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Abstract26

An enhanced aerosol layer, known as the Asian Tropopause Aerosol Layer (ATAL), has27

been observed within the seasonal Asian monsoon anticyclone (AMA) since the late 1990s.28

Given the apparently abrupt appearance of this layer based on observations, it has been29

speculated that it originates from increasing human made emissions in Asia. However,30

the ATAL confinement is a result of a dynamical feature and does not purely consist of31

human made components. We herein investigate the possible existence of an ATAL ear-32

lier than the late 1990s. We exploit earliest possible, high quality space-based aerosol33

observations from Stratospheric Aerosol and Gas Experiment, or SAGE (1979-1981), SAGE34

III/ISS (2017, ongoing) and revisit SAGE II (1984-2005) data analysis. We find that sea-35

sonal averaged solar occultation aerosol measurements (past and present) can neither36

be used to exclude the existence of the ATAL, nor to infer a significant trend. However,37

first CAM5-MAM7 simulations indicate the presence of an ATAL signal for the tested38

years 1979 and 1980, with a human made component. We hypothesize that the human39

made component of the ATAL likely occurred since at least the 1970s, while the natu-40

ral ATAL component (e.g. from dust) has always existed. Extended simulation based41

ATAL evolution studies are therefore the most reliable source for early ATAL investi-42

gations.43

Plain Language Summary44

An enhanced aerosol layer in the Upper Troposphere and Lower Stratosphere (UTLS),45

known as ATAL (Asian Tropopause Aerosol Layer), was discovered during the seasonal46

Asian monsoon. Initial observations from space-borne aerosol data suggested its first ap-47

pearance in the late 1990s. However, our study reveals that the data set used (from SAGE48

instruments) is inadequate for ATAL evolution studies and to conclusively determine its49

existence. The limited sampling within the Asian monsoon region and cloud filtering pro-50

cedure do not provide sufficient data points for definitive conclusions. Nevertheless, the51

dynamical structure leading to an ATAL has always been present, leading us to hypoth-52

esize that the non-human-made ATAL component has existed previously. Additionally,53

our first model simulations for 1979 and 1980 indicate the presence of an ATAL.54

1 Introduction55

During Northern hemispheric summer the Asian monsoon is associated with the56

rainy season (June to September). The large scale monsoon convection lifts continen-57

tal, polluted air masses from the boundary layer to the upper-troposphere/lower-stratosphere58

(UTLS), where they are trapped within the dynamical boundaries of the Asian monsoon59

anticyclone (AMA). Deep convection sources for the air within the AMA takes mainly60

place at the foot hills of the Himalayas and the Sichuan Basin (e.g. Pan et al., 2016; Yuan61

et al., 2019; Fadnavis et al., 2013). This results in an enhancement of tropospheric trace62

gases (e.g. Santee et al., 2017) and aerosols (e.g. J.-P. Vernier, Thomason, & Kar, 2011;63

Yu et al., 2015; Bossolasco et al., 2021) within the AMA. The enhanced aerosol layer ob-64

served in the AMA is called the Asian Tropopause Aerosol Layer (ATAL). The ATAL65

was first reported by J.-P. Vernier, Thomason, and Kar (2011) with satellite-based data66

(i.e., CALIOP: Cloud-Aerosol Lidar with Orthogonal Polarization). Since then, the ex-67

istence of the ATAL was detected with multiple other satellite instruments (Stratospheric68

Aerosol and Gas Experiment, SAGE II: J.-P. Vernier et al. (2015) and Thomason and69

Vernier (2013), SAGE III/ISS and Ozone Mapping and Profiler Suite, OMPS: Kloss et70

al. (2019); CRyogenic Infrared Spectrometers and Telescopes for the Atmosphere, CRISTA:71

Höpfner et al. (2019) and in situ measurements (J.-P. Vernier et al., 2018; Brunamonti72

et al., 2018; Höpfner et al., 2019; Mahnke et al., 2021; Appel et al., 2022; H. Vernier et73

al., 2022). Multiple model studies have investigated the composition, source regions and74

evolution of the ATAL (e.g. Fadnavis et al. (2019)). Based on simulations, which do not75
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account for the locality of convection, main boundary layer source regions have been found76

at the Tibetan Plateau, southwest China, southeast Asia and the western Pacific (e.g.77

Vogel et al., 2015; Fairlie et al., 2020). However, source regions may vary even within78

each monsoon season, strongly influencing the strength of the ATAL (Vogel et al., 2015).79

The variability of the strength of the monsoon dynamics is also closely related to the day-80

to day distribution variability of enhanced trace gases and aerosol in the AMA (e.g. Lau81

et al., 2018; Hanumanthu et al., 2020; Fadnavis et al., 2017).82

The only attempt to investigate the first buildup and year-to-year evolution of the ATAL83

was made by J.-P. Vernier et al. (2015) (V15), using satellite observations by SAGE II84

and CALIOP ranging back to 1996. It was concluded, and has been widely accepted af-85

terwards by the scientific community, that the ATAL first appeared in 1998, likely re-86

sulting from increasing anthropogenic SO2 emissions in Asia. However, some doubts re-87

main on why the ATAL would first appear by 1998. Multiple results and arguments point88

to a possible existence of the ATAL prior to the 1990s:89

1. Model studies suggest that the ATAL aerosol is diverse in composition and not90

completely human-derived: Simulations show multiple types of aerosols within the91

ATAL including mineral dust, organic aerosol, nitrate, sulfate, and ammonium aerosol,92

without an exclusive human-derived component (Ma et al., 2019; Yuan et al., 2019;93

Fairlie et al., 2020; Bossolasco et al., 2021). A model study by Neely et al. (2014)94

shows that the ATAL might also exist without any emission contributions from95

Asia. Though, they also show that, for their model setup, without global anthro-96

pogenic emissions there would not be an ATAL layer. The model set up in Neely97

et al. (2014) does not consider ammonium chemistry.98

2. Höpfner et al. (2019) detected ammonium nitrate aerosols within the AMA in 1997,99

using archived satellite data (their Figure 1 with CRISTA-data). For the year 1997,100

space-borne data analysis in V15 did not identify a significant ATAL signal. In101

situ mass spectrometry analysis also reveal that the aerosols within the ATAL mainly102

consisted of ammonium nitrate and organics, during a measurement campaign in103

2017 (Appel et al., 2022).104

3. Increased anthropogenic emissions in Asia already started in the early 1960s (not105

the late 1990s) associated with the so-called ‘green revolution’. The green revo-106

lution describes the introduction of high-yielding crop varieties and massive us-107

age of fertilizers (nitrates), greatly increasing the food production as detailed in108

Liu et al. (2021) and Pingali (2012). (Smith et al., 2011) show that global SO2109

emissions began increasing around 1850 and peaked in the 1970s and slowly de-110

creased towards the late 1990s. SO2 emissions in China started exponentially in-111

creasing in ∼1950. Hence, even if the existence of the ATAL depended on human-112

made emissions, we would expect an ATAL signal long before the late 1990s.113

Within this study we are exploring the existence of the ATAL for years prior to the late114

1990, based on earliest possible high quality space borne observations and first respec-115

tive model simulations. Is it possible that limitations to the data or incomplete analy-116

sis hide earlier instances of ATAL?117

2 Methods118

2.1 SAGE I119

The Stratospheric Aerosol and Gas Experiment (SAGE, hereafter referred to as SAGE120

I) was a solar occultation instrument aboard the Applications Explorer Mission-B (AEM-121

B) satellite (Chu & McCornick, 1979; McCormick et al., 1979). It delivered measurement122

profiles from the cloud top (or 0.5 km) up to 40 km altitude of aerosol extinction and123

concentrations of ozone and nitrogen dioxide from February 1979 to November 1981. Here,124

we make use of the aerosol extinction data set version 1, given on two wavelengths: 1000125
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Figure 1. SAGE I (1000 nm) full time series of mean aerosol extinction values between the

tropopause and 1 km above the tropopause at different latitude bands. The latitude bands are

inspired by the Mt. St. Helens location at 46◦N. Significant eruptions by Mt. St. Helens (May

7th and June 5th 1980) and Pagan (May 15th 1981) are indicated with black vertical lines.

nm and 450 nm. However, because the 450 nm channel is only scientifically recommended126

for cloud filtering (i.e. to use information provided by the ratio of both channels), we127

do not show averaged profiles from the 450 nm channel (Thomason et al., 1997). SAGE128

I is reported every half kilometer, with a vertical resolution of around 1 km, similar to129

SAGE II (Damadeo et al., 2014). In the early 1980s, SAGE I data were validated through130

a correlative measurement program (P. B. Russell et al., 1984; Kent & McCormick, 1984).131

Together with SAM II it provides the first space-borne aerosol data set, ranging back132

as early as 1979. While the SAM II instrument only covered latitudes > 60 degree, SAGE133

I is the first instrument providing aerosol observations of the Asian monsoon region.134

SAGE I data released its most recent revision in 1986 and thus the current data set lacks135

the improved understanding reflected in later data sets like SAGE II v7.0 (Damadeo et136

al., 2013). Figure 1 shows that timing, location, altitude and magnitude of the aerosol137

extinction values after the Mt. St. Helens eruption (June 1980) and Alaid, Pagan (April138

and May 1981) are reasonable, i.e. the data catch larger values associated with the events,139

and are therefore trustworthy enough for further analysis. Hence, it is the earliest data140

set that can be used for the investigation of the ATAL.141

2.2 SAGE II142

The Stratospheric Aerosol and Gas Experiment II (SAGE II) (https://doi.org/143

10.5067/ERBS/SAGEII/SOLAR BINARY L2-V7.0) was the follow up instrument to SAGE144

I, mounted on board the Earth Radiation Budget Satellite (ERBS). It produced ozone,145

water vapor, nitrogen dioxide and aerosol extinction observations at four wavelengths146

from 1984 to 2005. Here, we use the aerosol extinction data set version 7.0 at 452 nm,147

525 nm and 1020 nm wavelength. With its solar occultation measurement technique, it148

measured up to 30 profiles per day (15 during sunrise, 15 during sunset), however, dur-149

ing the year 2000 the number of profiles obtained per day decreased to 16. It has a ver-150

tical resolution of about 0.5 to 1 km and a variable horizontal resolution, which depends151

on the angle between the Sun and the direction of motion of the spacecraft (between hun-152

dreds and thousands of km2) (Damadeo et al., 2014). The data set of SAGE II is still153

extensively used for aerosol extinction observations in the Upper Troposphere and Lower154

Stratosphere (for example in Thomason et al. (2021); J.-P. Vernier, Thomason, Pommereau,155

et al. (2011); Thomason and Vernier (2013)) and has also been used for an ATAL evo-156

lution investigation of V15, using a specifically designed cloud filter (Thomason & Vernier,157
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2013). Most (75%) of the SAGE II data record was influenced by atmospheric enhanced158

aerosol mixing ratios from two ‘large’ volcanic eruptions (El Chichón in 1982 and Mt.159

Pinatubo 1991) (Thomason et al., 2021) and is therefore excluded from ATAL investi-160

gations. Conservative data quality checks and cloud filtering procedures were conducted161

according to NASA SAGE-team standards. Other space-borne atmospheric aerosol ob-162

servations during a siliar time frame as SAGE II exist. Starting from September 1991163

until June 2005 the NASA mission Upper Atmosphere Research Satellite (UARS) per-164

formed measurements of the Earth’s atmosphere, with a special focus on stratospheric165

ozone. The onboard instrument Halogen Occultation Experiment (HALOE) provided166

measurements of aerosol extinction, as well as some trace gas information. During the167

first 4-5 years of measurements the upper atmosphere was loaded with volcanic aerosol168

and it has been found that UTLS aerosol extinction observations by HALOE are not as169

reliable as SAGE II observations (Thomason, 2012). UARS, HALOE observations are170

therefore not included in this study.171

2.3 SAGE III/ISS172

The Stratospheric Aerosol and Gas Experiment on the International Space Station173

(SAGE III/ISS) is a solar and lunar occultation instrument, providing profile observa-174

tions since June 2017. The sampling, measurement technique and resolution is similar175

to its forerunner SAGE II. For aerosol extinction data, it delivers profile measurements176

of nine wavelengths. Here, we make use of the 521 nm channel version 5.1 for best com-177

parisons with SAGE II observations. The profile observations are available on a 0.5 km178

vertical grid.179

2.4 CAM5-MAM7180

For model simulations of the ATAL in 1979 and 1980 in our study the global Com-181

munity Earth System Model (CESM1.2) was used, based on the Community Atmospheric182

Model (CAMS 5.1) with its full chemical core for both troposphere and stratosphere, cou-183

pled with the Modal Aerosol Model (MAM7), according to Liu et al. (2012). The setup184

of the simulations is described in Bossolasco et al. (2021) for a thorough ATAL trend-185

analysis. The model derives the content of sulfate aerosols, secondary and primary or-186

ganic aerosols, ammonium particles, and dusts. Nitrate aerosols are not simulated in the187

model. Because MERRA-2 meteorological input data are not available for 1979, the model188

is initialized with MERRA instead. However, using MERRA data is not that uncom-189

mon for ATAL studies (see, (e.g. Fairlie et al., 2020)). Cloud signatures have been fil-190

tered out by selecting simulated profiles only below a given extinction threshold (Bossolasco191

et al., 2021).192

3 Results193

3.1 Space-borne ATAL analysis for 1979 (SAGE I)194

We use earliest possible space borne observations of stratospheric aerosol within195

the AMA for ATAL investigations in 1979. With increased aerosol extinction values af-196

ter the Mt. St. Helens (18/05/1980 at 46◦N, 122◦W), Ulawun (7/10/1980 at 5◦S, 151◦E),197

Alaid (27-30/4/1981 at 51◦N, 156◦E) and Pagan (15/05/1981 at 18◦N, 145◦E) eruptions198

(e.g. J. Russell, 1981), SAGE-I data for 1980 and 1981 are excluded from further anal-199

ysis (see Figure 1). The year 1979, however, is not impacted by stratospheric aerosol events200

and can therefore be used as the earliest suitable year. We apply a commonly used tech-201

nique by averaging over a defined space- and time frame (we choose: 15-45◦N, 15-105◦E,202

July and August, a compromise from the choices of Ploeger et al. (2015); Santee et al.203

(2017) and J.-P. Vernier, Thomason, and Kar (2011)), best representative for the over-204

all location and time of the AMA, using the same cloud- and data quality filtering as205
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Figure 2. (a) Averaged profile for SAGE I measurements within 15-45◦N, 15-105◦E in July

and August 1979 in red, March and April in blue and November in grey. The grey area repre-

sents ‘background’ conditions (i.e. the area between the blue and grey lines). The Ångström

exponent corresponding to the red profile is indicated with the dashed, dark red line. Single pro-

files averaged for (a) with values at 16.5 km altitude are shown in (b), (c) and (d) in red, with

their respective location and Ångström exponent.

applied in V15. The respective averaged profile is presented in Figure 2a, compared to206

background conditions. The profile shows a clear aerosol extinction enhancement within207

the AMA at around 17 km altitude. Even the Angstrom exponent, a parameter, which208

gives indications about the optical thickness and size of observed particles, points to a209

distinct layer of smaller sized aerosols in the AMA, with values at around 1.9, similar210

to what was found for SAGE III/ISS ATAL observations for 2017 (Kloss et al., 2019).211

Hence, first impressions suggest that SAGE I observations show the presence of ATAL212

in 1979, however, closer investigations of the individual profiles (Figure 2 b, c and d),213

indicate that the slight aerosol extinction enhancement in Figure 2a only originates from214

a single profile (Figure 2d). Aerosol extinction measurements below 16 km altitude in215

Figure 2d are excluded as a result of the applied cloud filter (i.e. the ratio between the216

extinction channels at 450 to 1000 nm is below 2). Because of the low number and al-217

titude coverage of averaged profiles, we can neither confirm nor exclude the existence of218

the ATAL with SAGE I observations. However, this result gives motivation to revisit the219

SAGE II data record, to test the significance of increased aerosol extinction observations,220

attributed to the ATAL, as observed in V15.221

3.2 Space-borne ATAL analysis for 1989 to 2004 and 2017 (SAGE II and222

SAGE III/ISS)223

We use aerosol optical depth (AOD) information from the Global Space-based Strato-224

spheric Aerosol Climatology (GloSSAC) from Kovilakam et al. (2020) (their Figure 15),225

as well as the complete SAGE II mean aerosol extinction time series at different latitude226

ranges to identify phases of volcanic influence to be excluded for our ATAL analysis. Hence,227

nine years of SAGE II satellite observations remain for ATAL investigations (1989, 1990,228

1996, 1997, 1998, 1999, 2001, 2003 and 2004), presented in Figure 3 a-i. Compared to229

V15 and Thomason and Vernier (2013), we use the current (updated) SAGE II data ver-230

sion 7.0 (compared to version 6.2). We, furthermore add the analysis of the most recent231

suitable year for ATAL investigations with SAGE III/ISS. For the time period 2018 to232

2022, stratospheric aerosol in the Asian monsoon region was permanently enhanced due233
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to several volcanic eruptions (Ambae 2018, Raikoke and Ulawun 2019, Soufriere 2021 and234

Hunga Tonga 2022). Therefore, only the Asian monsoon season in 2017 is suitable for235

ATAL investigations. Because the SAGE III/ISS mission only started in June 2017 and236

Kloss et al. (2019) found significant aerosol enhancements in the AMA region from the237

Canadian wildfires, starting from mid-August 2017, no background profiles are available238

for our SAGE III/ISS analysis (Figure 3j).239

For most of the investigated years no significant layer of enhanced aerosol extinction val-240

ues, compared to background conditions is visible. For many of the presented years, how-241

ever, the Angström exponent points to a layer of smaller sized aerosols (higher Angström242

exponent values) at AMA altitudes, for most years (clearly visible in Figure 3 a,b,c,d,i243

and j). The year-to-year SAGE II and SAGE III/ISS ATAL analysis, as presented in Fig-244

ure 3 gives neither clear indications of a significant ATAL signature nor would it be pos-245

sible to derive any kind of quantitative estimation or trend of those averaged observa-246

tions. This uncompelling result, however, gives motivation to study each of the presented247

ATAL seasons separately, to investigate whether a clear ATAL signature can be found248

in individual measurement profiles.249

Here, we choose to present further investigations for the years 1999 and 2003, for250

which an ATAL signature of enhanced aerosol extinction values at the tropopause al-251

titude (± 2 km) could be interpreted compared to background conditions from Figure252

3. We examine the SAGE II ATAL record for the years 1999 and 2003 by showing the253

525 to 1020 nm aerosol extinction ratio versus 1020 nm aerosol extinction coefficient for254

the respective ATAL altitudes for selected representative periods and spatial extents with255

no additional filtering (e.g. clouds) in Figure 4. The vertical and horizontal lines (90th256

percentile of extinction coefficient and median of the 525 to 1020 nm extinction coeffi-257

cient ratio, respectively) divide the analysis space into 3 regions, an unenhanced region258

on the left, and two regions on the right both with enhanced aerosol extinction coeffi-259

cient but divided between higher extinction coefficient ratio and lower extinction coef-260

ficient ratio. Data points within the lower right box (Figure 4) are generally consistent261

with, and consistently interpreted as, aerosol/cloud mixtures (Thomason & Vernier, 2013).262

Figure 4a shows the resulting distribution for January 1999, a typical month in the ATAL263

region but away from the expected ATAL season. We see a cluster of data points around264

an extinction coefficient of 10−4 km−1and a ratio of 3. In addition, we see a tail of points265

stretching from the primary aerosol cluster toward ratios of 1 with extinctions exceed-266

ing 0.01 km−1. This tail is observed in the troposphere at all latitudes and is interpreted267

as aerosol/cloud mixture. The respective analysis for the peak ATAL month, August (7268

months later) is shown in Figure 4b. Overall, the figure is extremely similar to the ear-269

lier January case except higher number of data points located in the tail suggesting a270

higher frequency occurrence of clouds in August 1999 in the ATAL region than in Jan-271

uary 1999. Overall, 1999 is typical of most years in the SAGE II record away from those272

strongly affected by the 1991 Mt. Pinatubo eruption. Realistically, we cannot exclude273

the possibility that some of these ‘cloud-aerosol mixture’ observations are in reality low274

ratio/high extinction ATAL enhancements. The fact that all of these enhanced aerosol275

extinction data points are completely consistent with observations outside of the expected276

Asian monsoon time frame, highlights the difficulty of identifying ATAL observations277

in SAGE-like observations. Unlike the behavior shown in 1999, data for July 2003 (Fig-278

ure 4c) show some aerosol in the high extinction coefficient/high extinction coefficient279

ratio area, beyond the typical primary aerosol cluster and the aerosol-cloud mixture tail.280

This suggests the presence of recently nucleated small particles within the ATAL region.281

However, in this case (2003), these somewhat ‘unique data points’ are observed far out-282

side the ATAL region: Figure 4d shows the same analysis as Figure 4c except for a box283

defined by 40-140◦W and 20-40◦N, (i.e. on the other side of the world). This aerosol is284

also observed in both regions as early as March 2003 and thus it is almost certainly not285

associated with ATAL processes.286

In general, when we observe rare enhancements of aerosol residing the high extinction/high287

ratio area of the analyses in the ATAL region and timeframe, they can also be observed288
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Figure 3. (a)-(i) SAGE II and (j) SAGE III/ISS aerosol extinction (at 525 nm and 521

nm, respectively) profiles averaged over 15-45 ◦N, 15-105 ◦E for March/April (blue), Novem-

ber/December (grey) and July/August (Asian monsoon peak time, red) of each year. Equivalent

altitude in km are indicated corresponding to the respective tropopause altitudes of the averaged

profiles. The grey area represents the span between the blue and gray profiles. (j) The respective

profile for 2017 with SAGE III/ISS. For the red curves 36 (a), 28 (b), 56 (c), 55 (d), 53 ( e), 44

(f), 35 (g), 19 (h), 14 (i) and 55 (j) profiles with measurement points at 17 km altitude (ATAL

altitudes) were averaged. The Ångström exponent of the red curve is indicated with the dark red,

dashed line. (j) No background observations are available in 2017 and the time frame is limited

to August 15th, because of the arriving aerosol plume from the Canadian fires mid-August in the

Asian monsoon region, in the UTLS.
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Figure 4. SAGE II 525 to 1020 nm aerosol extinction ratio versus 1020 nm aerosol extinc-

tion coefficient between the tropopause minus 3 km and 18 km for (a) January 1999 40-140◦E,

20-40◦N, (b) July 1999, 40-140◦E, 20-40◦N, (c) July 2003, 40-140◦E, 20-40◦N and (d) July

2003, 40-140◦W, 20-40◦N. No additional cloud filter is applied. Vertical lines represent the 90th

percentile of extinction coefficient and vertical lines are located at the median 525 to 1020-nm

extinction coefficient ratio.

outside of this window and thus, it is impossible to confidently associate these observa-289

tions with ATAL processes. At the end, we do not feel that it is possible to identify any290

specific SAGE II observations as being associated with ATAL related processes with any291

confidence.292

The most recent Asian monsoon time frame, which is not influenced by either extreme293

fire events or stratospheric volcanic eruptions was in 2017. In July of 2017 aircraft and294

balloon-based field campaigns (under the EU-project StratoClim and BATAL) took place295

within the AMA with observations identifying a clear ATAL (Mahnke et al., 2021; J.-296

P. Vernier et al., 2018). Figure 3j shows no significant aerosol extinction enhancement297

during the ATAL season in 2017. However, when only averaging mid-August profiles,298

selected according to the occurring transport barrier at that time (PV criteria, accord-299

ing to Ploeger et al. (2015)), a clear ATAL signal appears, as presented in Figure 2 within300

Kloss et al. (2019). Hence, even though there is no doubt about the existence of the ATAL301

during the Asian monsoon season in 2017, the averaged profile of SAGE III/ISS obser-302

vations with commonly used criteria does not find a clear ATAL structure.303

3.3 Simulation-based ATAL analysis for 1979 and 1980 (CAM5-MAM7)304

We perform model simulations with the CAM5-MAM7 model as done by Bossolasco305

et al. (2021). Bossolasco et al. (2021) present a detailed trend analysis of the ATAL, in-306

cluding its spatial distribution and composition. Here, we investigate the ATAL for the307

complementary years 1979 and 1980. Vertical profiles of the CAM5-MAM7 simulation308

of aerosol-types-specific concentrations in the ATAL region are shown in Figure 5. A clear309

ATAL structure is apparent with enhanced mass concentration values at around 16 km310

altitude in August 1979, with mineral dust (with values up to 250 ng/m3 at 120 hPa as311

shown in Figure 6), SOA (secondary organic aerosol) and sulfate (> 100 ng/kg) as dom-312

inant ATAL particles. Note that nitrate aerosols are not accounted for in this model. Sim-313

ulations with and without volcanic emissions (solid vs. dashed lines) exhibit very sim-314
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Figure 5. (a) Averaged mass concentration from CAM5-MAM7 model simulations, for Au-

gust 1979 20-35◦N, 60-100◦E, with aerosol-type-specific information: sulfate particles (red), SOA

(blue), POM (yellow), BC (green) and Ammonium (magenta). Dust is not shown. The dashed

lines represent simulations where volcanic influence is taken into account. (b) Same as (a) for the

year 1980. The respective horizontal distribution is shown in Figure 6 for 1979.

ilar values in the aerosol concentrations at these altitudes and in this area. This suggests315

that the ATAL 1979 was not significantly influenced by volcanic eruptions. A model sim-316

ulation for 1980 was conducted and shows an ATAL signal with a similar magnitude as317

observed in Figure 5a. Simulations taking volcanic emissions (i.e. from Mount Saint He-318

lens eruption) into consideration show very different sulfate and NH4 aerosols vertical319

shapes, with substantially increased concentrations. This is a result of the formation of320

secondary sulfate and ammonium-sulfate aerosols initiated by volcanic SO2 emissions.321

In Figure 6 we show the horizontal distribution of our ATAL simulations for 1979. This322

reveals a typical horizontal ATAL structure for the different types of aerosols in the model,323

with maxima mass concentration values within the AMA boundaries. Simulations sug-324

gest that mass concentration values for sulfates, POM (Primary Organic Aerosol), BC325

(Black Carbon) and ammonium have approximately doubled in the 2010s with respect326

to 1979 and 1980 (compared to the modeled ATAL of 2000-2015 from Bossolasco et al.327

(2021). The increasing ATAL signature with time can be explained by enhancing pol-328

lution and anthropogenic emissions in and around Asia during the past decades. Sur-329

face emissions of human-made SO2, SO4 (from agriculture, solvents, waste and residen-330

tial, transportation), POM and NH3 steadily increase between 1980 and 2015, accord-331

ing to MERRA-2 data. For SO2 and NH3, we find increases of 40-100%. The correspond-332

ing trends in anthropogenic emissions between 1980 and 2015 for India are shown in Fig-333

ure 7. Main source regions responsible for the ATAL and its composition have been found334

to be located in India, including North India and South of the Tibetan Plateau (e.g. Tissier335

& Legras, 2016; Legras & Bucci, 2020; Clemens et al., 2023). Simulated mineral dust com-336

ponents, which are not directly influenced by human activities, do not show an increas-337

ing trend from 1979 to the 2010 decade. Dust is largely the dominant aerosol type, by338

mass concentration, in our ATAL simulations (up to a factor 10 larger than sulfate aerosols).339

340
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Figure 6. Graphical distribution of aerosol mass concentration, from model simulations, aver-

aged for July/August 1979 for the 5 aerosol components presented in Figure 5a and mineral dust,

at 120 (left column), 100 (center column) and 80 hPa (right column) pressure levels. Geopoten-

tial levels are indicated by black lines. The blue box in the second panel represents the averaging

area used for Figure 5b.

–11–



manuscript submitted to JGR: Atmospheres

Figure 7. MERRA-2 trend analysis for human made emissions from India (box 0-40◦N,

65-95◦E) 1980-2015 for (a) SO2, (b) SO4 agriculture+solvents+waste, (c) SO4 residen-

tial+transportation, (d) Primary Organic Aerosol POM and (e) NH3.

4 Discussion341

While model simulations (and in situ observations in 2017) point to the existence342

of a weak, but significant ATAL signal, the SAGE I, II and III/ISS data records show343

no statistically significant ATAL structure compared to observations outside the AMA,344

when averaging over the Asian monsoon time frame.345

The ability to confidently identify ATAL related aerosol using limb data such as SAGE346

is limited by a number of factors:347

• There are relatively few observation opportunities in the ATAL spatial region that,348

particularly for solar occultation, only occur episodically through the ATAL sea-349

sonal life span.350

• The high number of clouds that occur in the ATAL region, particularly during the351

ATAL season due to systematic convective outflow, can result in the loss of ob-352

servations in the core of this region where the largest and most easily identified353

aerosol enhancements may occur. As a result, the inference of the presence of en-354

hanced aerosol is dependent on how robustly aerosol can be distinguished from355

the cloud/aerosol mixtures that are characteristic of SAGE observations globally.356

Ultimately, this would be straightforward if the ATAL aerosol is primarily the re-357

sult of the nucleation of new small aerosol from aerosol precursors in a way that358

mimics small to moderate volcanic activity that increase (or maintain) the 525 to359

1020 nm aerosol coefficient extinction ratio (Thomason et al., 2021). Conversely,360

if the aerosol precursors primarily condense on existing aerosol or existing aerosol361

is transported from the lower troposphere primarily as relatively large aerosol as362

the ATAL enhancement, then the optical properties of these aerosol can effectively363

mimic cloud/aerosol mixture in which enhancements in extinction coefficient are364

tied with decreases in aerosol extinction coefficient ratio. In this case, separating365

between what is a ‘cloud’ and what is ATAL would be extremely difficult.366

• Furthermore, groups of consecutive SAGE III profile observations within the AMA367

box appear usually within a time frame of a few days and within a few degrees368
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of longitude. In other words, most of the averaged profiles within one ATAL sea-369

son mostly originate from a short time frame (within days) at similar latitudes.370

The ATAL is a patchy feature and depends strongly on the AMA dynamics each371

season, which is also demonstrated by the contrasting compositions of the ATAL372

during different measurements campaigns. Hence, we do not expect that the sam-373

pling of a solar occultation instrument is sufficient to give a representative aver-374

age of the ATAL during the whole AMA season.375

• Generally, an increase of the ATAL signal with time is expected, because of in-376

creasing anthropogenic emissions in Asia (Fadnavis et al., 2013; Neely et al., 2014;377

Bossolasco et al., 2021). Therefore, a weaker extinction enhancement in the early378

1990s and before is expected and confirmed with the CAM5-MAM7 simulations379

(Figure 5 and 6). A lower ATAL signal in (potentially) individual profiles makes380

it even more unlikely to show an ATAL structure for earlier years within the SAGE381

record.382

• Space LiDAR observations or limb observations with significantly higher sampling383

such as CALIOP and OMPS, are expected to be better suitable for potential ATAL384

evolution studies. However, their respective time series is not long enough for ATAL385

investigations in and before the 1990s.386

5 Conclusions387

Space-borne solar occultation observations within the Asian monsoon region are388

not suitable for the representation of quantitative averaged values, for a highly variable389

ATAL in space and time during each season. Averages over a given geographical box (both390

in and out of the ATAL) may drown the ATAL signal while apparent on some individ-391

ual profiles. SAGE (I, II and III/ISS) aerosol extinction observations (past and present)392

can therefore neither be used for any kind of trend analysis, nor to exclude the existence393

of the ATAL for specific years, as it was done in previous studies (e.g. V15, Thomason394

and Vernier (2013)). The same is expected for quantitative, trend analysis of trace gases395

within the AMA, using solar occultation observations (e.g. from the Atmospheric Chem-396

istry Experiment Fourier Transform Spectrometer, ACE-FTS).397

Averaged SAGE I and II observations for the years 1979 to 2005 can neither confirm nor398

deny the presence of an ATAL signal and it is impossible to point the first existence of399

the ATAL to a specific time frame and specific location/region, based on available space-400

borne observations. On the contrary, individual profiles, with applied cloud filter, within401

the transport barrier of the AMA, can potentially point to an ATAL signal. However,402

we find that such features are also observed far outside the ATAL boundaries and sea-403

son and therefore not highly reliable.404

While space-borne observations cannot be used for early investigations of the existence405

and trend of the annually appearing ATAL, we are left to rely on model simulations. CAM5-406

MAM7 simulations show a clear ATAL signal for both tested years (1979 and 1980), con-407

sisting of both natural appearing aerosols (e.g. dust) and from human-made emissions408

(e.g. sulfates, organics, ammonium). A detailed simulation-based ATAL evolution anal-409

ysis starting from pre industrial years to the early 2000s is planned as a follow-up study.410

Open Research Section411
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