examines the role the natural and 116 

anthropogenic (all eruptions and aerosols) South East Asian aerosol Plume (SEAP) plays in 117 

reducing convection, weakening the Walker Circulation and thus in initiating and maintaining 118 

ENSO events. Aerosol plumes can alter the major atmospheric circulation systems [Solomon et 119 

al., 2007], [Remer et al., 2009] and the SEAP is uniquely positioned to influence the Walker 120 

Circulation as it exists in the region of normal (non-ENSO) Walker Circulation convection.  121 

1.3 ENSO Return Frequency 122 

The literature describes ENSO events as exhibiting a return frequency of two to seven to 123 

ten years and the University Corporation for Atmospheric Research (UCAR) website at 124 

http://webext.cgd.ucar.edu/Multi-Case/CVDP_repository/cesm1.lm in the ENSO section shows 125 

the ENSO power spectra for all the LME runs and the same information for the HadISST_1 126 

[Rayner et al., 2003] and ERSST v5_1 [Huang et al., 2017]. The HadISST_1 and ERSST v5_1 127 

spectra are similar and Figure 1 shows the multiple peaks in the HadISST_1 data whilst all the 128 

LME runs show a single peak at about 5 years and are nearly identical even with different 129 

forcings whilst they are all very different to the two spectra based on real data as Figure 1 shows. 130 

The reasons for this variation are discussed in the results section. 131 

 132 

  133 

Figure 1: ENSO Power Spectra: Left:  HadISST_1 and Right: run 5 LME all forcings 134 

1.4 The SEAP and CSEAP Areas 135 

In this analysis two areas are used which are shown in Figure 2: 136 

1. The SEAP Area 10ºS-10ºN and 90ºE-160ºE which is the area covered by the SEAP; 137 

2. The Central SEAP (CSEAP) Area 5ºS-5ºN and 100ºE-120ºE where the anthropogenic 138 

SEAP is most intense. 139 

http://webext.cgd.ucar.edu/Multi-Case/CVDP_repository/cesm1.lm/
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 140 

 141 

Figure 2: The SEAP Area, Green and CSEAP Area, pink with the locations of gas flares 142 

(from National Oceanic and Atmospheric Administration (NOAA) and the Global Gas Flaring 143 

Reduction Partnership (GGFRP)) in yellow and volcanoes (Global Volcanism Program (GVP)) 144 

in red. Image source: Google Earth. 145 

1.5 The South East Asian Plume (SEAP) 146 

This paper focuses on south east Asia as this region is where convection, which drives the 147 

Walker Circulation, occurs and is therefore where aerosols can have a significant effect. 148 

Appendix A describes the sources of aerosols in the SEAP Area, the Natural SEAP derived from 149 

volcanic eruptions and the Anthropogenic SEAP derived mainly from biomass burning and gas 150 

flares in the oil production industry. 151 

1.5.1 The Natural SEAP  152 

The SEAP Area, which covers about 3.4% of the globe, is the world’s most tectonically 153 

active area with the United States Geological Survey (USGS) earthquake database showing 29% 154 

(5 of 17) of the major earthquakes (magnitude > 8.4) in the world since 1900 occurred in the 155 

SEAP Area and the GVP’s database showing that from 1500 to 2018 over 18% of the global 156 

volcanic eruptions occurred in the SEAP Area. Simkin and Siebert [2000] state that 5 of 16 157 

(31%) of the continuously erupting volcanoes in the world for the past 24 years are located in the 158 

SEAP Area and that one more, in Vanuatu, is just to the south east of the SEAP Area. 159 
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1.5.2 The Anthropogenic SEAP  160 

The anthropogenic SEAP is one of eight continental scale, anthropogenic, aerosol plumes 161 

which occur annually and are shown in Figure 3. These extreme plumes typically exist for a few 162 

months each year at the end of the regional dry season when biomass burning can occur. The 163 

SEAP is easily identified on the monthly mean 0.55 micron Aerosol Optical Depth (AOD) data 164 

from MODIS [Kaufman et al., 2000] on the NASA Terra and Aqua satellites. The monthly 165 

average AOD of the CSEAP Area observed by Terra is shown in Figure 4 to demonstrate the 166 

peak anthropogenic aerosol emission season is SON, the end of the dry season in SE Asia, and 167 

was extremely high (AOD > 0.6) in 2002, 2004, 2006, 2009, 2014 and 2015 compared with the 168 

intervening years. Peaks in the MODIS AOD in SON are attributed to seasonal biomass burning 169 

in south east Asia (Appendix A). CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder 170 

Satellite Observations) [Winker et al., 2009] profiles confirm a layer of smoke existed at about 171 

3Km altitude in October 2015 in the SEAP Area and Figure 5 shows the geographic extent of the 172 

extreme October 2006 apparition of the SEAP. This paper analyses the effects of the SEAP on an 173 

annual, April to October (wet season in south eastern Australia) and SON (when the 174 

anthropogenic plume is at its most intense and will therefore have its greatest effect.) basis.   175 
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 177 

 178 

Figure 3: The Eight Continental Scale Aerosol Plumes. NASA Giovanni AOD (a) 179 

January 2007 (b) September 2006. Source: NASA Giovanni.  180 
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 181 

 182 

Figure 4: Monthly average MODIS Terra AOD in the CSEAP Area 5ºS-5ºN and 100ºE-120ºE. 183 

 184 

Figure 5: NASA MODIS monthly mean AOD data for October 2006. Source: NASA Giovanni. 185 
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The SON average Aerosol Index (AI) and AOD of the CSEAP Area from 1979 to 2018 186 

in SON is shown in Figure 6. The maximum AOD was 1.60 (Oct 2015) and the maximum 187 

Nimbus 7 (N7) and Earth Probe (EP) AI was 1.81 (Sept 1997). The AI of the CSEAP Area 188 

increased from 0.050 in Sep 1979 to 0.297 in 1992 and to 0.396 in 2000 a 491% and 687% 189 

increase respectively in years without extensive biomass burning. From 1979 to 1997, a major 190 

biomass burning event year [Applegate et al., 2001], the increase in September in AI is 3,499%. 191 

 192 

 193 

 194 

Figure 6: Average SON AI (N7, EP and OMI) and AOD (MODIS on Terra) CSEAP 195 

Area. (N7 – TOMS instrument, EP – TOMS instrument, OMI Ozone Monitoring Instrument)  196 
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The surface radiative forcing of the anthropogenic SEAP is significant and the literature 197 

includes:  198 

1. A 10% to 30% reduction of Photosynthetically Active Radiation [Ramanathan, 2006];  199 

2. -150 W m-2 [Duncan et al., 2003]; and 200 

3. During ACE-Asia, ~-286.0 W/m2/τα [Hansell et al., 2003] (τα is the aerosol optical depth 201 

and its derivation is described in the paper in detail). 202 

1.6 The Walker Circulation 203 

The Walker Circulation is defined in the IPCC AR4 Glossary as “Direct thermally driven 204 

zonal overturning circulation in the atmosphere over the tropical Pacific Ocean, with rising air in 205 

the western and sinking air in the eastern Pacific”  (See also [Chunzai Wang, 2002], [Barry and 206 

Chorley, 2010], [Trenberth et al., 2000] and [Sturman and Tapper, 1996]).  207 

The Australian Bureau of Meteorology (BOM) shows images of the atmospheric 208 

circulation during El Niño, La Nina and neutral seasons on its website at: 209 

http://www.bom.gov.au/climate/about/australian-climate-influences.shtml?bookmark=enso. It is 210 

clear from these figures that the “direct thermal drive” for the La Niña and neutral Walker 211 

Circulation must be located at ground level in the SEAP Area where solar radiation heats the 212 

Earth’s surface which in turn heats the atmosphere as the rising limb of the non-ENSO Walker 213 

Circulation is located there in exactly the same location as the SEAP which is therefore uniquely 214 

positioned to directly affect the Walker Circulation and ENSO.  215 

Since variations in the solar energy at the top of the atmosphere cannot explain the 216 

reduction in the surface heating in the SEAP Area which causes the Walker Circulation to relax 217 

the reduction must be caused by variations in the atmosphere where the SEAP reduces surface 218 

solar radiation. Indeed Figure 7 from the IPCC AR4 shows that, on a globally averaged basis, 219 

surface radiative forcing is controlled by aerosols with the net effect of long-lived greenhouse 220 

gases, ozone, aerosols and land use aligning nearly perfectly with the aerosol direct effect.  221 

http://www.bom.gov.au/climate/about/australian-climate-influences.shtml?bookmark=enso
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 222 

Figure 7: - Source: IPCC AR4  Figure 2.23. Globally and annually averaged temporal 223 

evolution of the instantaneous all-sky RF (right panel) and surface forcing (left panel) due to 224 

various agents, as simulated in the MIROC+SPRINTARS model (Nozawa et al., 2005; 225 

Takemura et al., 2005). This is an illustrative example of the forcings as implemented and 226 

computed in one of the climate models participating in the AR4. Note that there could be 227 

differences in the RFs among models. Most models simulate roughly similar evolution of the 228 

LLGHGs’ RF. [Nozawa et al., 2005] and [Takemura et al., 2005]. 229 

 230 

Therefore, from the IPCC AR4 and literature it is a plausible hypothesis that the SEAP 231 

could force the Walker Circulation and trade winds to “relax” by reducing the surface solar 232 

radiation available to drive convection in the Walker Circulation in the SEAP Area and this 233 

paper examines the connection between the SEAP, convection in the SEAP Area, the trade 234 

winds, the Walker Circulation and ENSO events. 235 

However, since the anthropogenic SEAP is a recent event driven by population growth as 236 

Appendix A and Figure 6 show and ENSO events have been occurring for many centuries to 237 

prove the hypothesis that the SEAP causes ENSO events it is necessary to show that the natural 238 

aerosols originating from volcanic eruptions in the SEAP Area can also trigger and sustain 239 

ENSO events. 240 

1.7 Volcanic Eruptions and ENSO  241 

The literature includes many attempts to connect volcanic eruptions and ENSO events. 242 

Neville Nicholls [1988] and N. Nicholls [1990] investigated volcanic eruptions and El Niño 243 

events and concluded there was no connection. Hirono [1988] investigated the possibility that 244 

the 1983 eruption of El Chichon in Mexico could have triggered the El Niño which followed. 245 

Robock et al. [1995] investigated the Hirono [1988] hypothesis and found that the eruption did 246 

not trigger the El Niño event which followed and also noted that “only trade wind collapses in 247 

the western equatorial Pacific can initiate El Niños”. Handler and Andsager [1990] investigated 248 

the volcanic hypothesis which states that low-latitude volcanic aerosols are the immediate and 249 

only cause of warmer than normal SST or El Niño and its inverse using Monte Carlo techniques 250 

and found that both aspects of the hypothesis were satisfied to “a very high level of statistical 251 
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significance”. Self et al. [1997] investigated volcanic aerosol perturbations and the 16 strongest 252 

El Niño events over the last 150 years and found no general correlation. In discussing the 253 

evolution of ENSO events Trenberth et al. [2002] suggested that the effects of volcanic eruptions 254 

on ENSO events remained unanswered questions. Emile-Geay et al. [2008] focused on very 255 

large eruptions which were greater than the Pinatubo eruption in 1991 and found that small 256 

eruptions have no effect. D Zhang et al. [2013a] investigated the effects of large eruptions using 257 

AOD in latitudinal bands 0 to 30 and 30 to 90 in both hemispheres to force the climate model but 258 

did not consider the location or the intensity of the eruption and noted this should be done in the 259 

future. Cane [2005] reviewed forecasts of ENSO activity, found that there was no clear picture 260 

and suggested solar and volcanic variations in solar insolation and atmospheric aerosols might 261 

have a role. It is also worth noting that Ammann et al. [2003] found that including an improved 262 

volcanic eruption dataset in climate model simulations improved the correlation between the 263 

modelled data and observations whilst Mann et al. [2005] stated “Our model experiments 264 

reproduce the empirical observations of a short-term ENSO response to explosive tropical 265 

eruptions” 266 

There is therefore obviously great interest in, but no general agreement on, the 267 

connection between volcanic eruptions and ENSO events.   268 

2 METHOD AND DATA 269 

Modelling, satellite and GVP data are used to show that ENSO and the climate variations 270 

commonly linked to ENSO events are accurately explained using mechanisms controlled by the 271 

SEAP. 272 

2.1 Modelling – LME, LE and MERRA-2  273 

The LME [Otto-Bliesner et al., 2016] data from one member of each of the eight forcing 274 

simulations with run number in () (850 (3), All (13), Ozone and Aerosol  (Aero) (2), Green 275 

House Gas (GHG) (3), Land use (Land) (3), Orbital (3), Solar (5) and Volcanic (5)) was used to 276 

create time series of 1,156 years and 13,872 months of: aerosol optical depth; air temperature; 277 

surface temperature; omega; wind speed; Oceanic Nino Index;  and the global temperature as 278 

well as indices for the Nino 3.4 and 1+2 SST and the SOI (which the IPCC AR5 shows are used 279 

to monitor the status of ENSO). These series were correlated to demonstrate that these indices 280 

and parameters are directly connected to aerosols in the SEAP area.  281 

A similar approach was used for the Large Ensemble (LE) [Kay et al., 2015] using data 282 

from 1850 to 2005 with historic forcings and from 2006 to 2100 using RCP 8.5 projections (run 283 

001) and with the NASA Modern Era Retrospective analysis for Research and Applications 284 

release two (MERRA-2) reanalysis dataset [Gelaro et al., 2017] which includes assimilated 285 

aerosols.  286 

LME and LE data is at https://www.earthsystemgrid.org/ and MERRA-2 data is at 287 

http://giovanni.gsfc.nasa.gov/giovanni/ 288 

2.2 Satellite Data  289 

The same indices from that IPCC AR5 table were also correlated with four satellite-based 290 

measures of aerosols: The Aerosol Index (AI), obtained from the Total Ozone Mapping 291 

https://www.earthsystemgrid.org/
http://giovanni.gsfc.nasa.gov/giovanni/
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Spectrometer (TOMS) instruments on the N7 and EP satellite platforms; the AOD from the 292 

MODIS instrument on NASA Terra; and the AI from the Ozone Monitoring Instrument (OMI) 293 

on NASA Aura. 294 

Note: AI, unlike AOD, is “only sensitive to desert dust and elevated smoke layers. 295 

Therefore, it does not account for aerosols of industrial origin or any kind of aerosol in the 296 

lowest 2 km of the atmosphere” (Personal Communication - NASA). However in the SEAP Area 297 

it is useful as we are investigating biomass burning “smoke” in SON and the CALIPSO data at 298 

https://eosweb.larc.nasa.gov/project/calipso/calipso_table shows smoke at an altitude of 3Km in 299 

October 2015, above the lower limit of AI data. 300 

The following datasets: 301 

1. Sea Surface Temperature Niño 3.4 area (5ºS-5ºN, 170ºW-120ºW). 302 

http://www.cpc.ncep.noaa.gov/data/indices/ ; 303 

2. Sea Surface Temperature Niño 1 and 2 areas (10°S–0°, 90°W–80°W). 304 

http://www.cpc.ncep.noaa.gov/data/indices/  ; 305 

3. Southern Oscillation Index - Standardized difference of Sea Level Pressure (SLP) - Tahiti 306 

minus Darwin. http://www.bom.gov.au/climate/current/soihtm1.shtml  ; 307 

and the following: 308 

1. Omega (vertical motion in the atmosphere) at 400mb level - CSEAP Area.  309 

http://www.esrl.noaa.gov/psd/cgi-bin/data/timeseries/timeseries1.pl (Source 1) 310 

2. Rainfall – CSEAP Area. Data NCEP reanalysis (Source 1); 311 

3. SST - SEAP Area. Data NCEP reanalysis (Source 1); 312 

4. Interpolated OLR – CSEAP Area. Data NOAA NCEP reanalysis (Source 1); 313 

5. Trade Wind Index (TWI) (850mb at 5ºN-5ºS, 175ºW-140ºW). 314 

http://www.cpc.ncep.noaa.gov/data/indices/cpac850 (source 2) 315 

6. Oceanic Niño Index (ONI). Data NOAA (source 2); and 316 

7. Air temperature at 650 hPa. Data MERRA-2 reanalysis.   317 

2.3 Volcano Data  318 

Volcanic eruption data from the GVP was processed using the methodology outlined in 319 

Appendix A and analysed against the main ENSO parameters. 320 

3 RESULTS 321 

The results in Figures 8, 9, 11 and 15 were calculated using the Excel correlation function 322 

with students two tail t test and colour coded for significance (yellow < 0.01, brown <0.02, green 323 

< 0.05 and blue < 0.1).  324 

https://eosweb.larc.nasa.gov/project/calipso/calipso_table
http://www.cpc.ncep.noaa.gov/data/indices/
http://www.cpc.ncep.noaa.gov/data/indices/
http://www.bom.gov.au/climate/current/soihtm1.shtml
http://www.esrl.noaa.gov/psd/cgi-bin/data/timeseries/timeseries1.pl
http://www.cpc.ncep.noaa.gov/data/indices/cpac850
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3.1 Modelling  325 

Modelling from the LME and LE was analysed. Due to the significant variation in the 326 

mean and variability in the aerosol and temperature data from both the LME and LE data this 327 

data is non-stationary and must be pre-processed to achieve stationarity before correlating as this 328 

paper is investigating interannual variations. Acceptable stationarity, after testing using a variety 329 

of methods including PAST 3.22 [Hammer et al., 2001], was achieved by the methods shown in 330 

Appendix B. 331 

3.1.1 The Last Millennium Ensemble 332 

The results of my analysis of the correlation between: the ENSO indices derived from TS 333 

(Skin Temperature) and PSL (Sea Level Pressure); temperature at level 609 and the surface, 334 

omega in the SEAP Area; the global temperature from TS; and the aerosol loading AODVIS 335 

(Aerosol Optical Depth 550 nm) in the SEAP and CSEAP areas averaged from one of each of 336 

the eight forcing regimes are shown in Figure 8. The LME TS from the atmosphere data was 337 

used instead of the SST from the ocean data to avoid having to regrid the ocean data to latitude 338 

and longitude (suggested by the UCAR help desk). The Oceanic Nino Index is a 3 month 339 

running average of the Nino 3.4 TS 340 

Note: The volcanic forcing data in the LME cannot of itself demonstrate the connection 341 

between the natural volcanic SEAP and ENSO as it does not have the resolution required to do 342 

so. It is derived from ice cores in the Arctic and Antarctic [Otto-Bliesner et al., 2016] and Gao et 343 

al. [2008] who provide the data as only stratospheric sulfate forcing in latitude bands (ten 344 

degrees wide), by altitude and month. For volcanic tephra to travel to the polar regions the tephra 345 

must be injected into the stratosphere requiring a minimum VEI of 3 to 4. Hence all the VEI 346 

0,1,2 and some (50% assumed) of the VEI 3 eruptions in the SEAP Area must be missing from 347 

the dataset. Since this excludes over 94% of the eruptions in the SEAP Area since 1850 which 348 

are used in this paper the resolution of this LME volcanic forcing dataset is inadequate in itself in 349 

terms of eruption size, geo-space and aerosol type to prove the causation of ENSO by SEAP 350 

Area volcanic tephra described in this paper. Although these LME volcanic forcing runs do 351 

provide another independent LME aerosol forcing dataset which is useful. 352 

3.1.2 The Large Ensemble 353 

The LE data used includes historic data from 1850 to 2005 and RCP 8.5 data from 2006 354 

to 2100. The data was analysed in these two parts and the results averaged and shown in the 355 

same way as the LME data in Figure 9.  356 

Note some of the very high correlations from the LME and LE show significance levels 357 

much less than 0.01 due to the correlation magnitude and the length of the time series.358 
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 359 

Figure 8: Average correlations of eight runs, one from each of the eight forcings described in the text, from the LME of 360 

AODVIS in the CSEAP and SEAP Areas with the ENSO indices, SEAP Area Surface and level 609 Temperature, omega, Nino 3.4 361 

wind speed and the global temperature. Last column correlations of Nino 3.4 TS and U10 wind speed.  362 

  363 

 

SEAP   

T 

Level 

609 

SEAP 

Area 

TS 

SEAP 

Area 

Omega 

Nino 3.4  

U10  

Nino 3.4 

TS  

Nino 

1+2 TS   
ONI SOI 

Global 

TS  

Nino 3.4 TS 

& U10 

Wind 

Monthly Segmented -0.89 

CSEAP  0.94 -0.98 0.95 -0.82 0.96 0.91 0.95 -0.97 0.83  

SEAP  0.99 -0.99 0.76 -0.90 0.93 0.84 0.94 -0.98 0.78  

Interannual Series (September to November Averages - No smoothing) -0.85 

CSEAP  0.38 -0.88 0.82 -0.76 0.79 0.68 0.78 -0.79 0.42  

SEAP  0.50 -0.88 0.87 -0.79 0.77 0.70 0.76 -0.78 0.44  

Interannual Series (April to October Averages - No smoothing) -0.88 

CSEAP  0.58 -0.80 0.80 -0.73 0.85 0.70 0.83 -0.89 0.45  

SEAP  0.76 -0.73 0.81 -0.84 0.83 0.73 0.81 -0.80 .057  

Annual Averages (No smoothing) -0.92 

CSEAP  0.61 -0.77 0.79 -0.82 0.90 0.78 0.87 -0.86 0.58  

SEAP  0.80 -0.64 0.83 -0.87 0.84 0.80 0.81 -0.79 0.66  

Annual Average - Segmented & Averaged (8 segments) -1.00 

CSEAP  0.96 -0.95 0.92 -0.97 1.00 1.00 0.98 -1.00 0.98  

SEAP  0.99 -0.94 0.98 -0.99 0.99 0.98 0.98 -0.97 0.98  



Confidential manuscript submitted to Journal of Geophysical Research - Atmospheres 

 

 364 

Figure 9: Average correlations from the LE (1850 to 2005 and 2006 to 2100) of AODVIS in the CSEAP and SEAP Areas with 365 

the ENSO indices, SEAP Area Temperature at the surface and level 609, omega and the global surface temperature. Last column 366 

correlations of Nino 3.4 Area Skin Temp and U10 wind speed. Correlation significance shown is derived from the lowest significance 367 

of the two correlations. Red indicates one of the two correlations only included two points with the other showing <0.01 significance.  368 
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When the LME CSEAP Area AODVIS and Nino Index data from the TS, omega, U10 369 

wind speed and surface pressure data are segmented and averaged the extraordinary correlations 370 

in Figure 8 results with graphs of the ENSO data shown in Figure 10 where the segmented and 371 

averaged data shows the Nino 3.4 TS rising by 3.0ºK from 297.9ºK to 300.9ºK from the segment 372 

with the lowest AODVIS to the highest. When the same analysis is applied to the LME SOI and 373 

CSEAP Area AODVIS the SOI falls from +8.7 to -12.4. 374 

It is also worth noting that although the LME AODVIS data from one All Forcing run 375 

from 1979 to 2005 for the CSEAP Area ranges from 0.025 to 0.063 which is significantly lower 376 

than the Terra data from April to July from 2000 to 2018 which ranges from 0.18 to 0.35 the data 377 

still supports the hypothesis that the natural SEAP has always been the cause of ENSO events. 378 

(Note: April to July is used in this comparison as extreme biomass burning does not occur in 379 

these months and volcanic forcing is expected to dominate.)  380 

It is therefore obvious with R2 values of 1.00 in Figure 10 that the LME data proves the 381 

connection between the aerosol loading in the SEAP/CSEAP Areas and the ENSO indices. The 382 

causal relationship is discussed later.  383 

 384 

Figure 10: Last Millennium Ensemble segmented and averaged annual CSEAP AODVIS, 385 

Nino 3.4 and 1+2 Skin Temperature (TS) and the LME SOI from 850 to 2005 CE. Data averaged 386 

from the six of the forcings used – “All” and “Aero” not used as their segments are different. 387 

It is also worth noting that in two columns of Figures 8 and 9: 388 

1. The temperature in the Nino 3.4 area correlates at high levels with the U10 wind 389 

speed including at -1.00 and -0.99 when the data is segmented and averaged within 390 

the segments. 391 

2. The average global temperature which is known to increase during El Nino events 392 

[Foster and Rahmstorf, 2011 ] is shown to correlate with the AODVIS in the SEAP 393 

and CSEAP areas at 0.98, 0.89 and 0.94 when the data is segmented and averaged 394 
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with the global average temperature rising by 0.4°C from the segment with the 395 

lowest AOD to the highest. 396 

3.1.3 The NASA MERRA-2 Reanalysis 397 

MERRA-2 which includes assimilated aerosols adds another independent model to the 398 

LME and LE. This dataset is continuous from 1980 to present and at the time of writing included 399 

thirty-nine full years of data.  400 

The MERRA-2 analysis is included in two columns in Figure 11. The column labelled 401 

AOD MERRA-2 correlates the MERRA-2 AOD with the same parameters as the N7, EP, OMI 402 

and Terra AI and AOD. The column labelled AOD MERRA-2 & MERRA-2 was created by 403 

correlating the MERRA-2 AOD with the other parameters which were derived from the 404 

MERRA-2 dataset. Parameters such as the SOI which are not available in MERRA-2 were 405 

calculated using data from the MERRA-2 dataset. The SOI was calculated using the BOM 406 

formula available on their web site at: http://www.bom.gov.au/climate/current/soi2.shtml and the 407 

surface pressure near Darwin (130º to 131ºE and 12º to 13ºS) and Tahiti (149º to 150ºW and 17º 408 

to 18ºS). The easterly wind component from the same area as the NOAA TWI (140º to 175º W 409 

and 5ºS to 5ºN) from the MERRA-2 dataset was used as a proxy for the TWI. 410 

For both the MERRA-2 columns in Figure 11 the parameters the IPCC listed as used to 411 

monitor ENSO events correlate at similar levels to the TERRA AOD data and at the same 412 

significance <0.01. The analysis of the SEAP in the column labelled AOD MERRA-2 & 413 

MERRA-2 is effectively a modelling analysis with near random forcings of extreme apparitions 414 

of the SEAP over 39 years which demonstrates exactly the same high correlations as the longer 415 

LME and LE datasets. 416 

3.2 Satellite Data 417 

As shown in Figure 6 the CSEAP AI data contains a significant trend and therefore the 418 

SON AI, AOD and other data was detrended using PAST 3 and then correlated both as a times 419 

series and a detrended time series. The resultant SON and annual correlations are reported in 420 

Figure 11 with the parameters listed in the IPCC AR5 as being used to monitor ENSO events 421 

highlighted in red. 422 

http://www.bom.gov.au/climate/current/soi2.shtml
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a Sept Oct Nov – Correlations 

  
AOD 

 Terra 

AI 

N7 

AI 

E Probe 

AI 

OMI 

AI 

N7 + EP 

AI 
N7+EP+OMI 

AOD 
MERRA-2 

AOD MERRA-2  

& MERRA-2 

  2000-18 1979-1992 1996-2001 2005 - 18 1979...2001 1979…2018 1980-2018 1980-2018 

1 
Air Temp CSEAP Area 

MERRA-2 650 hPa 
0.67 0.28 0.54 0.69 0.45 0.55 .019 0.12 

2 CSEAP Area NCEP Omega 0.91 0.57 0.96 0.62 0.56 0.31 0.80 0.79 

3 NOAA TWI -0.72 -0.69 -0.97 -0.73 -0.76 -0.34 -0.86 0.87 

4 SST Niño 3.4 0.77 0.56 0.91 0.65 0.61 0.34 0.74 0.73 

5 SST Niño 1 and 2 0.78 0.48 0.96 0.77 0.76 0.34 0.79 0.77 

6 SOI -0.75 -0.64 -0.85 -0.69 -0.45 -0.13 -0.76 -0.73 

7 ONI 0.77 0.51 0.92 0.65 0.57 0.26 0.74 0.77 

8 SST SEAP Area -0.66 -0.68 -0.85 -0.20 -0.41 0.11 -0.67 -0.54 

9 Rainfall CSEAP Area -0.58 -0.40 -0.88 -0.35 -0.38 0.18 -0.63 -0.68 

10 NOAA Interpl’d OLR 0.85 0.64 0.99 0.50 0.60 0.21 0.82 0.73 

 423 

  424 
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b Sept Oct Nov Detrended using PAST 3 – Correlations 

  
AOD  

Terra 

AI 

N7 

AI 

E Probe 

AI 

OMI 

AI 

N7 + EP 

AI 
N7+EP+OMI 

AOD 
MERRA-2 

AOD MERRA-2  

& MERRA-2 

  2000-18 1979-1992 1996-2001 2005 - 18 1979...2001 1979…2018 1980-2018 1980-2018 

1 
Air Temp CSEAP Area 

MERRA-2 650 hPa 
0.63 0.08 0.59 0.67 0.25 0.16 0.31 0.37 

2 CSEAP Area Omega 0.92 0.79 0.98 0.68 0.74 0.71 0.80 0.78 

3 NOAA TWI -0.71 -0.73 -0.97 -0.63 -0.80 -0.62 -0.87 0.88 

4 SST Niño 3.4 0.77 0.67 0.92 0.61 0.73 0.63 0.75 0.75 

5 SST Niño 1 and 2 0.77 0.67 0.98 0.71 0.88 0.73 0.79 0.78 

6 SOI -0.74 -0.76 -0.87 -0.65 -0.65 -0.60 -0.75 -0.73 

7 ONI 0.76 0.65 0.93 0.61 0.73 0.63 0.74 0.77 

8 SST SEAP Area -0.67 -0.83 -0.83 -0.33 -0.75 -0.65 -0.70 -0.58 

9 Rainfall CSEAP Area -0.68 -0.79 -0.84 -0.58 -0.57 -0.55 -0.65 -0.68 

10 NOAA Interpl’d OLR 0.87 0.83 0.97 0.62 0.75 0.69 0.82 0.74 

  426 

  427 
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c Annual – Correlations 

  
AOD 

 Terra 

AI 

N7 

AI 

E Probe 

AI 

OMI 

AI 

N7 + EP 

AI 
N7+EP+OMI 

AOD 
MERRA-2 

AOD MERRA-2  

& MERRA-2 

  2000-18 1979-1992 1996-2001 2004 - 18 1979...2001 1979…2018 1980-2018 1980-2018 

1 CSEAP Area Omega 0.81 0.25 0.99 0.50 0.35 -0.13 0.75 0.71 

2 NOAA TWI -0.62 -0.54 -0.95 -0.85 -0.50 0.09 -0.79 0.74 

3 SST Niño 3.4 0.67 0.47 0.95 0.82 0.38 0.11 0.73 0.70 

4 SST Niño 1 and 2 0.58 0.36 0.85 0.63 0.55 0.06 0.61 0.59 

5 SOI -0.60 -0.45 -0.93 -0.66 -0.30 0.16 -0.73 -0.76 

6 ONI 0.53 0.38 0.88 0.76 0.26 0.00 0.72 0.59 

7 SST SEAP Area -0.41 -0.07 -0.64 0.20 0.19 0.59 -0.47 -0.40 

8 Rainfall CSEAP Area -0.31 0.06 -0.64 0.06 -0.15 0.67 -0.42 -0.47 

9 NOAA Interpl’d OLR 0.60 0.48 0.94 0.21 0.49 -0.35 0.70 0.60 

 428 

  429 
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 431 

d Annual Detrended using PAST 3 – Correlations 

  
AOD  

Terra 

AI 

N7 

AI 

E Probe 

AI 

OMI 

AI 

N7 + EP 

AI 
N7+EP+OMI 

AOD 
MERRA-2 

AOD MERRA-2  

& MERRA-2 

  2000-18 1979-1992 1996-2001 2004 - 18 1979...2001 1979…2018 1980-2018 1980-2018 

1 CSEAP Area Omega 0.81 0.80 0.99 0.71 0.77 0.37 0.74 0.70 

2 NOAA TWI -0.62 -0.77 -0.91 -0.68 -0.81 -0.21 -0.79 0.74 

3 SST Niño 3.4 0.67 0.67 0.91 0.76 0.76 0.36 0.74 0.74 

4 SST Niño 1 and 2 0.60 0.68 0.80 0.53 0.73 0.16 0.62 0.61 

5 SOI -0.60 -0.75 -0.89 -0.66 -0.75 -0.30 -0.72 -0.75 

6 ONI 0.53 0.61 0.82 0.69 0.69 0.35 0.65 0.61 

7 SST SEAP Area -0.41 -0.56 -0.69 -0.05 -0.57 -0.37 -0.50 -0.41 

8 Rainfall CSEAP Area -0.31 -0.70 -0.47 -0.45 -0.32 -0.03 -0.40 -0.45 

9 NOAA Interpl’d OLR 0.61 0.83 0.92 0.64 0.71 0.25 0.69 0.63 

Figure 11: Correlations of (a) and (c) time series and (b) and (d) detrended time series of AOD and AI over the CSEAP Area 432 

with characteristics of ENSO in SON (a) and (b) and annual (c) and (d). The last column AOD MERRA-2 & MERRA-2 uses only 433 

aerosol and other data from the MERRA-2 reanalysis data set. 434 

Air temp from MERRA-2 dataset at 650hPa. MERRA-2 MERRA-2 at 900 hPa. 435 

MERRA-2 & MERRA-2 Easterly Wind Component is normally negative and reduces in El Niño periods - a positive increase c.f.  the 436 

NOAA TWI which reduces under the same circumstances. 437 

EP AI data was detrended using PAST 3 by excluding 1997 from the data set and reinserting it after detrending to avoid inserting a 438 

significant trend in the detrending process due to the extreme values of the EP data in 1997, the short duration and the proximity of 439 

1997 to the start date. 440 
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3.2.1 Air Temperature CSEAP Area 441 

Figure 11 (a), (b) (1) shows that when the SEAP exists the air temperature at 650 hPa 442 

rises and this correlation confirms that the SEAP is absorbing solar radiation and heating the 443 

upper atmosphere thereby contributing to the temperature inversion compared with periods when 444 

the SEAP does not exist. 445 

3.2.2 SEAP Area SST and Rainfall  446 

During an ENSO event the SEAP Area is prone to reduced rainfall and a cooler SST. 447 

These characteristics are shown to correlate with the AI/AOD of the SEAP in Figure 11.  448 

3.2.3 Convection in the CSEAP Area 449 

Tosca et al. [2015] investigated the effects of anthropogenic aerosols in West Africa and 450 

reported that anthropogenic aerosols in the tropics limit convection, dry the region under the 451 

plume and enable increased fire activity via human ignition due to a positive feedback effect. 452 

This paper also shows a reduction in convection when an aerosol plume exists and the CSEAP 453 

Area AOD and AI is correlated with the NCEP/NCAR reanalysis omega at the 400hPa level in 454 

the same area (Figure 11). Omega is a measure of vertical velocity in the atmosphere positive 455 

values indicate falling motion and negative values rising. A reduction in convection produces an 456 

increase in omega and if an increase in aerosols results in a decrease in convection the 457 

correlations will be positive. The Terra AOD correlates at 0.86 average magnitude and <0.01 458 

significance. The N7, EP and OMI AI data show similar results. The N7 data correlates at lower 459 

magnitudes due to the lower levels of AI in the early part of the N7 data when the effects of the 460 

SEAP would have been greatly reduced. Figure 12 shows graphs of the data.  461 
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 462 

 463 

 464 

Figure 12: Average SON CSEAP Area AOD and AI and NCEP Omega (a) time series 465 

and (b) detrended using PAST 3. 466 
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3.2.4 Trade Wind Speed 467 

The NOAA TWI in Figure 11 (2, 3) shows a significant negative correlation with the AI 468 

and AOD data implying that the Trade Winds and therefore the Walker circulation relax when 469 

the SEAP exists, a primary requirement for the onset of an ENSO event. 470 

3.2.5 Niño Areas SST and the SOI 471 

The prime indices used to monitor the onset and progress of an ENSO event are the SST 472 

in the Niño 1+2 and 3.4 areas and the SOI. Figure 11 shows that all these indices correlate with 473 

the AI and AOD of the SEAP and when the SEAP exists the Niño 1+2 and 3.4 area SST rises 474 

and the SOI declines – both of which indicate an ENSO event exists. Figure 13 shows AI, AOD 475 

and Niño 3.4 SST. Figure 14 shows the SOI data.  476 

The ONI also shows the same characteristics. 477 

 478 

  479 
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 480 

 481 

Figure 13: Average SON AOD and AI CSEAP Area and Niño 3.4 SST. (a) time series (b) 482 

detrended using PAST 3. 483 

  484 

23

24

25

26

27

28

29

30

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4
1

9
7

9

1
9
8

1

1
9
8

3

1
9
8

5

1
9
8

7

1
9
8

9

1
9
9

1

1
9
9

3

1
9
9

5

1
9
9

7

1
9
9

9

2
0
0

1

2
0
0

3

2
0
0

5

2
0
0

7

2
0
0

9

2
0
1

1

2
0
1

3

2
0
1

5

2
0
1

7

N
in

o
 3

.4
 S

S
T

 (
ºC

)

A
I 

a
n

d
 A

O
D

Average SON - Time Series

AI N 7 AI EP AOD Terra

AI OMI MERRA 2 Nino 3.4 SST

-2.00

-1.37

-0.74

-0.11

0.52

1.15

1.78

2.41

-0.50

-0.25

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1
9
7

9

1
9
8

1

1
9
8

3

1
9
8

5

1
9
8

7

1
9
8

9

1
9
9
1

1
9
9

3

1
9
9

5

1
9
9

7

1
9
9

9

2
0
0

1

2
0
0

3

2
0
0

5

2
0
0

7

2
0
0

9

2
0
1

1

2
0
1

3

2
0
1
5

2
0
1

7

N
in

o
 3

.4
 S

S
T

 (
ºC

)

A
I 

a
n

d
 A

O
D

Average SON - Detrended

AI N 7 AI EP AOD Terra

AI OMI MERRA 2 Nino 3.4 SST

a 

b 



Confidential manuscript submitted to Journal of Geophysical Research - Atmospheres 

 

 485 

 486 

 487 

Figure 14: Average SON AOD and AI CSEAP Area and BOM SOI. (a) time series (b) 488 

detrended using PAST 3. 489 
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3.2.6 Outgoing Longwave Radiation 490 

The CSEAP Area OLR correlates positively with the AI and AOD of the SEAP implying 491 

that the level of radiation at the surface of the SEAP Area reduces. In October 2015 the level of 492 

OLR was 244 W/m2 compared with 209 W/m2 in October 2016, a low month of CSEAP Area 493 

AOD.  494 

3.3 Volcano Data  495 

The level of VEI Tephra (VEIT) was calculated as shown in Appendix A. 496 

3.3.1 Tephra, ENSO and CSEAP Area Convection 497 

The anthropogenic SEAP has only existed in its current form since about 1980 (Figure 6, 498 

Appendix A) and as ENSO events have occurred for centuries the driver of historic ENSO events 499 

must be the natural SEAP which is created by volcanic eruptions (Appendix A).  500 

Previous reported research failed to find a generally accepted link between volcanic 501 

eruptions and ENSO for two reasons: 502 

1. In general, only large eruptions were considered and smaller eruptions which only eject 503 

tephra into the troposphere were ignored; and 504 

2. A global analysis was undertaken rather than a specific geographic focus on the SEAP 505 

Area which is the only area which can create and sustain an ENSO event because of its 506 

location in the region which drives convection and therefore the entire non-ENSO Walker 507 

Circulation. 508 

In this paper I report the correlation of the volcanic ash plumes emanating from within 509 

the SEAP Area, on a monthly segmented basis with two of the ENSO indices described in the 510 

IPCC AR5:  511 

1. The Niño 3.4 SST; and  512 

2. The SOI; and with 513 

3. SEAP Area omega, vertical velocity in the atmosphere from the NCEP reanalysis; 514 

4. The HADCRUT4 global temperature [Morice et al., 2012]; and 515 

5. Four monsoon indices 516 

The correlations together with the relevant time periods are shown in Figure 15. The VEIT 517 

correlations show the same effects as the satellite and modelling data when the level of tephra 518 

ejected by the volcanoes in the SEAP area increases: the Niño 3.4 SST rises and the SOI 519 

decreases – both of which being indicative of an ENSO event; CSEAP Area omega and the 520 

global temperature increases and the monsoon indices fall. Figures 16, 17 and 18 show graphs of 521 

the data. 522 

  523 
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 524 

Correlations of VEIT (Monthly Segmented) 

Index Correlation  Period 

Niño 3.4 SST 0.99 1870 – 2018 

SOI -0.99 1876 – 2018 

HADCRUT4 

Global Temp Anomaly 
1.00 1870 - 2018 

Omega (400 hPa) 

(CSEAP Area) 
0.98 1948 – 2018 

Pre 1980 (Monthly Segmented) 

Niño 3.4 SST 0.98 1870 – 1979 

SOI -1.00 1876 - 1979 

HADCRUT4 

Global Temp Anomaly 
1.00 1870 - 1979 

Omega (400 hPa) 

(CSEAP Area) 
0.94 1948 – 1979 

Correlations Monsoon Index (Annual Average VEIT) 

Indian Summer -0.98 1948 - 2018 

Western North Pacific -0.98 1948 - 2018 

Webster and Yang -0.94 1948 - 2018 

Australian -0.99 1948 - 2018 

Figure 15: Correlations of segmented and averaged SEAP Area VEIT with indices 525 

shown. IPCC Indices highlighted in red. 526 

 527 
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 528 

Figure 16: Monthly Segmented and Averaged Niño 3.4 SST and VEIT from Volcanoes in 529 

the SEAP Area. 1870 to 2018 530 

 531 

 532 

Figure 17: Monthly Segmented and Averaged BOM SOI and VEIT from Volcanoes in 533 

the SEAP area. 1876 to 2018.  534 
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 535 

 536 

Figure 18: NCEP/NCAR Reanalysis CSEAP Area segmented and averaged Monthly 537 

Omega and VEIT 1948 to 2018. 538 

Figure 15 includes correlations using only data prior to 1980 to demonstrate the volcanic 539 

connections to ENSO without the contamination of the anthropogenic SEAP in SON which the 540 

AI/AOD data and Figure 6 shows is much lower in intensity in 1979 and probably did not exist 541 

in its extreme form prior to this date. Indeed the Representative Concentration Pathways 542 

inventory version 2.0.5 of Asian black carbon emissions at 543 

http://tntcat.iiasa.ac.at/RcpDb/dsd?Action=htmlpage&page=compare confirms this as from 1850 544 

to 1950 the emissions from land use change (deforestation), the major source of the SEAP, did 545 

not change at 0.063±0.02 Tg/year and from 1950 to 1970 increased by 300% [Mieville et al., 546 

2010]. 547 

3.3.2 ENSO Return Frequency 548 

In the introduction it was noted in Figure 1 that the ENSO power spectra for the LME 549 

and HadISST_1 data are very different. The reason is that none of the forcings applied in the 550 

LME runs included forcing by the natural SEAP at the required resolution.  551 

Figure 19 shows XLSTAT periodograms for the HadISST_1 and SEAP Area tephra data 552 

from 2 to 19 years with the time axis displayed on a logarithmic scale (base 2) as a linear scale 553 

compresses the higher frequencies (2 to 5 years) making the comparison difficult. This analysis 554 

is for the same period as the HadlISST_1 in Figure 1, 1980 to 2017, and the spectra are very 555 

similar with the same number of peaks and troughs which are closely coincident. This similarity 556 
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should be compared with the LME data in Figure 1 which shows only one dominant peak at 557 

about 5 years. 558 

Given the uncertainty in the tephra data which is based on GVP VEI data available as 559 

integer values on a logarithmic scale the similarity of the spectra in Figure 19 is impressive. 560 

 561 

Figure 19: SEAP Area XLSTAT periodogram for the Nino 3.4 SST and SEAP Area 562 

Tephra from 1980 to 2017 563 

 564 

3.3.3 Monsoon Indices 565 

It was recognized by Sir Gilbert Walker a century ago that there was a connection 566 

between the Indian monsoon and the SOI and many subsequent papers have explored the 567 

relationship e.g. [Shukla and Paolino, 1983] , [Maraun and Kurths, 2005] and [Cook et al., 568 

2010]. With the high correlations between the volcanic tephra ejected within the SEAP Area and 569 

ENSO (Nino 3.4 SST and the SOI) four Asian monsoon indices were also correlated with the 570 

volcanic tephra on an annual basis. The correlations are for the same year for both annual VEIT 571 

and the monsoon index except for the Australian monsoon index which covers December to 572 

February where the tephra is the average of the year of the first month of the index. The indices 573 

used are: 574 

1. Indian monsoon index (U850 (5°N -15°N, 40°E-80°E) – U850 (20°N -30°N, 70°E-90°E) 575 

[Bin Wang and Fan, 1999] 576 

2. Webster-Yang monsoon index (U850-U200 averaged over 0-20°N, 40°E-110°E [Webster 577 

and Yang, 1992] 578 

3.  East Asia-WNP monsoon index (U850 (5°N -15°N, 100°E-130°E) – U850 (20°N -30°N, 579 

110°E-140°E) [Bin Wang et al., 2001]  580 
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4. Australian monsoon index (U850 averaged over 5°S-15°S, 110°E-130°E [Kajikawa et al., 581 

2010]. 582 

The data was calculated using the NCEP reanalysis dataset and the results are in Figure 583 

15. 584 

3.4 Recent Change in ENSO Character 585 

ENSO has become more intense in recent decades as Figure 20 demonstrates using the 586 

Nino 3.4 SST which has risen by over 0.3°C in recent decades and especially in Aug-Nov when 587 

the anthropogenic SEAP is at its peak. From the hypothesis: the general rise in all months is due 588 

to the increase in the levels of both the natural and anthropogenic SEAP as Appendix A and 589 

Figure 6 show; and the anomalous rise from Aug to Nov is entirely due to the anthropogenic 590 

SEAP.  591 

 592 

 593 

Figure 20: NCEP Reanalysis Nino 3.4 SST showing changes in the averages from 1950-594 

79 and 1980-2018. 595 
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 596 

4 MECHANISMS FOLLOWING THE HYPOTHESIS AND PHYSICAL MODEL 597 

The changes wrought on climate by extreme events can be shown visually by subtracting 598 

a “normal” year from the “extreme” year in a particular measurement. In this case 2015 was an 599 

extreme year for the AOD of the SEAP Area and 2016 was a “normal” year (Figures 4 and 6) 600 

and this section follows the steps outlined in the hypothesis and physical model using this 601 

technique. It is important to acknowledge that other events in 2015 and 2016 may also have 602 

affected the visualisation results, however as the visualisations show exactly the same effects as 603 

the segmented data and correlations these images are considered to be a reasonable 604 

demonstration of the effects of the SEAP in 2015. The images shown were assembled from the 605 

NCEP/NCAR Reanalysis directly and from the MERRA-2 dataset using NASA Panoply. 606 

4.1 The SEAP Forms 607 

The SEAP AOD in SON 2015 was at extreme levels and Figure 21 shows the variation 608 

from the “normal” 2016. 609 

 610 

Figure 21: Terra AOD SON 2015-2016 611 

 612 

 613 

  614 
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4.2 Aerosols absorb solar radiation heating the atmosphere 615 

The SEAP both absorbs and reflects solar radiation which warms the upper atmosphere 616 

as demonstrated in Figure 22 where the atmospheric temperature at 400 and 650 hPa has risen by 617 

about 0.5 and 1.0°K. 618 

 619 

Figure 22: MERRA-2 SON Air Temperature 2015-2016 (Panoply) averaged across the 620 

CSEAP Longitudes  621 

 622 

  623 



Confidential manuscript submitted to Journal of Geophysical Research - Atmospheres 

 

4.3 Aerosols reduce surface solar radiation cooling the surface 624 

Figure 23 shows nearly all the SEAP Area sea surface is cooler except the extreme north 625 

and west by over 1°K.  626 

 627 

Figure 23: NCEP/NCAR Reanalysis SON SST 2015 - 2016.  628 
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4.4 This creates a temperature inversion which reduces convection 629 

The effects of aerosols on convection and atmospheric circulation have been extensively 630 

described in the literature as discussed in the introduction. The SEAP absorbs solar radiation 631 

which warms the upper atmosphere and reduces solar radiation at the surface which cools the 632 

lower atmosphere. This alters the vertical temperature profile of the atmosphere with warmer air 633 

above cooler air (relative to the temperatures without the plume) and this stabilises the 634 

atmosphere and reduces convection. This well understood process is confirmed in the SEAP 635 

Area in this paper with the demonstrated correlation of omega with the AOD, AI and ejected 636 

volcanic ash in the area in Figures 8, 9, 11 and 15 and in Figure 24 where nearly all the SEAP 637 

Area is affected except the extreme north and west with omega increasing by up to 0.12. 638 

 639 

Figure 24: NCEP/NCAR SON omega (400 mb level) 2015-2016  640 
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4.5 Reduced convection in the SEAP Area causes the Trade Winds to relax  641 

Figure 25 shows the changes in the surface vector winds caused by the SEAP in 2015. It 642 

is clear that the Trade Winds which normally blow east to west across the Pacific Ocean at about 643 

6m/s have effectively stalled near the equator and the dateline in 2015 as an inspection of the 644 

data in the individual years which make up Figure 25 confirms. 645 

 646 
Figure 25: NCEP/NCAR Reanalysis SON Surface Vector Wind 2015-2016 647 

  648 
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4.6 Reduced Trade Wind speed causes the Nino 3.4 and 1+2 SST to rise 649 

Figure 23 shows a classic warm tongue extending from South America across the Pacific 650 

Ocean with the Nino 3.4 SON SST rising between 2 and 4+°K in 2015 compared to 2016 which 651 

clearly indicates an ENSO event is occurring. 652 

The Nino 1+2 also increases in Figure 23 by 1.5 to 3.5°K, a smaller increase than the 653 

Nino 3.4 Area  654 

  655 
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4.7 Higher Nino 3.4 SST causes convection and the Walker circulation relaxes  656 

Figure 26 shows a vertical cross section of omega from the NCEP/NCAR Reanalysis 657 

from the SEAP Area across the Pacific Ocean averaged across the SEAP Area latitudes. Clearly 658 

Omega has fallen across the Nino 3.4 region indicating increased convection and the opposite 659 

has occurred over the SEAP Area forcing the Walker Circulation to relax/reverse.  660 

 661 

Figure 26: NCEP/NCAR Reanalysis SON Omega averaged across the SEAP Latitudes 662 

2015-2016. 663 

 664 

  665 
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4.8 The SOI is forced into a negative phase by these changes 666 

The increased convection in the central Pacific Ocean reduces surface pressure and the 667 

reduced convection in the SEAP Area raises surface pressure. Figure 27 clearly shows the 668 

increase in SLP in Darwin and a reduction in Tahiti which drove the SOI negative in 2015. 669 

 670 

Figure 27: NCEP/NCAR Reanalysis SON Sea Level Pressure 2015 -2016  671 
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 672 

5 CAUSATION ANALYSIS 673 

It is clearly understood that correlation between events A and B does not prove causation 674 

from A to B or vice versa. Thus, the causal relationship between the SEAP and the ENSO must 675 

be demonstrated in other ways. 676 

5.1 Volcanic Eruptions 677 

The similarity of the power spectra of the Nino 3.4 SST and the SEAP Area tephra and 678 

the clear correlations between volcanic tephra in the SEAP Area and ENSO demonstrated in this 679 

paper show a close relationship exists between the two and since volcanic eruptions are caused 680 

by deep earth tectonic processes and cannot be caused by ENSO events the causal direction must 681 

run from the volcanic eruptions to ENSO.  682 

5.2 Analysis without Correlation 683 

Figure 10 shows that the LME Nino 3.4 SST rises by 3.01°C from 297.88°C to 300.89°C 684 

and the SOI falls from +8.65 to -12.4 reflecting accurately the range of these indices from La 685 

Nina to El Nino events without using correlation. 686 

5.3 Modelling 687 

LME: the LME data used in this paper is forced by the eight agents described above and, 688 

in this modelling, there is no mechanism to create aerosols in south east Asia during an ENSO 689 

event and hence the causal direction must run from the aerosols to the ENSO events. 690 

In addition, the aerosol forcings in all LME runs are fixed at 1850 values except for the 691 

“ozone and aerosol” and “all” runs and there can therefore be no forcing of the aerosols by any 692 

agent within these six runs and the causal direction must flow from the aerosols to the ENSO 693 

events. 694 

LE: Aerosols are included as forcing agents in the LE. However, aerosol levels are 695 

specified at decadal intervals in RCP 8.5 and ENSO cannot therefore force the SEAP Area 696 

aerosols on an annual basis and the causal direction must run from the aerosols to the ENSO 697 

events.  698 

MERRA-2: The MERRA-2 reanalysis assimilates measured aerosol data and as 699 

Appendix A shows the aerosol sources are volcanoes, gas flares and fires lit by the local 700 

population the causal direction must be from the aerosols to the ENSO events as the aerosols are 701 

assimilated and not generated within the model by ENSO. 702 

5.4 Satellite Data and Recent Changes in the SEAP 703 

Figure 20 clearly shown that the character of ENSO as measured by the Nino 3.4 SST has 704 

changed since 1980 when the extreme anthropogenic SEAP started to appear and with the high 705 

correlations of the anthropogenic SEAP in SON with ENSO it is clear that the change is driven 706 
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by the SEAP and since Appendix A shows that the anthropogenic SEAP is caused by fires 707 

deliberately lit to clear land the causal direction must run from the SEAP to ENSO. 708 

5.5 Seasonality of ENSO 709 

ENSO is highly seasonal and this paper provides an explanation for the seasonality. 710 

Rainfall in the CSEAP area and the Nino 3.4 SST correlate at -0.59 significance <0.05 with the 711 

SST reducing when rainfall in the SEAP Area is high. This clearly supports the hypothesis that 712 

the SEAP is the major cause of ENSO events as the south east Asian monsoon rainfall washes 713 

the aerosols out of the atmosphere enabling convection to be re-established in the region to drive 714 

the Trade Winds and end the ENSO event.  715 

5.6 Monsoon Indices 716 

Three of the four monsoon indices in Figure 15 show a statistically significant 717 

relationship to the natural SEAP and since the monsoons cannot cause volcanic eruptions the 718 

causal direction must be from the volcanic tephra to the monsoon. 719 

5.7 Multiple Independent Datasets 720 

 Seven of eight LME modelling runs (excluding the aerosol forced run as it correlates 721 

with the All forcing run) and the MERRA-2 reanalysis exhibit very low or negative correlations 722 

between the CSEAP AODVIS in the individual runs as shown in the correlation matrix in 723 

Appendix C with an overall average 0.0016. Hence the datasets are independent. The LE is 724 

excluded as the LE aerosols correlate with the LME ALL forcing run. 725 

All these seven LME and MERRA-2 datasets show correlations with the ENSO indices at 726 

significance of <0.01 or less and the chance that all these seven datasets show the same result 727 

and are wrong is the product of the significances i.e. 0.01-8 or 10.0-16    a vanishingly small 728 

number. 729 

5.8 Companion Paper 730 

The companion paper [K A Potts, 2020a] demonstrates that drought in south eastern 731 

Australia (SEAus) which has commonly been attributed the ENSO and/or IOD events is also 732 

caused by the SEAP further confirms the causal relationship flows from the SEAP to all these 733 

events as drought in SEAus cannot create SEAP Area aerosols . 734 

5.9 Segmented Data 735 

The climate is a chaotic system and my preferred way to analyse climate data is to 736 

segment, average and compare similar elements as the averaging process will improve the signal 737 

to noise ratio of the analysis. The annual LME AODVIS and ENSO data is segmented on the 738 

basis of the AODVIS data and then averaged and correlated. The three major ENSO indices 739 

when analysed in this way with the CSEAP AODVIS deliver R2 values of 1.00 (Figure 10) 740 

demonstrating clearly that the SEAP is the major and possibly the only driver of ENSO events. 741 
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5.10 Causal Direction 742 

Therefore with: 743 

1. The volcanic aerosols demonstrating conclusively that SEAP Area aerosols are the cause 744 

of ENSO events; 745 

2. The LME data showing a clear connection between the SEAP and ENSO indices without 746 

correlation; 747 

3. The LME and MERRA-2 time series analysis showing the same results with a 748 

vanishingly small chance of error; 749 

4. The LME data showing, by a preferred analysis method, extremely high correlations 750 

which leave no possibility of other drivers; 751 

5. The monsoon indices showing a clear connection to SEAP Area volcanic tephra; 752 

6. The support of four satellite datasets showing the same results; 753 

The inevitable conclusion is that the SEAP is the major driver of ENSO events and may 754 

even be the sole driver. 755 

6 FUTURE RESEARCH 756 

To finally confirm these conclusions, it is suggested that further LME style analyses are 757 

undertaken in which: 758 

1. An aerosol plume is created in the model which ramps up from the naturally low level in 759 

January to reach the same AOD as the extreme SEAP of October 2006 or 2015 in 760 

February, continues at the same level to October and ramps down in November to the 761 

naturally low level in December. This plume to be applied in the model with random 762 

returns from 2 to 10 years to mimic the actual return frequency of ENSO; 763 

2. Repeating 1 with reducing levels of AOD from February to October to determine the 764 

minimum AOD level over SE Asia which is required to cause an ENSO event. 765 

These analyses will confirm the conclusions in this paper and conclusively demonstrate 766 

that ENSO events are caused by the SEAP and determine the AOD levels required to do so.   767 

7 CONCLUSIONS 768 

The LME with 1.156 annual and 13,872 monthly time series data points, LE with 251 769 

years of data including 75 years of RCP 8.5 data, MERRA-2, measured aerosol datasets from 770 

four satellites and the GVP volcanic eruption data all confirm the direct connection between the 771 

SEAP and ENSO in multiple independent ways.  772 

Causal analysis showing that the relationship must flow from the SEAP to ENSO.  773 

Power spectra showing a clear, close relationship between the natural SEAP and the Nino 774 

3.4 area SST derived from the HadlSST-1 datasets which is lacking in the LME data. 775 
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Correlations of the LME and LE CSEAP Area AOD with Nino 3.4 TS and the SOI show 776 

average R2 values for these two major ENSO indicators at 0.79 and 0.72 (time series) and 1.00 777 

(segmented) respectively.  778 

I therefore conclude that the SEAP is unique and based on these values is the major and 779 

possibly the sole trigger and sustaining agent for ENSO events and that the hypothesis is proved. 780 

This conclusion brings six important elements into climate change analysis:  781 

First: Aerosol Regional Dimming, the Surface Radiative Forcing caused by the annual 782 

apparitions of continental scale aerosol plumes, the anthropogenic elements of which did not 783 

occur before the middle of the 20th century, is an important, recent element driving climate 784 

change. The eight plumes noted in this paper both reflect and absorb/reradiate solar radiation at 785 

levels depending on their aerosol chemistry and affect the local hydrologic cycle and large scale 786 

atmospheric circulation systems such as the Hadley and Walker Cells as this paper and its 787 

companion [K A Potts, 2020a] demonstrate. These plumes mainly exist in the tropics and the 788 

effects only occur in the season in which the plume exist as the residence time of aerosols in the 789 

troposphere is short – the IPCC AR5 [Stocker et al., 2013] states “1 to 3 weeks” for volcanic 790 

aerosols. 791 

Second: The natural volcanic tephra plumes from all volcanic eruptions and not just large 792 

eruptions must be included in climate modelling as they are the prime cause of ENSO events and 793 

are therefore the primary climate forcing agent on an interannual basis; 794 

Third: All eight major continental scale, aerosol plumes shown in Figure 3 must be 795 

included in climate models as their effects are significant; 796 

Fourth: Climate models must incorporate these plumes at temporal and geographic 797 

resolutions which will adequately model their effects. Global and seasonal or annual averages are 798 

not sufficient as the climate forcing effects of the plumes only exist when the plume exists and 799 

the averaging process reduces the intensity of the plumes and destroys their seasonal effects. 800 

Fifth: Since the SEAP causes ENSO events it follows that this aerosol plume causes an 801 

increase in the global temperature, most likely through the modification of the large-scale 802 

atmospheric circulation systems (especially convection in SE Asia) instead of just cooling the 803 

region under the plume through direct surface forcing as is commonly assumed. It is also likely 804 

that the increases in the AI and AOD of the SEAP since 1980 in non-extreme years such as 1999 805 

and 2001 will also have affected the global temperature. This requires further investigation. 806 

Sixth: The effects of combinations of the eight anthropogenic, continental scale aerosol 807 

plumes require investigation as the combined effects of such plumes may be radically different to 808 

the effects of individual plumes. 809 

Finally I concur with Booth et al. [2012] that emissions of carbonaceous aerosols are 810 

directly addressable by government policy actions and suggest that this is an urgent necessity to 811 

mitigate future anthropogenic ENSO events in the Austral spring which Timbal and Drosdowsky 812 

[2013] link to drought in Australia.   813 
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8 APPENDIX A - SOURCES OF THE SOUTH EAST ASIAN AEROSOL PLUME 814 

8.1 Biomass burning  815 

Biomass burning in the tropics is part of the annual agricultural cycle and usually occurs 816 

at the end of the dry season before the start of the local monsoon. In the SEAP Area the monsoon 817 

commences in November and the biomass burning aerosol plume is at its most intense in SON. 818 

The increase in biomass burning in the SEAP Area in recent decades has been driven by the 819 

increasing population of the SEAP Area. The population of Indonesia, Malaysia and Papua New 820 

Guinea has increased from 77 to 277 million between 1950 and 2010 ( United Nations 821 

https://www.un.org/en/development/desa/population/publications/database/index.asp ). This 822 

increasing population has forced: an increase in food production from tropical agriculture with 823 

its attendant smoke/aerosols; and increased rainforest clearing to provide living space and 824 

agricultural land. There has also been increasing levels of commercial activity including 825 

rainforest logging. In SON in 1982, 1991, 1997, 2002, 2004, 2006, 2009, 2014 and 2015 the 826 

AOD or AI increased significantly compared to the intervening years (Figure 6) due to the 827 

clearing of the rainforest for palm oil plantations.  828 

Applegate et al. [2001] found that there were a number of direct causes of fire in the 829 

1997-98 fires in Indonesia: 830 

•  Fire being used to assist with land clearing; 831 

•  Fire used as a weapon in land tenure or land use disputes; 832 

•  Accidental or escaped fires; 833 

•  Fire connected with resource extraction. 834 

Neither climate change nor ENSO events are identified as a primary cause of fire in 835 

1997-98 and the other major fire events in 1982/1983, 1987, 1991 and 1994 although this is 836 

commonly stated to be the case in the literature relating to ENSO events. ENSO is only noted as 837 

a reason for the spread of fire started by the causes noted above in certain years. 838 

The 6th International Wildland Fire Conference held by the United Nations International 839 

Strategy for Disaster Reduction and their Food and Agriculture Organization in Korea, in 2015 840 

released the Pyeongchang Declaration “Fire Management and Sustainable Development” 841 

(https://gfmc.online/allgemein/korea-2015.html ) which stated in the Regional Statement for 842 

southeast Asia    that “Most vegetation fires occurring in the member countries of the 843 

Association of Southeast Asian Nations  are due to human interventions, notably by local 844 

communities and industrial corporations.” 845 

Reports in the popular press as well as governments in the region attribute the cause of 846 

such fires to land clearing in Indonesia and on Nov 9 2006 Reuters reported “Environment 847 

ministers from five Southeast Asian countries endorsed a plan of action on Thursday to fight 848 

forest fires in Indonesia that have spread choking smoke across the region.” and “Indonesia's 849 

neighbours have grown increasingly frustrated by the fires, most of which are deliberately lit by 850 

farmers or by timber and palm oil plantation companies to clear land for cultivation.” In 851 

September 2015 the Times in London reported that “Singapore has taken legal measures against 852 

Indonesian businesses for the vast forest fires that are choking millions of people across 853 

southeast Asia.”  See CIFOR at  854 

https://www.un.org/en/development/desa/population/publications/database/index.asp
https://gfmc.online/allgemein/korea-2015.html
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http://blog.cifor.org/37016/clearing-the-smoke-the-causes-and-consequences-of-855 

indonesias-fires?fnl=en  which suggests that 115,000 were burning in Indonesia in October 2015. 856 

The connection between AOD in the CSEAP Area and fire is demonstrated in three ways: 857 

One: The burned areas in Indonesia from NASA at 858 

https://search.earthdata.nasa.gov/projects?p=C1457414586-SEDAC!C1457414586-859 

SEDAC&q=burned%20area%20indonesia&tl=1563231391!4!! [Center for International Earth 860 

Science Information Network - CIESIN - Columbia University, 2018] from 1997 to 2015 was 861 

extracted. Correlating the MERRA-2 AOD in SON, the burning season, with the areas burned in 862 

Indonesia gives 0.96. The data is shown in Figure 28 863 

 864 

 865 

Figure 28: NASA MERRA-2 AOD in SON and Area Burned. 866 
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Two: The Indonesian archived active fires (NASA) from August 2013 to 2019 from the 869 

Global Forest Watch at 870 

https://data.globalforestwatch.org/datasets/de1fe5832831464cbd64aaa8f2d54781_0/data    871 

was downloaded and the average number of fires locations each month were extracted 872 

which correlate with the MERRA-2 AOD at 0.95 (significance < 0.01) (Figure 29). 873 

 874 

 875 

 876 

 877 

Figure 29: Indonesian Global Fire Watch Archived Fires (NASA) and NASA MERRA-2 878 

AOD 879 
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Three: Correlating the Black Carbon (BC) Emissions from the Global Fire Emissions 882 

Database (GFED4.1) [Randerson et al., 2017] for the Equatorial Asian (EQAS) Region and of 883 

similar extent to the SEAP Area) from fires at https://daac.ornl.gov/cgi-884 

bin/dsviewer.pl?ds_id=1293 for the period 1997 to 2016 with the SON AOD of the CSEAP Area 885 

gives 0.96. The data is shown in Figure 30. 886 

 887 

 888 

Figure 30: Equatorial Asian Region black carbon emissions from the GFED database 4.1 889 

and the CSEAP Area SON MERRA-2 AOD. 890 

Together the burned area, fire and BC data show that the extreme AOD in SON in some 891 

years was created by fire in south east Asia, mainly Indonesia.   892 
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8.2 Gas Flares 894 

Gas Flares in the oil production industry increased in number over recent decades as oil 895 

production in south east Asia (Indonesia, Malaysia, Thailand and Brunei) increased from 896 

567,000 to 2,087,000 barrels of oil per day between 1965 and 2018 (BP Statistical Review of 897 

World Energy 2019).  898 

The World Bank has established the GGFRP which estimates SE Asia flares 4.03 billion 899 

m3 of natural gas each year and the gas flare locations are shown in Figure 2. NOAA identifies 900 

about 387 flare locations in the SEAP Area. Images of such flares producing aerosols are easily 901 

found in Google Earth (Figure 31) or at the GGFRP web site. 902 

 903 

 904 

  905 

Figure 31: LNG Badak.  Credits:  Left Ridho Akbari, Right Fauzi (from Google Earth) 906 

 907 

  908 
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8.3 Volcanoes  909 

Figure 2 shows the GVP overlay of volcano locations, each red triangle is either one or a 910 

cluster of volcanoes. 911 

The level of tectonic activity, shown by earthquakes, in the SEAP Area increased from 912 

the early 1980’s to 2005, declined to 2009 and has since increased again. The USGS provides 913 

earthquake data from 1973 and Figure 32 and shows that the average number of 914 

earthquakes/month in the SEAP Area was 71 between 1973 and 1982. The red line marks this 915 

average plus 3 standard deviations calculated from the same period and shows that from 1995 to 916 

2009 there was a significant (> 3 std deviations) increase in the number of earthquakes which 917 

peaked at 1,303 in January 2005 after the Boxing Day earthquake and Tsunami. In May 2009 the 918 

number of earthquakes fell below the red line for the first time since January 1995 but in 2013 919 

started increasing again. 920 

The GVP database of volcanic eruptions [Venzke, 2013] shows that the SEAP Area 921 

hosted over 18% of all the global volcanic eruptions from 1500 to 2018 whilst covering only 3% 922 

of the Earth’s surface. Simkin and Siebert [2000] reported that 16 volcanoes have been erupting 923 

nearly continuously for 30 years and that 5 of these volcanoes are in the SEAP Area. Hence the 924 

SEAP Area hosts an unusually high percentage of the global volcanic activity and within it 925 

Indonesia is “the most volcanically active nation on Earth” (USGS) 926 

https://www.usgs.gov/center-news/revolutionizing-volcano-monitoring-indonesia). 927 

It is also worth noting that the median duration of a volcanic eruption is 7 weeks [Simkin 928 

and Siebert, 2000]. The IPCC AR5 in Figure 1 of section FAQ 11.2 notes that the effect of 929 

volcanic eruptions on the lower atmosphere (and therefore the surface) is “cooling because the 930 

reduction of sunlight overwhelms any increased downward energy emitted by the volcanic 931 

cloud” and also states the residence time in the troposphere of “1 to 3 weeks” for volcanic ash. 932 

Hence a volcanic ash plume will have a median residence time of 8 to 10 weeks in the 933 

atmosphere – 7 weeks of eruption followed by 1 to 3 weeks of residence. 934 

The volume of Tephra ejected by volcanoes in the SEAP Area was calculated as shown 935 

below. The VEIT data was summed for each decade from 1890 to the present and when 936 

restricted to the April to October Figure 33 shows the 2000 to 2009 VEIT level was 2.89 times 937 

the 20th century average. 938 

AOD and Volcanic Tephra: The MERRA-2 AOD of the CSEAP Area averaged over 939 

the months January to August, which avoids the extreme plumes in SON, correlates with the 940 

tephra ejected by volcanoes in the same months at 0.73 from 1980 to 2014 (significance <0.1). 941 

For the full year from 1980 to 2014 the correlation is 0.83 (significance <0.05) and excluding the 942 

years of extreme SON aerosols (October AOD > 0.7) to avoid contaminating the analysis with 943 

the extreme plumes caused by biomass burning the correlation is the same, 0.83 (significance 944 

<0.05) 945 

Spread of tropospheric Volcanic Tephra: Figure 34 shows an image of the eruption of 946 

the Sangeang Volcano in Indonesia which continued for 1.5 years from May 2014 to November 947 

2015 (GVP database) at an estimated VEI of 3 (GVP) suggesting the majority of the tephra 948 

remained in the troposphere. This image demonstrates how quickly the aerosol plume spreads 949 

from a point source to about 250 km width in the lower right of the image after travelling about 950 

400 Km. Noting that Indonesia, which covers a significant part of the SEAP Area, is “the most 951 

https://www.usgs.gov/center-news/revolutionizing-volcano-monitoring-indonesia
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volcanically active nation on Earth” (USGS) it is easy to see how volcanic tephra from multiple 952 

simultaneous eruptions can significantly affect the AOD of the SEAP Area.  953 
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 954 

Figure 32: Total Monthly Earthquakes 1973 – 2018 SEAP Area with major events 955 

Magnitude 7.7+ shown. Source: USGS Earthquake database. 956 

 957 

Figure 33: Decadal total and average volcanic eruptions and tephra volume in the SEAP 958 

Area from April to October. Averages from 1900 to 1999. Source GVP Database. (Note the 2010 959 

column is for 2010 to 2018, 9 years, and has been increased pro rata to be comparable to the 960 

other decades). 961 
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 962 

 963 
 964 

Figure 34: Aerosol plume emanating from Sangeang Volcano May 2014. Source NASA. 965 

 966 

 967 

 968 

 969 

  970 



Confidential manuscript submitted to Journal of Geophysical Research - Atmospheres 

 

8.4 Volcano Data Processing 971 

The volcanic eruption data was downloaded from the Global Volcanism Program 972 

database at http://volcano.si.edu/list_volcano_holocene.cfm [Venzke, 2013]. Then: 973 

• Eruptions from 1870 were extracted from the dataset; 974 

• The VEI was extracted. Any eruptions with no VEI listed were allocated a VEI of 0; 975 

• The VEIT in Km3 was calculated using the table in Newhall and Self [1982];  976 

• The eruption start year was extracted; 977 

• The eruption start month was extracted and eruptions with no start month were 978 

allocated sequentially to January then February and so on; 979 

• The end year and month was extracted. For eruptions with no end date the end date 980 

was calculated using the start date and the median eruption length in [Simkin and 981 

Siebert, 2000] of 7 weeks; 982 

• The length of each eruption in months was calculated and the total VEIT for the 983 

eruption was allocated equally to each month of the eruption starting with the start 984 

month and ending with the end month. 985 

• The VEIT for each month from 1870 to 2018 was summed; 986 

• The summed monthly VEIT was then smoothed with a 12 month running average 987 

and carried forward to the various analyses; 988 

• In the analyses of the Nino 3.4, 1+2 SST and the SOI (Nino Parameters) the VEIT 989 

data was allocated to segments 0 to 0.001, >0.001 to 0.004, >0.004 to 0.01 and >0.01 990 

and averaged and the corresponding monthly Nino Parameter allocated to the same 991 

segment and averaged; 992 

• The VEIT and Nino Parameters were then correlated and displayed on scatter plots. 993 

Note:  994 

• The BOM SOI data runs from 1876 to 2019  995 

• The NOAA ESRL Nino 3.4 and 1+2 SST run from 1870 to 2018 996 

• The NCEP Omega data runs from 1948 to 2018 997 

• Due to the significantly different time periods of the Nino Parameter data and the 998 

omega data the segment boundaries for the omega data were:  0.00005, 0.0001, 999 

0.0002, 0.00855 and >0.00855 1000 

http://volcano.si.edu/list_volcano_holocene.cfm
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9 APPENDIX B – PROCESSING SEQUENCE FOR LME AND LE DATA 1001 

The LME and LE data was processed through the following routes as required: 1002 

1. No Processing; 1003 

2. Deseasonalised; 1004 

3. Normalised: Some of the data exhibits a non-linear trend which was removed by dividing the data at time t by the running 1005 

average from time t-3 to t+3 and then multiplying the result by the average of the whole data set; 1006 

4. Smoothed with a running 12 point average centered on time t (t-5 to t+6); 1007 

5. Note: the ONI, IOD and SOI include both negative and positive values and the normalising was carried out using the 1008 

absolute values of these indices to avoid anomalies which occur when true averages resulted in values close to zero. 1009 

The processing route for each analysis is shown in Figure 35 and the key in Figure 36.  1010 

 1011 

Figure 35: Processing route for each parameter including time series and segmented data. 1012 
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 1013 

Figure 36: Key for processing routes 1014 

 1015 

Figure 37: Effect of normalising Nino 3.4 TS data from the LE RCP 8.5 data. 1016 
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The effect of the normalization process is described in [Dettling, 2014] p34 and is shown in Figure 37 where the trend in TS 1017 

under RCP 8.5 has been reduced from 3.72°K to -0.057°K across the data set and the interannual variation is virtually unchanged.1018 
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10 APPENDIX C – CORRELATION MATRIX FOR LME, LE AND MERRA-2 1019 

 1020 

 1021 

Figure 38: Correlation matrix for LME and MERRA-2 CSEAP AOD/AODVIS. The 1022 

average excludes the self-correlations which return 1.00. 1023 

There is only one significant positive correlation between the All and Ozone Aerosol data 1024 

in Figure 38 hence 8 of the 9 data sets are independent.  1025 
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Abstract 1283 

The Last Millennium Ensemble, Large Ensemble, MERRA-2, four satellite data sets and the 1284 

Global Volcanism Program database all show independently that drought in south eastern 1285 

Australia (SEAus) is created by apparitions of the natural and anthropogenic aerosol plume over 1286 

south east Asia which simultaneously create ENSO and IOD events. From 1997 to 2008 SEAus 1287 

endured an exceptionally severe drought - the Millennium Drought. The River Murray, the major 1288 

waterway in the region, experienced inflows at record low levels in 2006-07 which were more 1289 

than 40% below the previous low. As the literature, Inter Governmental Panel on Climate 1290 

Change (IPCC) and the USA Climate Change Science Program suggest that aerosols can affect 1291 

the large-scale atmospheric circulation and hydrologic cycle I examine the relationship between 1292 

aerosols and Australian droughts. The global aerosol coverage is highly inhomogeneous and 1293 

variable at daily, monthly, annual and decadal scales. I show that the aerosol optical depth 1294 

(AOD) and aerosol index (AI) of the South East Asian Plume (SEAP) and the volume of aerosols 1295 

ejected by volcanoes (tephra) in south east Asia correlate with drought in Australia and conclude 1296 

that the SEAP causes drought in Australia by Aerosol Regional Dimming (ARD), which, by 1297 

altering the surface radiation budget under the plume and warming the upper atmosphere, forces 1298 

the regional Inter Tropical Convergence Zone and Hadley Cells into abnormal seasonal 1299 

positions. These effects alter the regional atmospheric circulation systems and hydrologic cycle 1300 

thereby causing drought and, as the SEAP has intensified over time, created climate change. 1301 

  1302 
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1 INTRODUCTION 

1.1  HYPOTHESIS AND PHYSICAL MODEL 

This paper explores an explicit physical model and hypothesis to explain how the South 1303 

East Asia aerosol Plume (SEAP) causes drought in south eastern Australia (SEAus) and 1304 

simultaneously causes ENSO, described in the companion paper [K.A. Potts, 2020b], and IOD 1305 

events.  1306 

Droughts in SEAus have always has been triggered and sustained by the natural volcanic 1307 

aerosol plume over south east Asia (SEAsia) which has, in recent decades, been intensified by 1308 

the anthropogenic aerosol plume especially from August to November (SON).  1309 

The sequence of events is: 1310 

12. The volcanic tephra aerosol plume forms over SEAsia and, in recent decades, is 1311 

intensified by the anthropogenic plume which is most intense from August to 1312 

November (ASON); 1313 

13. The aerosols absorb (and reflect) solar radiation which heats the atmosphere; 1314 

14. The aerosols reduce the solar radiation at the surface under the plume which cools the 1315 

surface; 1316 

15. 2 and 3 create a temperature inversion compared to times without a plume and this 1317 

reduces convection in the region; 1318 

16. The region to the south of the SEAP is now the driving force of the convective leg of 1319 

the southern regional Hadley cell; 1320 

17. This southerly move in convection shifts the entire southern Hadley Cell south; 1321 

18. This results in a southerly shift in the sub-tropical high over SEAus; 1322 

19. This results in higher pressure over SEAus; 1323 

20. This forces the cold fronts south and reduces rainfall over SEAus; 1324 

21. The cooler sea surface temperature (SST) in SEAsia reduces evaporation in the area 1325 

which supplies moisture to SEAus; 1326 

22. This results in less water vapour in the atmosphere over SEAus; 1327 

23. The combination of 9 and 11 above causes drought in SEAus. 1328 

1.2 Drought in south eastern Australia  

An exceptional and extended drought occurred in South Eastern Australia (SEAus) at the 1329 

turn of the century, the Millennium Drought [Timbal et al., 2010] and [Ummenhofer et al., 1330 

2009], and Figure 1 shows the rainfall deficit from 1997 to 2008 when parts of SEAus received 1331 

the lowest rainfall on record. In this period all major cities in Australia were forced to build 1332 

seawater desalination plants to guarantee the urban water supply and the River Murray, the major 1333 

waterway in SEAus, received the lowest inflows on record [Murray Darling Basin Authority, 1334 

2011].  1335 
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Whilst the Millennium Drought was exceptionally strong, drought has always occurred in 1336 

SEAus and must therefore be a natural phenomenon as historically anthropogenic forcing was 1337 

insufficient to impact the climate. 1338 

The drivers of such SEAus droughts have been identified as: El Niño – Southern 1339 

Oscillation Index (SOI) (ENSO) events by Neville Nicholls et al. [1996], Power et al. [1998] and 1340 

G Wang and Hendon [2007]; as Indian Ocean Dipole (IOD) events by Ummenhofer et al. [2009] 1341 

and as variations in the location and intensity of the sub-tropical ridge over SEAus by Timbal 1342 

and Drosdowsky [2013]. Meyers et al. [2007] investigated the effects of various combinations of 1343 

ENSO and IOD events on Australian rainfall concluding there is a need to develop the 1344 

“capability to predict interannual SST anomalies in the seas north of Australia in both the Pacific 1345 

and the Indian Oceans.” 1346 

The Centre for Australian Weather and Climate Research (CAWCR) in Timbal et al. 1347 

[2010] reported the relationship between rainfall in south eastern Australia and the indices and 1348 

parameters in Figure 2 which shows that in Sept. Oct. and Nov (SON) the Niño 4 Sea Surface 1349 

Temperature (SST) and the local Mean Sea Level Pressure (SLP) exhibit the most significant and 1350 

negative correlation with rainfall. However, the climate model used for the analysis did not 1351 

include carbonaceous aerosols or small volcanic eruptions (personal communication).  1352 

I show that the element which must be included in the analysis of drought in SEAus is the 1353 

South East Asian aerosol Plume (SEAP) which simultaneously creates drought, ENSO and IOD 1354 

events  1355 
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 1356 
 1357 

Figure 1: Figure 57 in Timbal et al. [2010] Australian rainfall deciles 1997 to 2008.  1358 

 1359 

Correlation of Rainfall in Southern 

Hemisphere seasons with: 

Autumn 

(MAM) 

Winter 

(JJA) 

Spring 

(SON) 

Summer 

(DJF) 

Local MSLP -0.29 -0.74 -0.39 0.14 

Niño 4 SST -0.16 -0.20 -0.37 -0.18 

NWS (North West Shelf) SST 0.07 0.30 0.26 -0.09 

SAM (Southern Annular Mode) -0.02 -0.27 0.31 0.31 

NTS (Near Tasman Sea) SST 0.25 0.07 0.16 0.19 

 1360 

Figure 2: Correlations of parameters shown and rainfall south eastern Australia from Table 1 in Timbal et al. [2010].  1361 
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1.3 Aerosols and Climate 

The IPCC Assessment Report 4 (AR4) [Solomon et al., 2007] identifies the two main 1362 

anthropogenic contributors to climate change as Long Lived Green House Gases (LLGHG) and 1363 

aerosols and defines Radiative Forcing (RF) as the global annual average of “the change in the 1364 

net, downward minus upward, irradiance (expressed in W m–2) at the tropopause”. The IPCC 1365 

AR4 also discusses Surface Forcing (SF), the effects of the forcing agents at the surface of the 1366 

Earth and Figure 3 from that report shows the evolution of RF and SF from 1850 to the present 1367 

day. It can be clearly seen that the net anthropogenic RF effect, black line – panel (A), follows 1368 

the red line of LLGHG reasonably closely. However, the net anthropogenic SF effect, black line 1369 

– panel (B), clearly follows the evolution of the aerosol direct effect which is much larger than 1370 

the aerosol direct RF effect. The SF graph also shows that the anthropogenic aerosol direct effect 1371 

in 2000 at -1.6W/m2 is comparable to the explosive volcanic eruptions of Krakatau (1883) -1372 

2.2W/m2 and Pinatubo (1991) -1.8W/m2 which are considered to affect the mid to high latitude 1373 

atmospheric circulation patterns [Solomon et al., 2007].  1374 

Absorbing aerosols, particularly black carbon, a product of incomplete combustion  1375 

[Novakov et al., 2003], and organic carbon [Kirchstetter, 2004], have been linked to variations in 1376 

the vertical temperature profile of the atmosphere and the large scale atmospheric circulation 1377 

[Solomon et al., 2007], [Menon et al., 2002] and [Chien Wang, 2004]. Aerosols may also have a 1378 

greater influence on the hydrologic cycle than other forcing agents through their SF effects 1379 

[Solomon et al., 2007]. 1380 

Aerosols were believed to have mainly affected the northern hemisphere due to the 1381 

greater annually averaged aerosol optical depth north of the equator however Rotstayn et al. 1382 

[2009b] reviewed the impact of natural and anthropogenic aerosols on the Australian climate and 1383 

suggested that regional aerosol plumes with their associated large reductions in short wave flux 1384 

at the surface such as that derived from biomass burning in Indonesia may be important in 1385 

understanding climate variation in Australia and recommended that further research should be 1386 

undertaken on a limited number of topics including biomass burning in Indonesia as current 1387 

aerosol inventories from this region are poorly treated. Solomon et al. [2007] expressed the same 1388 

concern that the distribution and evolution of aerosol emissions during the 20th century were not 1389 

well understood and Hegerl et al. [2007] noted that most studies used in the IPCC AR4 omitted 1390 

carbonaceous aerosols which could have significant effects at regional scales. 1391 

The effects of short lived gases and aerosols were found to be substantial compared to 1392 

LLGHG and to account for as much as 40% of the warming over the summertime United States 1393 

and the climate response to these forcing agents was not confined to the area of their emission 1394 

[Levy II et al., 2008]. 1395 

The global aerosol coverage and forcing is highly variable geographically and temporally 1396 

and it is “insufficient or even misleading” to emphasise the global average and the aerosol SF is 1397 

greater than the RF at the top of the atmosphere. Such SF affects the atmospheric circulation and 1398 

the hydrologic cycle [Remer et al., 2009]. 1399 

Rotstayn et al. [2007] concluded that anthropogenic aerosol forcing should be included in 1400 

modelling the Australian climate and that Asian anthropogenic aerosols may have affected the 1401 

hydrologic cycle in the Australian region. 1402 
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Menon et al. [2002] investigating the climate of China and India found precipitation and 1403 

temperature changes in their model that were comparable to those observed only if the aerosol 1404 

ensemble included a large proportion of absorbing black carbon ("soot") which was similar to 1405 

observed amounts and noted that absorbing aerosols heat the atmosphere and alter the regional 1406 

atmospheric stability and vertical motions which affects the large-scale circulation and 1407 

hydrologic cycle with significant regional climate effects.  1408 

 1409 

    1410 

Figure 3: IPCC AR4 Figure 2.23 Chapter 2 page 208 [Forster et al., 2007]. Globally and 1411 

annually averaged temporal evolution of the instantaneous all-sky RF (A) and SF (B) due to 1412 

various agents, as simulated in the MIROC+SPRINTARS model (Nozawa et al., 2005; 1413 

Takemura et al., 2005). This is an illustrative example of the forcings as implemented and 1414 

computed in one of the climate models participating in the AR4. Note that there could be 1415 

differences in the RFs among models. Most models simulate roughly similar evolution of the 1416 

LLGHGs’ RF. 1417 

In a review of the simulation of the Australian climate with the new CSIRO global 1418 

climate model (GCM) Mark 3.6 which includes an interactive aerosol scheme Rotstayn et al. 1419 

[2009a] found that “Compared to its predecessors and several international GCMs, Mk 3.6 is 1420 

best able to capture the spatial pattern of the leading rainfall mode, which represents variability 1421 

due to the El Niño Southern Oscillation (ENSO)”. 1422 

Anthropogenic aerosols have been linked to: the decadal variance in the North Atlantic 1423 

SST and thus to drought in the Sahel and the Amazon with the dominant mechanism being the 1424 

reduction in short wave surface radiation [Booth et al., 2012]; and the expansion of the tropics in 1425 

the northern hemisphere evidenced by a poleward shift of the Hadley Cells, subtropical dry 1426 

zones and extra-tropical storm tracks [Allen et al., 2012]. SE Asia is identified as one of the 1427 

regions of the globe which has demonstrated the largest rates of increase in black carbon 1428 

emissions from 1970 to 2009 [Allen et al., 2012] and it is noted that future emissions of 1429 

anthropogenic aerosols are “directly addressable by policy actions” [Booth et al., 2012]. 1430 

However R Zhang et al. [2013b] investigated the claims in [Booth et al., 2012] and concluded 1431 

A B 
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that “key aspects of the HadGEM2-ES simulation exhibit substantial discrepancies with 1432 

observations.” Whilst noting that “Anthropogenic and natural aerosols have likely played some 1433 

role in forcing the observed Atlantic mutidecadal variability.”  1434 

[Ott et al., 2010] investigated the extreme biomass burning episode in the SEAP Area in 1435 

2006 and found that “temperatures over Indonesia were strongly modified by increased diabatic 1436 

heating during the period of burning. The largest increases were found in October and November 1437 

between 150 and 400 hPa. In some regions, increases exceeded 0.7 K during SON.” and that It is 1438 

necessary for GCMs to include realistic representations of aerosols which fully represent the 1439 

interannual variability of biomass burning emissions in order to capture the effects discussed in 1440 

the paper. 1441 

The carbonaceous aerosol emission inventories for the Coupled Model Intercomparison 1442 

Project phase 5 (CMIP5) are based on Lamarque et al. [2010] and are decadal averages designed 1443 

to investigate long term (decadal to century) climate change and Lamarque et al. [2010] 1444 

specifically state the emission inventories for CMIP5 are not designed to investigate “rapid” (i.e. 1445 

less than a few years) pollution changes which this paper addresses. The base year for the 1446 

CMIP5 Representative Concentration Pathways (RCP)’s is 2005 which was a low emission year 1447 

in the SEAP Area and contrasts starkly with 2006, a very high emission year, the effects of 1448 

which would not be captured in the CMIP5 analysis.  1449 

Finally [K.A. Potts, 2018] and [K.A. Potts, 2017] reported results that showed that 1450 

drought and local MSLP in SEAus are forced by the SEAP. 1451 

In summary then the literature states aerosols affect: 1452 

1. The hydrologic cycle;  1453 

2. The large-scale atmospheric circulation systems; and 1454 

3. are not well understood;  1455 

and that carbonaceous aerosols: 1456 

1. Are an essential parameter in climate models to correctly model observed changes in 1457 

precipitation;  1458 

2. Were omitted from most studies used in the IPCC AR4;  1459 

3. Have recently been linked to significant climate events; and 1460 

4. Are only included in the CMIP 5 RCP’s as decadal averages which cannot model the 1461 

effects this paper addresses. 1462 

1.4 The Anthropogenic South East Asian Aerosol Plume 

The major anthropogenic aerosol plume in the Australian region occurs over SE Asia and 1463 

is referred to as the South East Asian aerosol Plume (SEAP).  1464 

The SEAP is one of eight great aerosol plumes which occur annually. It can be identified 1465 

on the monthly mean 0.55 micron AOD data from MODIS [Kaufman et al., 2000] on the NASA 1466 

Terra and Aqua satellites distributed via the NASA MODIS Giovanni System (NMGS). Remer et 1467 

al. [2005] confirm that the uncertainty in the AOD measured by these two satellites is 1468 

“τ=±0.05 ±0.15τ over land” and that the AOD retrievals can be used in monitoring the aerosol 1469 
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radiative forcing of the global climate. Two areas shown in Figure 4 are used to describe the 1470 

SEAP: the “SEAP Area” (latitude 10ºS to 10ºN and longitude 90ºE to 160ºE); and the Central 1471 

SEAP (CSEAP) Area (latitude 5ºS to 5ºN and longitude 100ºE to 120ºE) where the SEAP is 1472 

most intense. The monthly average AOD of the CSEAP Area is shown in Figure 5 to 1473 

demonstrate the peak anthropogenic aerosol emission season is ASON, the end of the dry season 1474 

in SE Asia, and was extremely high in 2002, 2004, 2006, 2009, 2014 and 2015 compared with 1475 

the intervening years. In this analysis the AOD in the SON season has been used as it matches 1476 

the seasonal analysis by CAWCR in Timbal et al. [2010] although in some years the AOD of the 1477 

CSEAP Area is greater in August than in November. However, the CSEAP Area AOD in SON 1478 

correlates with the ASON and ASO AOD at over 0.99 and 0.98 respectively. Figure 6 shows the 1479 

geographic extent of the October 2006 apparition of the SEAP when the drought in SEAus was 1480 

at its height (This image was included in the inaugural NASA Giovanni Image Hall of Fame in 1481 

2013.) This paper therefore focuses on the anthropogenic SEAP in SON because it is at its most 1482 

intense in this season when it contains a preponderance of carbonaceous aerosols from biomass 1483 

burning and will therefore have its greatest effect at this time.  1484 

The average AI from the Total Ozone Mapping Spectrometer (TOMS) on the Nimbus 7 1485 

(N7) and Earth Probe (EP) satellite platforms and from the Ozone Monitoring Instrument (OMI) 1486 

on NASA Aura and the AOD of the CSEAP Area from the Terra Platform from 1979 to 2018 in 1487 

SON are shown in Figure 7 which exhibits extreme interannual and interdecadal variation. The 1488 

maximum AOD and AI for the CSEAP Area was 1.60 (Oct 2015) and 1.811 (Sept 1997) and the 1489 

AI of the CSEAP Area increased from 0.038 in SON in 1979 to 0.193 in 1992 and to 0.296 in 1490 

2000 a 408% and 679% increase respectively in years without extensive biomass burning. From 1491 

1979 to 1997, a major biomass burning event year, the increase in AI in September was 3,499%.  1492 

1.5 The Natural South East Asian Aerosol Plume 

Indonesia, in the SEAP Area, is the most “is the most volcanically active nation on 1493 

Earth” (USGS at https://www.usgs.gov/center-news/revolutionizing-volcano-monitoring-1494 

indonesia ) and the Global Volcanism Program (GVP) database shows the SEAP Area hosts 18% 1495 

of the total number of volcanic eruptions in the World in about 3% of the global surface. Simkin 1496 

and Siebert [2000] identify 16 volcanoes which have been erupting nearly continuously for 30 1497 

years and 5 (31%) are in the SEAP Area.  1498 

Appendix A describes in detail how the three major aerosol sources in the SEAP Area: 1499 

biomass burning; gas flares; and volcanoes contributed to the extreme increases in the AOD or 1500 

AI of the SEAP Area in 1997, 2002, 2006, 2014 and 2015 and in the decade 2000 to 2009. 1501 

https://www.usgs.gov/center-news/revolutionizing-volcano-monitoring-indonesia
https://www.usgs.gov/center-news/revolutionizing-volcano-monitoring-indonesia
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 1502 

Figure 4: Google Earth image showing SEAP Area in Green, CSEAP Area in pink and 1503 

the area used to analyse rainfall in SEAus in red with the locations of gas flares (National 1504 

Oceanic and Atmospheric Administration (NOAA) and the Global Gas Flaring Reduction 1505 

Partnership (GGFRP)) in yellow and volcanoes (GVP) in red. 1506 

 1507 

  1508 
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 1509 

 1510 

Figure 5: Terra AOD CSEAP Area. A: Monthly Average. B: Average annual cycle and cycle 1511 

during years of extreme burning in SE Asia. 1512 
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 1513 

Figure 6: NASA Terra monthly mean AOD data October 2006. 1514 

 1515 

 1516 

Figure 7: Average SON AI and AOD CSEAP Area. 1517 
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1.6 Surface Radiative Forcing by the South East Asian Plume 

The SF of aerosols is significant and the literature includes:  1518 

1. a 10% to 30% reduction of Photosynthetically Active Radiation recorded during 1519 

INDOEX in the Indian Ocean in 1999 [Ramanathan, 2006];  1520 

2. -150 W m−2 in an analysis of the Indonesian wildfires which occurred in 1997 in 1521 

[Duncan et al., 2003]; and  1522 

3. ~-286.0(W/ m2)/τα recorded during the Aerosol Characterization Experiment -Asia 1523 

in 2001 [Hansell et al., 2003] (τα is the aerosol optical depth and its derivation is 1524 

described in the paper).  1525 

The idealised change in direct surface radiation when the SEAP is present is shown in 1526 

Figure 8 with a plume AOD estimated at 0.52 compared with background 0.3 (Terra data Figure 1527 

7) giving a 20% reduction in surface radiation noting that 0.52 is much less than the maxima 1528 

shown in the Terra data in Figure 7. In this figure the sun is assumed to be over the equator and 1529 

the phase lag between the sun and the position of the ITCZ is ignored. It is clear that the highest 1530 

level of surface solar radiation is at the edges of the plume and that these regions will drive 1531 

convection which, in turn, drive the Hadley Cells. With the convective drive of the regional 1532 

southern Hadley Cell moving south the entire southern regional Hadley Cell moves south which 1533 

in turn moves the regional sub-tropical ridge south and creates anomalous, persistent high 1534 

pressure over south eastern Australia as a direct consequence of the SEAP. 1535 

 1536 

Figure 8: Idealised surface solar radiation with and without the SEAP assuming an 1537 

increase in AOD from 0.3 to 0.52 which gives a 20% reduction under the SEAP. 1538 
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The term Aerosol Regional Dimming (ARD) describes the surface radiative forcing 1539 

effect of continental scale aerosol plumes which immediately alters the large-scale atmospheric 1540 

circulation systems and regional hydrologic cycle and, crucially, only occurs when the plume 1541 

exists. 1542 

1.7 The Connection Between the IOD and ENSO 

The Australian Bureau of Meteorology (BOM) shows images of the atmospheric 1543 

circulation during IOD and ENSO events in its website at http://www.bom.gov.au/climate/iod/ 1544 

and http://www.bom.gov.au/climate/about/australian-climate-influences.shtml?bookmark=enso .  1545 

From the diagrams of the IOD and ENSO it is clear that the connection between the two 1546 

effects is the SEAP Area. When the SST in the SEAP Area is warmer and convection occurs 1547 

there ENSO is in the neutral/La Nina phase and the IOD in the neutral/negative phase whilst 1548 

when the SST is cooler and convection reverses ENSO is in the El Niño phase and the IOD is in 1549 

the positive phase. Hence aerosol changes in the SEAP Area which affect convection and the 1550 

SST can impact both indices simultaneously. 1551 

2 METHOD and DATA 

2.1 Modelling Data 

The Last Millennium Ensemble (LME) [Otto-Bliesner et al., 2016] data is available at 1552 

https://www.earthsystemgrid.org/ . One member of each of the eight LME forcing simulations 1553 

with run number in () (850 (3), All (13), Ozone and Aerosol  (Aero) (2), Green House Gas 1554 

(GHG) (3), Land use (Land) (3), Orbital (3), Solar (5) and Volcanic (5)) was used to create time 1555 

series of 1,156 years and 13,872 months of: AOD; surface temperature; precipitation and omega; 1556 

as well as indices for: the Indian Ocean Dipole (IOD); Nino 3.4 SST and SOI (which the IPCC 1557 

AR5 shows at Table 1 in Box 2.5 are used to monitor the status of ENSO). This LME data was 1558 

processed as shown in Appendix B and correlated as a time series to demonstrate that these 1559 

indices and parameters are directly connected to aerosols in the SEAP area. 1560 

The data was also segmented and averaged on the basis of AOD and then correlated and 1561 

is also presented graphically to show the effects of changes in AOD without using correlation. 1562 

Areas used for the LME and LE data were: 1563 

1. Rainfall:  137° 160°E 30° 40°S 1564 

2. Pressure: 130° 145°E 25° 40°S 1565 

A similar approach was used for: 1566 

1. The Large Ensemble (LE) [Kay et al., 2015] using data from 1850 to 2005 with historic 1567 

forcings and from 2006 to 2100 using RCP 8.5 projections (run 001) Data as for LME. 1568 

2. The NASA Modern Era Retrospective analysis for Research and Applications release two 1569 

(MERRA-2) reanalysis dataset [Gelaro et al., 2017] . Data 1570 

http://giovanni.gsfc.nasa.gov/giovanni/ 1571 

http://www.bom.gov.au/climate/iod/
http://www.bom.gov.au/climate/about/australian-climate-influences.shtml?bookmark=enso
https://www.earthsystemgrid.org/
http://giovanni.gsfc.nasa.gov/giovanni/
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2.2 Satellite Data 

Figure 5 shows the anthropogenic SEAP is at its height in SON, the end of the dry season 1572 

in SE Asia, and will therefore have its greatest impact in this season. Aerosol data from four 1573 

NASA satellites, N7 (AI), EP (AI), Terra (AOD) and OMI (AI) was downloaded from the NASA 1574 

Giovanni system and correlated on an average SON basis with the following datasets: 1575 

1. Rainfall: Data NASA MERRA-2 reanalysis, area 36 to 39S 140 to 149E; 1576 

2. MSLP: Data NCEP reanalysis [Kalnay et al., 1996]; area 30 to 35S 140 to 147.4E 1577 

3. SEAP Area SST: to the north and northwest of Australia reported by the BOM to 1578 

influence the hydrologic cycle over SEAus (ENSO Wrap-Up Sept 2007) at 1579 

http://www.bom.gov.au/climate/search/enso-wrap-up.shtml?bookmark=no-rm. Data 1580 

NCEP reanalysis; 1581 

4. Omega: Data from NCEP reanalysis at http://www.esrl.noaa.gov/psd/data/timeseries/    1582 

5. IOD: Data from NOAA ESRL at 1583 

https://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/Data/dmi.long.data 1584 

6. ENSO: ENSO Nino 3.4 index from NOAA at 1585 

http://www.cpc.ncep.noaa.gov/data/indices/ersst4.nino.mth.81-10.ascii  1586 

 SOI: The Southern Oscillation Index from the BOM at 1587 

ftp://ftp.bom.gov.au/anon/home/ncc/www/sco/soi/soiplaintext.html 1588 

to demonstrate the connection between the SEAP, SON drought in SE Australia, ENSO and the 1589 

IOD. As some aerosol datasets exhibit significant trends the data was also detrended using the 1590 

PAST software version 3.22 [Hammer et al., 2001]. 1591 

Note: AI, unlike AOD, is “only sensitive to desert dust and elevated smoke layers. 1592 

Therefore, it does not account for aerosols of industrial origin or any kind of aerosol in the 1593 

lowest 2 km of the atmosphere” (Personal Communication - NASA). However in the SEAP Area 1594 

it is useful as we are investigating biomass burning “smoke” in SON and the CALIPSO data at 1595 

https://eosweb.larc.nasa.gov/project/calipso/calipso_table shows smoke at an altitude of 3Km in 1596 

October 2015, above the lower limit of AI data. 1597 

2.3 Global Volcanism Program Data 

Volcanoes are the major source of natural aerosols in the SEAP Area which existed prior 1598 

to the anthropogenic SEAP of recent decades as described in Appendix A.  1599 

The Global Volcanism Program (GVP) database [Venzke, 2013] includes the Volcanic 1600 

Explosivity Index (VEI) for most eruptions. The VEI was converted to tephra using the table in 1601 

[Newhall and Self, 1982] which relates the VEI of an eruption to an estimated volume of Tephra 1602 

(VEIT), the material explosively ejected into the atmosphere during the eruption.  The IPCC 1603 

AR5 [Stocker et al., 2013] shows that tropospheric, tropical/sub-tropical, volcanic aerosols have 1604 

a residence time of one to three weeks in the atmosphere and Simkin and Siebert [2000] state that 1605 

the median duration of a volcanic eruption is seven weeks which results in a median plume 1606 

duration of eight to ten weeks. Under the plume the eruption  produces “Cooling because 1607 

http://www.bom.gov.au/climate/search/enso-wrap-up.shtml?bookmark=no-rm
http://www.esrl.noaa.gov/psd/data/timeseries/
https://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/Data/dmi.long.data
http://www.cpc.ncep.noaa.gov/data/indices/ersst4.nino.mth.81-10.ascii
ftp://ftp.bom.gov.au/anon/home/ncc/www/sco/soi/soiplaintext.html
https://eosweb.larc.nasa.gov/project/calipso/calipso_table
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reduction of sunlight overwhelms any increased downward energy emitted by volcanic cloud” 1608 

[Kirtman et al., 2013].  1609 

Simkin and Siebert [2000] state that 16 volcanoes have been erupting nearly continuously 1610 

for 24 years and that 5 of them are in the SEAP Area.  1611 

Appendix A describes the processing route for the  GVP eruption data which is available 1612 

at http://volcano.si.edu/list_volcano_holocene.cfm. This data was then correlated with: 1613 

1. Rainfall in the Riverina West Rainfall District: Data: BOM CD and 2009 -2016 data by 1614 

personal communication;  1615 

2. Rainfall in Melbourne, Adelaide and Echuca: data from BOM; 1616 

3. The inflows into the River Murray: Data: Murray Darling Basin Authority (MDBA) 1617 

(personal communication) 1892 to 2015; 1618 

4. Convection in the SEAP Area: Data NCEP reanalysis1948 to 2016 1619 

5. Mean SLP in Echuca and Melbourne: Data BOM Australian Climate data CD  1620 

3 RESULTS 

The climate is highly variable with more than one agent usually contributing to any 1621 

variation and therefore whilst useful information can be extracted from such data using only time 1622 

series analysis it is preferable to also analyse the data by segmenting the data on the basis of the 1623 

forcing agent being investigated, averaging and then correlating as the averaging process 1624 

improves the signal to noise ratio in the data significantly and the range of the forced parameter 1625 

from the lowest to the highest forcing segment is a good indicator of the effects of the forcing 1626 

agent without relying on correlation.   1627 

Some of the correlations from the LME and LE show significance levels that are much 1628 

less than 0.01 due to the correlation magnitude and the length of the time series. 1629 

Note: Colour coding for the correlation significance in all results is Blue < 0.1, Green 1630 

<0.05, Orange <0.02, Yellow < 0.01.   1631 

3.1 Modelling Data 

3.1.1 Last Millennium Ensemble 1632 

Segment analysis results in the extraordinary correlations shown in the last two rows of 1633 

Figure 9, the majority are 0,97 or greater magnitude. The segments boundaries for all runs except 1634 

the “All” and “Aero” were set at AODVIS levels of: 0, 0.025, 0.028, 0.032, 0.038, 0.046, 0.055, 1635 

0.065 and 25 for all the CSEAP Area correlations and 0, 0.043, 0.046, 0.049, 0.053, 0.059, 1636 

0.068, 0.078 and 25 for the SEAP Area correlations. The AODVIS levels in the SEAP and 1637 

CSEAP Areas are different with annual averages of 0.100 and 0.077 respectively and hence 1638 

require different segments for analysis. The “All” and “Aero” runs show very different aerosol 1639 

levels and therefore very different segments have to be used and, although they show similar 1640 

levels of correlation with the IOD, and PSL and PRECL in SEAus they were not included in this 1641 

analysis for simplicity. A graph of annual average SE Australian rainfall (PRECL), SLP (PSL) 1642 

and AODVIS is at Figure 10 and shows that precipitation falls from an average of 398 to 162 1643 

http://volcano.si.edu/list_volcano_holocene.cfm
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mm/annum from the segment with the lowest AODVIS to the segment with the highest, a fall of 1644 

59%.  1645 

The AODVIS and the IOD graph is at Figure 11 showing an IOD rise from -1.2 to 1.0 1646 

from the lowest AODVIS segment to the highest. This compares well with the NOAA IOD data 1647 

which has a range of -1.2 to 1.5 noting that the highest monthly maximum of the LME AODVIS 1648 

(Aero (2)) at 0.28 is much lower than the Terra AOD at 1.56 with only three years showing 1649 

maximum monthly AOD in the Terra data less than 0.28. Correcting this bias in the LME data 1650 

would be expected to increase the maximum of the IOD in the LME data to at least the level in 1651 

the instrument record. 1652 

Graphs of the Nino 3.4 SST, the SOI and omega in the SEAP Area are in the companion 1653 

paper [K.A. Potts, 2020b]. 1654 

Note: The volcanic forcing data in the LME cannot of itself demonstrate the connection 1655 

between the natural volcanic SEAP and rainfall and SLP in SEAus, the IOD and ENSO as it does 1656 

not have the resolution required to do so. It is derived from ice cores in the Arctic and Antarctic 1657 

[Otto-Bliesner et al., 2016] and [Gao et al., 2008] who provide the data as only stratospheric 1658 

sulfate forcing in latitude bands (ten degrees wide), by altitude and month. For volcanic tephra to 1659 

travel to the polar regions the tephra must be injected into the stratosphere requiring a minimum 1660 

VEI of 3 to 4. Hence all the VEI 0,1,2 and some (50% assumed) of the VEI 3 eruptions in the 1661 

SEAP Area must be missing from the dataset. Since this excludes over 94% of the eruptions in 1662 

the SEAP Area since 1850 which are used in this paper the resolution of this LME volcanic 1663 

forcing dataset is inadequate in itself in terms of eruption size, geospace and aerosol type to 1664 

prove the causation of the effects of volcanic tephra described in this paper. Although these 1665 

volcanic forcing runs do provide another independent LME aerosol forcing dataset which is 1666 

used.  1667 
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 1668 

AODVIS 
Omega 

(609mb) 
SST Nino 3.4 TS SOI IOD 

Pressure 

SEAus 

Rainfall 

SEAus 

Monthly (Segmented) 

CSEAP Area 0.95 0.96 -0.97 0.94 0.82 -0.83 

SEAP Area 0.76 0.93 -0.98 0.94 0.84 -0.98 

September to November Averages 

CSEAP Area 0.82 0.79 -0.79 0.85 0.42 -0.76 

SEAP Area 0.87 0.77 -0.78 0.82 0.50 -0.72 

April to October Averages 

CSEAP Area 0.80 0.85 -0.89 0.88 0.68 -0.79 

SEAP Area 0.81 0.83 -0.80 0.83 0.75 -0.65 

Annual Averages  

CSEAP Area 0.79 0.90 -0.86 0.89 0.70 -0.78 

SEAP Area 0.83 0.84 -0.79 0.76 0.78 -0.59 

Annual Average - Segmented 

CSEAP Area 0.92 1.00 -1.00 0.97 0.97 -0.95 

SEAP Area 0.98 0.99 -0.97 0.90 0.99 -0.87 

Figure 9 LME correlations of AODVIS in the CSEAP and SEAP Areas with the parameters shown.  1669 

  1670 
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 1671 

Figure 10: Segmented Annual LME AODVIS with SEAus Precipitation and SLP. Averaged 1672 

using the 850 GHG, Land, Orbital, Solar and Volcanic runs. 1673 

 1674 

 1675 

Figure 11: Segmented Annual LME AODVIS and the Indian Ocean Dipole. Averaged using the 850, GHG, Land, 1676 

Orbital Solar and Volcanic runs. 1677 
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3.1.2 Large Ensemble 1678 

The LE data was analysed in the same way as the LME data for the historic data from 1679 

1850 to 2005 and the RCP 8.5 data from 2006 to 2100 separately and the results were then 1680 

averaged and are shown in Figure 12.  1681 

 1682 

AODVIS 
Omega 

(609mb) 
SST Nino 3.4 TS SOI IOD 

Pressure 

SEAus 

Rainfall 

SEAus 

Monthly (Segmented) 

CSEAP Area 0.96 0.90 -0.86 0.85 0.96 -0.76 

SEAP Area 0.83 0.93 -0.95 0.91 0.82 -0.89 

September to November Averages 

CSEAP Area 0.90 0.78 -0.73 0.78 0.41 -0.75 

SEAP Area 0.85 0.63 -0.72 0.80 0.42 -0.66 

April to October Averages 

CSEAP Area 0.91 0.88 -0.84 0.81 0.71 -0.78 

SEAP Area 0.83 0.76 -0.76 0.87 0.73 -0.70 

Annual Averages  

CSEAP Area 0.92 0.92 -0.82 0.84 0.70 -0.74 

SEAP Area 0.91 0.86 -0.77 0.87 0.78 -0.73 

Annual Average – Segmented 

CSEAP Area 0.98 0.99 -0.97 0.96 0.97 -0.96 

SEAP Area 0.98 0.99 -0.97 0.99 0.98 -0.96 

Figure 12 LE average correlations of AODVIS in the CSEAP and SEAP Areas with the parameters shown. 1683 

3.1.3 MERRA-2 1684 

The NASA MERRA-2 reanalysis is an atmospheric reanalysis of the modern satellite era 1685 

produced by NASA’s Global Modelling and Assimilation Office. MERRA-2 is especially useful 1686 

for the analysis in this paper as it includes the assimilation of aerosol observations and extended 1687 

for 39 years in 2019. The aerosol loading in the CSEAP area is highly variable with significant 1688 

spikes at near random intervals making it especially useful in correlation analysis. Results from 1689 

the analysis of the MERRA-2 data are shown in Figure 13 (right hand column) where all the data 1690 

is derived from the MERRA-2 dataset. These results support the LME and LE analysis. The 1691 

areas used for the MERRA-2 analysis SLP and rainfall analysis are longitude 140° 149°E and 1692 

latitude 36° 39°S.  1693 

Graphs of the MERRA-2 SON AOD, precipitation in SEAus, the IOD and SLP in SEAus 1694 

are at Figures 14 and 15 which show a fall in precipitation of 39% from the segment with lowest 1695 

AOD to the highest whilst the IOD rises from -0.38 to 0.74 across the same segments. 1696 

  1697 



Confidential manuscript submitted to Journal of Geophysical Research - Atmospheres 

 

 1698 

A Sept Oct Nov – Correlations 

    AOD Terra AI Nimbus 

7 AI E Probe AI OMI AI N7 + EP AI 

N7+EP+OMI 
MERRA-2 
MERRA-2 

    2000-18 1979-1992 1996-2001 2004 - 18 1979...2001 1979…2018 1980-2018 
1 MERRA Rainfall  -0.66 -0.41 -0.45 -0.23 -0.24 -0.17 -0.52 
2 MSL Pressure 0.69 0.26 0.69 0.46 0.49 0.47 0.42 
3 SST SEAP Area -0.66 -0.68 -0.85 -0.20 -0.41 0.11 -0.54 
4 CSEAP Omega 0.91 0.57 0.96 0.62 0.56 0.31 0.79 
5 IOD 0.57 0.62 0.95 0.30 0.79 0.63 0.62 
6 Nino 3.4 SST 0.77 0.56 0.91 0.65 0.61 0.34 0.73 
7 SOI -0.75 -0.64 -0.85 -0.69 -0.45 -0.13 -0.73 

  
B Sept Oct Nov - Detrended (PAST 3) Correlations  

    AOD Terra AI  
Nimbus 7 AI E Probe AI OMI AI N7 + EP AI 

N7+EP+OMI 
MERRA-2 
MERRA-2 

    2000-18 1979-1992 1996-2001 2004 - 18 1979...2001 1979…2018 1980-2018 
1 MERRA Rainfall  -0.66 -0.69 -0.46 -0.29 -0.37 -0.39 -0.52 
2 MSL Pressure  0.70 0.42 0.67 0.48 0.54 0.51 0.45 
3 SST SEAP Area -0.67 -0.83 -0.83 -0.33 -0.75 -0.65 -0.58 
4 CSEAP Omega 0.92 0.79 0.98 0.68 0.74 0.71 0.78 
5 IOD 0.58 0.69 0.92 0.25 0.83 0.66 0.67 
6 Nino 3.4 SST 0.77 0.67 0.92 0.61 0.73 0.63 0.75 
7 SOI -0.74 -0.76 -0.87 -0.65 -0.65 -0.60 -0.73 

 1699 

Figure 13: Correlations of time series (A) and detrended (using PAST 3) time series (B) AI and AOD over the 1700 

CSEAP Area with characteristics of Australian drought, CSEAP Area Omega and the IOD in SON. In the MERRA-1701 

2 MERRA-2 column only data from the MERRA-2 reanalysis is used using the same areas as is used in all the other 1702 

columns. 1703 

  1704 
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 1705 

 1706 
Figure 14: SON MERRA-2 AOD CSEAP Area, Rainfall SEAus and the IOD segmented and averaged 1707 

 1708 

 1709 

Figure 15: SON MERRA-2 AOD CSEAP Area and SLP segmented and averaged 1710 

3.2 Satellite Data 

As shown in Figure 7 the CSEAP AI data contains a significant trend and therefore the 1711 

SON AI, AOD and other data was detrended using PAST 3 [Hammer et al., 2001] and then 1712 

correlated both as a times series and a detrended time series. The results are shown in Figures 1713 

13(A) and (B) which show statistically significant correlations with all seven (AOD) and six of 1714 

seven (N7 AI) detrended parameters respectively. The EP and OMI AI data are shown correlated 1715 

alone and the EP data with the N7 data and the OMI data with both the N7 and EP data. Due to 1716 
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the short duration of the EP data, the extreme 1997 biomass burning event in Indonesia and the 1717 

very unusual 1997 biomass burning event in north western Australia the EP data should be 1718 

interpreted with caution. However, it is considered to support the N7, OMI and AOD 1719 

correlations. The EP data was detrended with PAST 3 by detrending the data without the extreme 1720 

1997 data and then reinserting the 1997 data as detrending with the 1997 data introduces a 1721 

different, significant trend. 1722 

The lower correlation coefficients for the N7 AI time series data cf. the Terra AOD data 1723 

are suggested to relate to the much lower AI level in the SEAP Area in the early years of the data 1724 

when the effects of the plume would have been much smaller and to the effects of the significant 1725 

trend in the AI data which is demonstrated by the higher correlation coefficients of the detrended 1726 

data.  1727 

The OMI AI data shows lower correlation magnitudes than the AOD data with reduced 1728 

significance caused at least partially by the shorter duration of this data. The detrended OMI AI 1729 

and Terra AOD data correlate at 0.85 and the significance of the OMI data is therefore expected 1730 

to increase as its duration increases. 1731 

The detrended time series of the AI and AOD of the CSEAP Area with SEAus rainfall 1732 

and pressure are shown in Figures 16 and 17. The AI and AOD are shown on the same scale in 1733 

these graphs to minimise the number of graphs although the AI and AOD measure different 1734 

aspects of the aerosol plume.  1735 

Segmenting the Terra AOD and rainfall data in the same way as the MERRA-2 data 1736 

shows a decline in rainfall in SON of 47% from the segment with the lowest AOD to the highest. 1737 

Note: The AI derived from OMI is significantly higher than that derived from the N7 and 1738 

EP satellites at about 0.8 base level compared with 0.2 (EP) and 0.1 (N7). This disparity is not 1739 

seen in data from the aerosol plumes over the Amazon and West Africa. It may be due to several 1740 

causes including instrumentation differences, aerosol height, the actual increase in aerosol 1741 

loading over time, volcanic aerosols in the SEAP which are not present in the other areas and the 1742 

non-volcanic aerosol types present. The OMI data is therefore useful as an independent dataset 1743 

and detrended in combination with the detrended N7 and EP data. In Figure 13A the combined 1744 

N7, EP and OMI data has been retained for completeness but should be viewed with caution due 1745 

to the discontinuity discussed above. 1746 

 1747 

  1748 
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 1749 

 1750 
 1751 

Figure 16: Average SON AI and AOD CSEAP Area and Rainfall south eastern Australia (from NASA MERRA 1752 

converted to mm/month.) PAST 3 detrended 1753 

 1754 

 1755 

 1756 
 1757 

Figure 17: Average SON AOD and AI CSEAP Area and MERRA-2 SLP south eastern Australia PAST 3 detrended. 1758 
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3.3 Global Volcanism Program Data 

The SEAP Area VEIT data was processed into monthly totals as shown in Appendix A, 1759 

then smoothed with a 12-month running average before segmenting and averaging which is 1760 

expected to improve the signal to noise level in the data as both the VEI(T) and Murray River 1761 

data have caveats on accuracy.  1762 

Figure 18 shows the correlations of the segmented and averaged SEAP Area VEIT with 1763 

rainfall, pressure, inflows into the River Murray and CSEAP Area omega and demonstrates 1764 

statistically significant correlations exists. The three locations, Adelaide, Melbourne and Echuca, 1765 

are spread across the area used in the analysis of the satellite data from north to south and east to 1766 

west to demonstrate the spread of reduced rainfall across SEAus using measured rainfall data. 1767 

It is worth noting here that the SEAP Area covers 70º of longitude, 19% of the Earth’s 1768 

circumference, and the effect of volcanic tephra ejected in the eastern part of the SEAP Area on 1769 

SEAus may be different to volcanic tephra ejected in the central or western part. 1770 

The plots of the segmented and averaged data are shown in Figure 19 (RWRD rainfall) and 1771 

Figure 20 (Murray River inflows). It is worth noting that from the lowest VEIT at 0.000167Km3 1772 

to the fourth segment with VEIT at 0.0011 Km3 the inflows into the River Murray declined by 1773 

15% to 820 Gl/month and with VEIT at 0.017, the highest, by 63% to 360 Gl/month. 1774 

  1775 
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 1776 

Index 
Correlation 

(Monthly) 
Period 

RWRD Rainfall (BOM) -0.99 1890 – 2016 

Adelaide Rainfall (BOM) -0.89 1870 - 2018 

Melbourne Rainfall 

(BOM) 
-0.91 1890 - 2018 

Echuca Rainfall (BOM) -0.97 1890 - 2018 

Murray River Inflow 

(MDBA) 
-0.98 1892 – 2015 

SLP Melbourne 0.96 1903 - 2008 

SLP Echuca 0.84 1908 - 2008 

CSEAP Area Omega 

(NCEP/NCAR) 
0.98 1948 – 2018 

 1777 

Figure 18: Correlations of segmented and averaged SEAP Area VEIT with parameters shown for the periods shown. 1778 

All annual data except for SLP which is April to October average.  1779 

 1780 

  1781 
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 1782 

Figure 19: Monthly RWRD Rainfall and SEAP Area VEIT 1890 to 2016 data segmented and averaged. 1783 

 1784 

 1785 

Figure 20: Annual Murray River Inflows and VEIT from the SEAP Area. 1892 to 2015 data segmented and 1786 

averaged. 1787 
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3.4 Convection in the CSEAP Area 

Radical changes in convection occur in the CSEAP Area when the SEAP exists and the 1788 

detrended AOD and AI of this area was correlated with the detrended NCEP/NCAR reanalysis 1789 

omega at the 400hPa level in the same area. Omega is a measure of vertical velocity in the 1790 

atmosphere at specific pressure levels. Positive values indicate falling motion and negative 1791 

values rising and a reduction in convection produces a positive change in omega. The 1792 

correlations of the detrended data are shown in Figure 13 (B) (4) at 0.68 or greater magnitude 1793 

showing that when an aerosol plume is present over the CSEAP area convection decreases. The 1794 

segmented and averaged VEIT data was also correlated with the CSEAP Area omega. Figure 18 1795 

shows the statistically significant correlation. Graphs of the data are in the companion paper 1796 

[K.A. Potts, 2020b]. 1797 

4 MECHANISMS – FOLLOWING THE HYPOTHESIS 

Timbal et al. [2010] state that “Many of the influences of the climate indices on SEA 1798 

(South Eastern Australia) come about through modulations of the atmospheric circulation”. This 1799 

section explains how ARD caused by apparitions of the SEAP drives these modulations of 1800 

rainfall and SLP in SEAus and the IOD via the effects outlined in the hypothesis and physical 1801 

model. ENSO is addressed in the companion paper [K.A. Potts, 2020b]. 1802 

The extreme interannual variation in the AOD of the SEAP is used to show the changes 1803 

wrought by the SEAP using the NCEP/NCAR reanalysis and MERRA-2 data by subtracting the 1804 

SON data in 2016, low AOD, from 2015, high AOD (as shown in Figures 5 and 7), which shows 1805 

the effect of the 2015 apparition of the SEAP.  1806 

4.1 The SEAP Forms 

In recent decades the AOD of the SEAP Area has increased as Figures 5 and 7 and 1807 

Appendix A show due to increases in both the natural and anthropogenic plumes. In SON the 1808 

anthropogenic SEAP has increased significantly in some years as Figure 7 also shows. Figure 21 1809 

shows the extreme change in the SEAP in SON between 2015 to 2016. The actual extent of the 1810 

2015 apparition of the SEAP is similar to the 2006 apparition shown in Figure 6. 1811 
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 1812 

Figure 21: Terra AOD SON 2015-2016 (NASA Panoply) 1813 

  1814 
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4.2 The SEAP absorbs solar radiation and heats the atmosphere 

Figure 22 shows the MERRA-2 air temperature averaged across the CSEAP Area longitudes from 30°S to 1815 

30°N and it can be clearly seen that in the high AOD year the air temperature within the plume at 400hPa and 1816 

650hPa is higher which correlates with estimated aerosol height from the Calipso data reasonably well. 1817 

 1818 

Figure 22: MERRA-2 SON Air Temperature averaged across the CSEAP Longitudes 2015-2016 1819 

  1820 
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4.3 The SEAP reduces surface solar radiation which cools the surface 

The NCEP/NCAR reanalysis dataset SON SST in Figure 23 with 2016 subtracted from 2015 shows nearly 1821 

all the SEAP Area sea surface is cooler except the extreme north and west.  1822 

 1823 

Figure 23: NCEP/NCAR SST 2015-2016 1824 

  1825 
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4.4 Convection in the SEAP Area:  

The effects of aerosols on convection and atmospheric circulation have been extensively described in the 1826 

literature as discussed in the introduction. The SEAP absorbs solar radiation which warms the upper atmosphere and 1827 

reduces solar radiation at the surface which cools the lower atmosphere. This alters the vertical temperature profile 1828 

of the atmosphere with warmer air above cooler air (relative to the temperatures without the plume) and this 1829 

stabilises the atmosphere and reduces convection. This well understood process is confirmed in the SEAP Area in 1830 

this paper with the demonstrated correlation of omega with the AOD, AI and ejected volcanic ash in the area and in 1831 

Figures 13, 18 and 24 where again nearly all the SEAP Area is affected except the extreme north and west. 1832 

 1833 

Figure 24: NCEP/NCAR convection at the 400 mb level 2015-2016 1834 

  1835 
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4.5 Hadley Cells:  

The Hadley Cells are thermally driven [G R McGregor and Nieuwolf, 1977], [Barry and 1836 

Chorley, 2010] and [IPCC, 2007]. Reduced convection in the SEAP Area alters the regional 1837 

Hadley Cells and this can be clearly seen in Figure 25 where the rising limb of the southern 1838 

Hadley Cell has been altered in the year of high AI or AOD in the SEAP Area relative to the low 1839 

AI or AOD years and the  region driving the greatest convection is between 20° and 30° south. 1840 

 1841 

Figure 25: NCEP/NCAR omega averaged across the SEAP Area longitudes 2015-2016 1842 

 1843 

  1844 
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4.6 High Pressure over SE Australia  

The perturbation of the “Southern Hadley Cell” shown in Figure 25 creates falling 1845 

motion and therefore anomalous high pressure over SEAus as Figure 26 shows.  1846 

 1847 

Figure 26: NCEP/NCAR Surface Pressure 2016 -2015. 1848 

  1849 
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4.7 Rainfall in SE Australia  

Rainfall reduces in SEAus when ARD occurs in the SEAP Area because: The SEAP 1850 

reduces the SST in the SEAP Area and this reduces evaporation in an area which is a major 1851 

source of precipitation for SEAus; and the SEAP also forces the perturbation of the “Southern 1852 

Hadley Cell” which creates a persistent high pressure system over SEAus which then forces the 1853 

low pressure systems and cold fronts to the south resulting in fewer rain events and, as each rain 1854 

event deposits less rain due to the lower humidity, drought ensues as Figure 27 shows. Note the 1855 

band of reduced rainfall extends from SEAus to the NNW and points directly at the CSEAP 1856 

Area, the southern part of which is also experiencing a significant reduction in rainfall. 1857 

 1858 

Figure 27: NCEP/NCAR Reanalysis surface precipitation 2015-2016. 1859 

  1860 
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4.8 The IOD 

In Figure 23 the SST (2015-2016) is cooler in the eastern IOD Area, as it is shaded by the 1861 

SEAP, and warmer in the western IOD Area as the surface wind speed reduces which drives the 1862 

IOD into a positive phase when the AOD in the SEAP Area is high. 1863 

5 CAUSATION ANALYSIS 

It is clearly understood that correlation between events A and B does not prove causation 1864 

from A to B or vice versa. Thus, the causal relationship between the SEAP and the ENSO must 1865 

be demonstrated in other ways. 1866 

5.1 Volcanic Eruptions 

Volcanic eruptions are caused by deep earth tectonic processes and cannot be caused by 1867 

rainfall or SLP thirty degrees of latitude away. Therefore, given the clear correlation between 1868 

volcanic tephra, rainfall and SLP demonstrated in this paper the causal relationship must be from 1869 

the volcanic tephra to the rainfall and SLP. 1870 

5.2 Analysis without Correlation 

Figure 10 shows that the LME annual precipitation in SEAus falls from 398mm to 162 1871 

mm a fall of 59% from the segment with the lowest AODVIS to the one with the highest and this 1872 

is comparable to the fall in the measured annual RWRD rainfall in 2006 from 2005 of -56% 1873 

without using correlation. 1874 

5.3 ENSO and the IOD 

This paper and its companion [K.A. Potts, 2020b] show that the SEAP is simultaneously 1875 

the cause of drought in SEAus, and the  IOD and ENSO events which have historically been 1876 

cited as the cause of drought in SEAus. The IOD and ENSO are therefore not the drivers of 1877 

drought in SEAus.  1878 

5.4 Modelling 

LME: there is no physical mechanism by which drought or SLP in SEAus can create 1879 

aerosols in the LME over south east Asia hence the causal direction must run from the aerosols 1880 

to the rainfall and SLP. 1881 

In addition, the aerosol forcings in all LME runs are fixed at 1850 values except for the 1882 

“ozone and aerosol” and “all” runs and there can therefore be no forcing of the aerosols by any 1883 

agent within these six runs and the causal direction must flow from the aerosols to the rainfall 1884 

and SLP. 1885 

LE: Aerosols are included as forcing agents in the LE and rainfall and SLP in SEAus 1886 

cannot therefore affect the aerosols over SEAsia and the causal direction must run from the 1887 

aerosols to rainfall and SLP.  1888 
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MERRA-2 reanalysis assimilates measured aerosol data and therefore the causal 1889 

direction must be from the aerosols to the rainfall and SLP. 1890 

5.5 Multiple Independent Datasets 

 Seven of eight LME modelling runs (excluding the aerosol forced run as it correlates 1891 

with the All forcing run) and the MERRA-2 reanalysis exhibit very low or negative correlations 1892 

between the CSEAP AODVIS in the individual runs as shown in the correlation matrix in 1893 

Appendix C with an overall average 0.0016. Hence the datasets are independent. The LE is 1894 

excluded as it correlates with the LME ALL forcing run. 1895 

All the datasets show correlations with the rainfall and SLP at significance of <0.01 or 1896 

less and the chance that all these eight independent datasets show the same result and are wrong 1897 

is the product of the significance i.e. 0.01-8 or 10.0-16, a vanishingly small number. 1898 

5.6 Companion Paper 

The companion paper [K.A. Potts, 2020b] demonstrates that ENSO events which have 1899 

commonly been linked to drought in south eastern Australia  are also caused by the SEAP and 1900 

this further confirms that the causal relationship flows from the SEAP to all these events. 1901 

5.7 Segmented Data 

The climate is a chaotic system and my preferred way to analyse climate data is to 1902 

segment, average the data as the averaging process will improve the signal to noise ratio of the 1903 

analysis. When the LME CSEAP annual AODVIS and rainfall and SLP data in SEAus is 1904 

segmented on the basis of the AODVIS data and then averaged and correlated R2 values of 0.92 1905 

and 0.97 (Figure 10) are found. This demonstrates clearly that the SEAP is the major and 1906 

possibly the only driver of reduced rainfall and increased SLP in SEAus. 1907 

The difference between the lowest LME CSEAP Area AODVIS segment and the highest 1908 

shows a reduction in annual precipitation in SEAus of 236mm or 59% in Figure 10 with an 1909 

obvious, well-established trend. Similarly, the same Figure shows and increase in SLP of 1.8 hPa 1910 

also with a well-established trend. This analysis does not depend on correlation.  1911 

5.8 Causal Direction 

Therefore with: 1912 

3. The volcanic aerosols demonstrating conclusively that SEAP Area aerosols must be the 1913 

cause of reduced rainfall and increased SLP in SEAus; 1914 

4. The segmented LME data showing a reduction in rainfall in SEAus as the AODVIS level 1915 

of the SEAP rises without using correlation; 1916 

5. The LME and MERRA-2 time series analysis showing the same results across multiple 1917 

independent datasets with a vanishingly small chance of error; 1918 

6. The LME data showing, by a preferred analysis method, extremely high correlations of 1919 

AODVIS, PRECL and PSL (R2 = 0.92 and 0.97) which leave no possibility of other 1920 

significant drivers; 1921 
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7. The demonstration that IOD and ENSO (in the companion paper) events which are 1922 

commonly cited as the cause of drought in SEAus are also caused by the SEAP;  1923 

8. The support of four satellite datasets showing the same results; 1924 

The inevitable conclusion is that the hypothesis is proven and the SEAP is the primary 1925 

driver of reduced rainfall and increased SLP in SEAus and may even be the sole driver. 1926 

6 THE CAUSE OF THE MILLENNIUM DROUGHT IN SOUTH EASTERN 

AUSTRALIA  

This paper shows that volcanic and anthropogenic aerosol plumes in the SEAP Area are 1927 

the primary cause of drought in SEAus and this allows the causes of the Millennium Drought to 1928 

be determined.  1929 

6.1 Changes in the Natural SEAP  

The level of tectonic activity in the SEAP Area during the Millennium Drought was at an 1930 

extremely high level (Figure 28) with five of the twenty largest earthquakes (magnitude 8.4+) in 1931 

the world between 1900 and 2015 occurring in the SEAP Area and four of them occurring 1932 

between 2000 and 2015 (United States Geological Survey (USGS) database). In concert with this 1933 

increased tectonic activity the volcanic activity in the SEAP Area also intensified significantly 1934 

and Figure 29 shows that in the decade from 2000 to 2009 there were 79 eruptions and 0.50 km3 1935 

of tephra ejected against averages of 40.9 and 0.17 km3 per decade over the twentieth century an 1936 

approximate doubling and trebling respectively. 1937 
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Figure 28: Total Monthly Earthquakes SEAP Area with major events Magnitude 7.7+ 1940 

shown. USGS Earthquake database. 1941 

  1942 
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 1943 

 1944 

Figure 29: Decadal total and average volcanic eruptions and tephra volume in the SEAP 1945 

Area from April to October. Averages from 1900 to 1999. The 2010 data has been increased pro 1946 

rata to enable comparison with other decades. 1947 

6.2 Changes in the Anthropogenic SEAP  

The background level of AOD in the SEAP Area was significantly higher during the 1948 

Millennium Drought having increased by 679% in SON from 1979 to 2000 and it is worth noting 1949 

here that this background level has not reduced in the last decade (Figures 5 and 7). There was 1950 

also a large increase in the frequency and intensity of rainforest clearing events in the SEAP 1951 

Area (seen as the AI and AOD peaks in 1997, 2002, 2004, 2006 and 2009 in Figures 5 and 7) 1952 

with the associated increased extent and AOD of the carbonaceous aerosol plume in the SEAP 1953 

Area in SON.  1954 

6.3 The Cause 

In the segmented model data the correlations of the LME CSEAP AODVIS and 1955 

precipitation and SLP data for SEAus in Figure 9 are -0.95 and 0.97 respectively (LE 1956 

correlations -0.96 and 0.97) which give r2 = 0.90 and 0.94 and conclusively shows that the SEAP 1957 

is the prime cause of drought in SEAus. 1958 

During the Millennium Drought I have shown there was a significant increase in volcanic 1959 

activity, background AOD levels and rainforest clearing in the SEAP Area which drove the AOD 1960 

of the SEAP Area higher and which: 1961 

1. Cooled the sea surface under the plume resulting in lower evaporation in the 1962 

region where the water which falls as rain in SEAus evaporates; 1963 
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2. Perturbed the southern, regional Hadley Cell resulting in anomalous high pressure 1964 

over SEAus; which 1965 

3. Forced cold fronts, which normally cross SEAus, to the south and away from the 1966 

continent.  1967 

Therefore, large increase in the natural and anthropogenic SEAP during the years of the 1968 

Millennium Drought was the cause of the Millennium Drought in SEAus.  1969 

7 FUTURE RESEARCH 

To finally confirm the findings above I suggest that a further LME analysis is undertaken 1970 

in which an aerosol plume is created in the model which ramps up from the naturally low level in 1971 

January to reach the same AOD as the extreme SEAP of October 2006 or 2015 in February, 1972 

continues at the same level to October and ramps down in November to the naturally low level in 1973 

December. This plume to be applied in the model with random returns from 2 to 10 years to 1974 

mimic the actual known return frequency of ENSO events with all other forcing agents held 1975 

constant. 1976 

This modelling should be repeated with AOD levels reduced by perhaps 0.1 between runs 1977 

to determine the level of AOD in the SEAP Area which is required to create the effects outlined 1978 

in this paper. 1979 

This will confirm the analysis in this paper and conclusively demonstrate that reduced 1980 

rainfall and increased SLP in SEAus and IOD and ENSO events are caused by the SEAP. 1981 

8 CONCLUSIONS 1982 

The LME with 1.156 annual and 13,872 monthly time series data points, the LE 1983 

including the RCP 8.5 forcing to 2100, MERRA-2, measured aerosol datasets from four satellites 1984 

and the GVP volcanic eruption data all confirm the direct connection between the SEAP and 1985 

drought in SEAus in multiple independent ways and my analysis clearly shows that the 1986 

relationship must be causal.  1987 

I therefore conclude that Aerosol Regional Dimming by apparitions of the SEAP is the 1988 

prime trigger for and sustaining influence on drought in SEAus, ENSO and IOD events. 1989 

Applying this conclusion to the Millennium Drought, it is obvious that this 1990 

unprecedented drought was caused by: 1991 

1. The increased level of tectonic activity, earthquakes and volcanic eruptions which led 1992 

to a tripling of the volcanic tephra ejected in the SEAP Area; 1993 

2. The increase in background AOD in the SEAP Area; and 1994 

3. The increase in the intensity and frequency of the anthropogenic SEAP in SON  1995 

These conclusions demonstrate the importance of accurately modelling in climate 1996 

analysis: 1997 

1. The natural volcanic tephra plumes from both small and large volcanic eruptions; 1998 

2. The other seven continental scale, anthropogenic, carbonaceous, aerosol plumes in 1999 

Africa the Americas, the Middle East and Asia; 2000 
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at adequate spatial and temporal resolutions. 2001 

Finally I concur with Booth et al. [2012] that emissions of carbonaceous aerosols are 2002 

directly addressable by government policy actions and suggest that this is an urgent necessity to 2003 

avoid future anthropogenic droughts in the Austral spring in south eastern Australia.   2004 
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9 APPENDICES 2005 

9.1 Appendix A: The Three Major Sources of the SEAP and the Volcanic Data 

Processing Route 

9.2 Appendix B: The LME and LE Processing Route 

9.3 Appendix C: LME and MERRA-2 Aerosol Correlation Matrix 

The appendices are included in the companion paper [K.A. Potts, 2020b].  2006 
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