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We thank both reviewers for their constructive comments, which as outlined below have helped improve the
manuscript. This document outlines the review comments in plain italics, followed by the authors replies in
bold.

acp-2018-1109-RC1

The submitted manuscript presents detailed airborne in situ measurements of aerosols taken during
different flights over northern India covering pre-monsoon and monsoon seasons. The characteristics of
aerosols over the region are presented regarding high quality vertical and spatial measurements of
optical, microphysical, and chemical composition of aerosols. The measurement dataset reveals higher
concentration of organic matter followed by sulfate, ammonium, and black carbon mostly confined within
the boundary layer inside the Indo-Gangetic Plain (IGP)—one of the most densely populated areas of the
world. Above the boundary layer, the measurements show the dominance of coarse mode dust aerosols
between 3-6 km transported from the adjacent Thar Desert. Outside the IGP, the sulfate component is
found to dominate the aerosol mass followed by other species. Upon arrival of monsoon season and then
onwards, the mass concentration of aerosols is found to decrease significantly, by ~50% and ~30%,
outside and inside the IGP region, respectively. The results presented in the paper bring an unprecedented
set of information about aerosol spatial and vertical distribution, with its chemical analysis, over northern
India, which can help constraint aerosol representation in the models and satellite-based remote sensing
algorithms. However, first, it was a little surprise to me that authors didn’t include the CALIOP space
lidar data to complement and support (or not) their findings. CALIOP lidar provides a detailed vertical
structure of aerosol backscatter and extinction that can be compared with the aircraft measurements for
the consistency (or lack thereof) check. Second, the ground-based AERONET aerosol measurements at a
couple of sites (Kanpur and Gandhi College) located in the center of IGP can also offer another
perspective and correlation to the presented measurements. Authors are strongly recommended to add
these two components to the article which, in my opinion, will further enhance the content and quality of
the work. Specific suggestions on the paper are listed below. The article is mostly well-written with some
attention needed to improve the presentation, e.g., long sentences, punctuations. The content highlighted
in the paper certainly fits into the scope of the ACP journal and can be published given that above two
major concerns are addressed.

We thank the Reviewer for their encouraging view of our work and the useful suggestions for
consideration of CALIPSO remote-sensing and AERONET ground-based data, which we have
incorporated in the revised manuscript.

SPECIFIC COMMENTS
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It was a little surprise to me that authors didn 't include the CALIOP space lidar data to complement and
support (or not) their findings. CALIOP lidar provides a detailed vertical structure of aerosol backscatter
and extinction that can be compared with the aircraft measurements for the consistency (or lack thereof)
check. Second, the groundbased AERONET aerosol measurements at a couple of sites (Kanpur and
Gandhi College) located in the center of IGP can also offer another perspective and correlation to the
presented measurements. Authors are strongly recommended to add these two components to the article
which, in my opinion, will further enhance the content and quality of the work.

CALIPSO browse images https://www-calipso.larc.nasa.gov/products/lidar/browse_images/production/
Daytime CALIOP/CALIPSO overpass on the Indian subcontinent on June 11th Nighttime overpass on
June 30th Daytime and nighttime overpass on July 11t

AERONET data over Kanpur and Gandhi College: https://aeronet.gsfc.nasa.gov/ AERONET volume size
distribution and fine-mode fraction can be compared with aircraft measurements, at least on a qualitative
sense.

This information has now been added to the paper. The CALIPSO satellite retrieval from the
daytime pass on June 11" has been added and is Figure 4. The CALIPSO data shows useful
comparison and agreement with the on-board lidar plot in Figure 3. The aerosol structure is
comparable between both lidar plots, with CALIPSO successfully capturing the maximum aerosol
height during the pre-monsoon in northern India (~6-7 km) along with the values shown
representing dust aerosol dominance, consistent with the literature for the pre-monsoon season
(page 8 line 20-24). While it does not show the distinct aerosol layers that the AMS and SP2 data
reveal, it does reinforce the features shown from the on-board lidar in Figure 3.

Title: Remove ‘comma’ and ‘the’

Complied with, we agree that this is better for the title.

Abstract: Line 4: “. . .high mass concentration of dust(?)” Line 11: what is ‘std’?

“std” is referring to a correction to the aerosol mass concentrations, to present them at standard
temperature (273.15 K) and pressure (1013.25 hPa) conditions. This is explained for example in

section 2.2 (page 6 line 24). To avoid any confusion, as the correction is explained in the main text
body, we have decided to remove the ‘std’ from the abstract.


https://www-calipso.larc.nasa.gov/products/lidar/browse_images/production/
https://aeronet.gsfc.nasa.gov/
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Line 20-25: Elevated concentration of dust at altitudes >1.5 is a clear indication of dust transport from
the Great Indian Desert, also called the Thar Desert, in northwestern India

This point has been noted and clarified in the text, thank you.

Introduction Page 3, line 17: “. . .have been subject to analysis now for nearly two decades” Jethva et
al. (2005) has been one of the early research works highlighted the seasonal variability of aerosols, both
natural and anthropogenic, over the Indian sub-continent using satellite and ground measurements.
Jethva, H., S. K. Satheesh, and J. Srinivasan (2005), Seasonal variability of aerosols over the IndodA”
RGangetic basin, J. Geophys. Res., 110, D21204, ~doi:10.1029/2005JD005938.

Noted — we have included this useful reference into the introduction.

Page 3, line 21-22: “Much uncertainty. . ..that determine the resultant climatic impact of aerosols as well
as the regional air quality”

Complied with, the text has been altered.
Methodology and Climatology Page 4, line 8: “A total of twenty-two science flights. . .”

Complied with and clarified this point in the text. As explained in the response to referee 2, this text
has been altered to 10 flights as this study only involves 10 science flights from the campaign, not
the 22 that were flown overall for the project. The other flights were in regions not applicable to
this paper.

Results: Page 8, line 14-15: Figure3: The extinction profile derived from lidar measurements show peak
concentration between 1.5 to 2 km for June 11th-flight B956; that for June 12th-flight B957 shows
centroid of the aerosol layer at 3 km with the presence of aerosols with reduced extinction from 6 km to
all the way to near-surface. The author needs to reword the interpretation of Figure 3.

The text has been adapted to clarify the features shown in the lidar extinction profile, in order to
accurately interpret Figure 3 (page 8 line 14-16).

Last paragraph: It is striking to me that NW region shows a minor peak in SO4 between 4 to 6 km, but
the peak is much clearer and more pronounced over IGP. There is no doubt, in my opinion, that elevated
peak in concentration over IGP is a result of transported dust from NW, likely from the Thar Desert, but
it is intriguing and a bit counter-intuitive that such peak isn’t observed over NW!

3
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Firstly we thank the referee for this insight into our data. In our study, we do not try and examine
exactly where the sulphate aerosol is coming from. The regional air mass directions are consistently
from the northwest during the pre-monsoon, but it is difficult to analyse the sources of the sulphate
aerosol. Oil production and power plants are seen to be present in northwest India and the
surrounding areas (Garg and Shukla, 2009) which could be producing the sulphate, but given the
heterogeneous nature of the wind patterns there would be very large differences in the sulphate
mass concentrations with only a small change in the air mass direction. However, we understand
this is an area that needs considering, and we have now added this awareness of the possibility of
sulphate sources in the text (section 4; page 13 line 27-31).

Garg, A. and Shukla, P.R.: Coal and energy security for India: Role of carbon dioxide (CO2)
capture and storage (CCS). Energy, 34(8), pp.1032-1041, 2009.

Page 9, Figure 5: Please mention in the caption that the data belongs to the first 1000 meters of the
atmosphere.

Complied with — this is now mentioned in the figure caption.

Page 10, first paragraph: Bringing here the size distribution retrievals from AERONET over Kanpur and
Gandhi College stations for the same dates or nearby dates is necessary here to complement and compare
the aircraft observations.

Complied with — the AERONET size distribution over Kanpur is included, however not Ghandi
College due to lack of data during the measuring period for the study. The data for Kanpur does
show agreement which complements the aircraft observations, with the reduction in volume size
distribution especially in the larger aerosol size range as the monsoon arrives. The AERONET
volume size distributions have been added to Figure 9 (page 29).

Page 13, line 1: “. . .aerosol haze in and around the IGP” Page 13, line 16: “aerosol presence”

This is now complied with thank you — edits have been made in the text.

Page 14, line 16: “such as China with a ratio of”

Noted thank you; we have adapted the text as such
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acp-2018-1109-RC2

This manuscript presents the results on physical and chemical properties of elevated aerosol layer and
their vertical and horizontal distribution within and outside of IGP region over India using UK Facility
for Airborne Atmospheric Measurements Bae-16 research aircraft measurements. In general, results
presented in this manuscript are unique which are first of its kind and authors made nice compilation of
physical and chemical characteristics of elevated aerosol layers (EAL) over north part of India. First of
all, I should congratulate the authors for bringing out this study. Authors also brought out the differences
in aerosol characteristics during pre-monsoon and monsoon both within and outside the IGP regions
which will be very useful for further understanding the role of these EAL on the background atmosphere.
As rightly pointed out in the summary, the information provided in this paper is very much useful in
producing more accurate climate models by estimating the energy balance and for getting insights on the
climate forcing accurately. In general, paper is well written and will be interest to the researchers
working in this field and very apt to publish in journals like ACP. However, there are few mistakes and
sometimes interpretation is missing at some instances including literature survey which demands careful
editing or re-writing. Below are the some of the issues which authors may take care in revising the
manuscript. Authors are strongly encouraged to revise and re-submit this manuscript. Below are my
specific comments/suggestions for the potential solutions which authors may consider for future analysis.

We thank the Reviewer for their encouraging comments on our work and the suggestions made for
improvement.

SPECIFIC COMMENTS

1. Number of aircraft flights mentioned in the text (section 2) are 22, but only 4 dates are selected (in
abstract) representing pre-monsoon (2 days) and monsoon season (2 days). However, from Table 1, it is
clear that flights are operated on 10 days. It is not clear that why all the aircraft measurements are not
considered in the present analysis.

Noted — we acknowledge there was clarity required for the flight numbers during the study. There
was also a southern India flying period, that brings the total flight number to 22, but as these are
not included in the scope of this study we have edited the text to make it clear that 10 flights are
considered in this study.

2. In Figure 3, Aerosol Extinction (AE) is shown for the two days in pre-monsoon season. Do you have
similar profiles in monsoon season? It will be interesting to see the presence of elevated aerosol layer in
monsoon season as also shown by Sinha et al. (2013) and very recently by Venkat Ratnam et al. (2018).
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Latter study showed the presence of elevated aerosol during monsoon season and wet scavenging is
clearly brought out.

Unfortunately, the instrumentation used for Figure 3 does not show useful data for the monsoon
period, due to the monsoonal system and heavy cloud cover present over the study region. This
caused noisy data that does not clearly show the aerosol present and its structure. Therefore, only
the two days in the pre-monsoon has been included in our study. We have now included these two
references though in the discussion section in order to highlight agreement between our aerosol
structure measured in the pre-monsoon and monsoon seasons, as of Sinha et al (2013) and Ratnam
et al (2018).

3. Elevated aerosol layers over Asian region are formed either due to convective or long-range transport.
If it is through convective transport, chemical composition near surface should match with that observed
aloft. In this study, surface concentrations of the chemical composition of the aerosol are missing.
Information from either earlier published literature or their own surface measurements will be useful in
interpreting the role of convective and long-range transport. I am wondering whether surface
concentrations are measured with same set of instruments onboard aircraft before starting of the aircraft
measurements each time?

There are no surface measurements with the same set of instruments before starting the aircraft
measurements each time. Due to operational restrictions, we were unfortunately unable to measure
any surface concentrations prior to each flight.

4. One of the conclusions that the dust and sulphate dominated aerosol layer aloft was removed upon
monsoon arrival matches with the findings of Vernier et al. (2018) where they found Nitrate as dominant
source in the UTLS region using zero pressure balloons from Hyderabad whereas sulphate near the
surface. Some of these finds are useful in further interpreting the results.

Thank you for highlighting this useful reference (Vernier et al, 2018) to further interpret our
results. Their findings show consistencies with our aerosol layer aloft being removed with monsoon
arrival, and this reference has been added to the discussion section (page 13, line 19).

5. Are the profiles in figure 4 is the average of two flights in each season? If yes, it is better to show them
separately to feel how different these profiles are within the same season (one can add as supplementary
figure, if you feel that already figures are more).
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The profiles in Figure 4 are averages of each season, for pre-monsoon this is 2 flights (B956 and
B957), and the monsoon average from 8 flights (B968-B976). The flight profiles are separated later
in Figure 10 so that the reader can get a sense of how different the profiles are both within both the
same season, and between the two seasons.

6. Page 11, line 7: It is mentioned that elevated aerosol layer diminish as monsoon arrives leaving aerosol
only within boundary layer. If monsoon washout (wet scavenging) is expected to remove the elevated
aerosol layer, then throughout the profile including boundary layer aerosol should have also washed
out? Why only elevated aerosol layer is diminished? Further there was no mention of rainout process
which is also important during monsoon.

Noted — the text has been edited to clarify the various processes at hand that are influencing the
aerosol loading as the monsoon progresses over northern India. It is beyond the scope of our paper
to ascertain a relative contribution to the effect and influence of the various processes removing
aerosol, but our paper highlights the complex nature of the monsoon system. As the monsoon
arrives over northern India, Figure 2 shows a change in direction of air mass direction for the
boundary layer and aloft. This change in air-mass direction coincides with a reduction in the total
aerosol mass concentration throughout the profile, especially aloft where the aerosol we measured
is almost all removed. This process is of course coincident with rainfall arrival. As suggested in our
paper, the boundary layer aerosol removal may be less significant may be due to the strength of
emissions across northern India, especially inside the IGP, effectively recharging the aerosols in
that layer. If the aerosol is removed from the free troposphere there may be no replacement
mechanism, whereas there is inside the BL, therefore providing a driver to maintain significant
aerosol mass concentrations inside the BL.

7. There was no mention of true boundary layer altitude though many times it is used. 950 hPa do not
represent throughout the Boundary layer though it is expected that within boundary layer all the spices
are well mixed. In figure 3 description, boundary layer is considered as 2-4 km?

In our paper, the use of boundary layer height is to provide a general indication of the boundary
layer height. The 950 hPa altitude was used as for most locations across northern India this was
within the boundary layer, in order to provide an indication of the average air-flow direction in the
pre-monsoon and monsoon seasons. We appreciate that the boundary layer varies between regions,
but the use of 950 hPa should be safely within the boundary layer in all regions considered.
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8. As also pointed out by other reviewer, use of CALIPSO profiles (aerosol, extinction and aerosol types)
will be very useful for two reasons. One is to know how good satellite retrievals over this region and also
whether aerosol types obtained from CALIPSO match with aircraft observations or not.

As explained following the comments from referee 1, this information has now been added to the
paper. The CALIPSO satellite retrieval from the daytime pass on June 11™ has been added and is
Figure 4. The CALIPSO data shows useful comparison and agreement with the on-board lidar plot
in Figure 3. This consistency between multiple data sources strengthens our findings.

MINOR COMMENTS

There is repeation in the abstract (lines 17 and 24) ...that total mass reduced to 50%

Complied with — we have removed the repetition from the text (line 24).

Page 8 line 6: How average total mass concentrations are obtained is not clear.

Noted — we have added in brackets that the average total mass concentrations are obtained by
totalling the AMS aerosol species (Organics, Sulphate, Ammonium, Nitrate) and BC mass
concentration. The “average” refers to the average across either inside the IGP or outside IGP

region.

Page 13, line 16: Quoted reference over China is almost a decade back where level of pollution over
India may also be less at that time. Re-wording of this statement is required.

This has been taken into account, so we have reinforced the statement with a more recent reference
consistent with that of Ho et al (2006); Ni et al (2018) present similar ratios for China in summer
seasons.

Additional References:

Sinha, P. R., Manchanda, R.K., Kaskaoutis, D.G., Kumar, Y.B., and Sreenivasan, S. (2013). Seasonal
variation of surface and vertical proin ,Ale of aerosol properties over a tropical urban station Hyderabad,

India. J. Geophys. Res. 118, d0i:10.1029/2012JD018039.

Included now.
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Vernier, J., et al. (2018). BATAL: The Balloon measurement campaigns of the Asian Tropopause Aerosol
Layer. Bull. Amer. Meteor. Soc., https://doi.org/10.1175/BAMSD-17-0014.1.

Included now.

Venkat Ratnam, M., P. Prasad, M. Roja Raman, V. Ravikirana, S.V.B. Rao, B.V. Krishna Murthy and A.
Jayaraman. (2018). Role of dynamics on the formation and maintenance of the elevated aerosol layer
during monsoon season over south-east peninsular India. Atmospheric Environment. 188.
10.1016/j.atmosenv.2018.06.023.

Included now.
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Abstract.

The vertical distribution in the physical and chemical properties of submicron aerosol has been characterised across
northern India for the first time using airborne in-situ measurements. This study focusses primarily on the Indo-Gangetic Plain,
a low-lying area in the north of India which commonly experiences high aerosol mass concentrations prior to the monsoon
season. Data presented are from the UK Facility for Airborne Atmospheric Measurements BAe-146 research aircraft that
performed flights in the region during the 2016 pre-monsoon (11" and 12t June) and monsoon (30t June to 11t July) seasons.

Inside the Indo-Gangetic Plain boundary layer, organic matter dominated the submicron aerosol mass (43%) followed
by sulphate (29%), ammonium (14%), nitrate (7%) and black carbon (7%). However, outside the Indo-Gangetic Plain, sulphate
was the dominant species contributing 44% to the total submicron aerosol mass in the boundary layer, followed by organic
matter (30%), ammonium (14%), nitrate (6%) and black carbon (6%). Chlorine mass concentrations were negligible
throughout the campaign. Black carbon mass concentrations were higher inside the Indo-Gangetic Plain (2 pg/m3) compared
to outside (1 pg/m?3). Nitrate appeared to be controlled by thermodynamic processes, with increased mass concentration in
conditions of lower temperature and higher relative humidity. Increased mass and number concentrations were observed inside
the Indo-Gangetic Plain and the aerosol was more absorbing in this region, whereas outside the Indo-Gangetic Plain the aerosol
was larger in size and more scattering in nature, suggesting greater dust presence especially in northwest India. The aerosol
composition remained largely similar as the monsoon season progressed, but the total aerosol mass concentrations decreased
by ~50% as the rainfall arrived; the pre-monsoon average total mass concentration was 30 pg/m3 compared to a monsoon
average total mass concentration of 10-20 pg/m3, However, this mass concentration decrease was less noteworthy (~20-30%)
over the Indo-Gangetic Plain, likely due to the strength of emission sources in this region. Decreases occurred in coarse mode
aerosol, with the fine mode fraction increasing with monsoon arrival. In the aerosol vertical profile, inside the Indo-Gangetic
Plain during the pre-monsoon, organic aerosol and absorbing aerosol species dominated in the lower atmosphere (<1.5 km)
with sulphate, dust and other scattering aerosol species enhanced in an elevated aerosol layer above 1.5 km with maximum

aerosol height ~6 km. The elevated concentration of dust at altitudes >1.5 km is a clear indication of dust transport from the

Great Indian Desert, also called the Thar Desert, in north-western India. As the monsoon progressed into this region, the
elevated aerosol layer diminished, the aerosol maximum height reduced to ~2 km, The dust and sulphate-dominated aerosol

layer aloft was removed upon monsoon arrival, highlighted by an increase in fine mode fraction throughout the profile.
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1 Introduction

South Asia is one of the world’s most populous and fastest growing regions, with 24% of the world's population. The
diverse living habits, fuel and land use make understanding the complexity of emissions and atmospheric dynamics
challenging. The Indo-Gangetic Plain (IGP) in the Indian sub-continent is one such polluted region in South Asia; its unique
geomorphology, meteorology and characteristic variations in aerosol particles have drawn the attention of aerosol researchers
for many years (Pawar et al., 2015; Singh et al., 2017). Aerosol mass sources within the IGP are mostly dominated by natural
sources such as dust, but also anthropogenic emissions associated with traffic, biomass burning, waste incineration and crop
and wood burning (Banerjee et al., 2015; Singh et al., 2017), with Delhi being one of the most polluted locations (Sharma et
al., 2014).

Aerosol modelling studies have shown that aerosol present over India can significantly influence the monsoon through
its role in redistribution of heat (Satheesh and Ramanathan, 2000; Ramanathan et al., 2001; 2005; Nair et al., 2012; 2013).
Modelling comparisons have shown considerable uncertainty in model predictions of regional heating from aerosols, and hence
their impact and characteristics with regards to the Indian monsoon (Myhre et al., 2013). In order to improve current scientific
knowledge and challenge global chemical transport and climate models, in-situ measurements of sufficient accuracy and
sensitivity are required to assess the key parameters such as mass, optical and chemical properties of the ambient aerosol. In
India, systematic investigations into the physio-chemical properties of aerosol, their temporal heterogeneities, spectral
characteristics and size distributions throughout the atmospheric column have been subject to analysis for several decades
(Satheesh and Ramanathan, 2000; Ramanathan et al., 2001; 2005; Moorthy et al., 2004; 2009; 2013; 2016; Jethva et al, 2005;
Singh et al., 2006; Babu et al., 2011; Gautam et al., 2011; Samset et al., 2012). However, lack of in-situ analysis has hampered

progress in reducing uncertainty behind the current scientific understanding.

Much uncertainty surrounds the vertical structure, spatial and seasonal extent, and heterogeneous chemistry of aerosol

over India (Pan et al., 2015) that determine the resultant climatic impact of aerosols as well as the regional air quality. There
are only a few studies that address the physical properties of the aerosol by analysing the single scattering albedo (SSA)
(Ganguly et al., 2005; Sreekanth et al., 2011; Babu et al., 2016; Vaishya et al., 2018). One reason is in part due to uncertainties
in characterising aerosol absorption accurately. For northern India in spring it appears that the SSA within the boundary layer
is relatively low, although increasing with altitude in the atmospheric column (Babu et al., 2016). This is possibly indicative
of dust transport at high altitudes from regions such as the Rajasthan Desert in the northwest of the country. Sarangi et al.
(2016) was to an extent able to elaborate on these findings and found that the elevated aerosol layer was a mix of coarse-sized
natural and fine-sized anthropogenic aerosol, both influenced by local emission and long-range transport, yet they highlight
the requirement for more in-situ chemical composition analysis in the atmospheric column.

A handful of efforts have been made to explore the sources, variability and chemical composition of the ambient
aerosol across northern India by using an aerosol mass spectrometer (AMS) at a number of surface sites (Bhattu and Tripathi,
2015; Chakraborty et al., 2015; 2016; Kumar and Yadav, 2016; Kumar et al., 2016). These studies have covered both winter

12
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and summer seasons in northern India, finding that aerosols are dominated by organic matter followed by inorganic
components and black carbon. These previous AMS studies have provided a detailed insight into aerosol chemical composition
for the built-up region of Kanpur in the Indo-Gangetic Plain. However, regional variations in the aerosol chemical composition
using such detailed methods have not been carried out across this region to date.

This paper presents the first airborne measurements of aerosol chemical characteristics over northern India. The
vertical distribution of aerosol chemical composition and physical properties is a major focus of this study, along with

understanding how the monsoon progression across the region influences the aerosol characteristics.

2 Methodology and Climatology

A total of ten science flights were conducted by the UK Facility for Airborne Atmospheric Measurement (FAAM)
BAe-146 research aircraft with the flight tracks highlighted in Figure 1 and flight summaries in Table 1. The flights took place
during two periods: the pre-monsoon (11th and 12th June 2016) and the monsoon onset period (30™ June to 11t July 2016),
based at Lucknow (LKN; 26.85°N, 80.95°E). The aircraft flew with a comprehensive instrument suite, capable of measuring
aerosols, cloud physics, chemical tracers, radiative fluxes and meteorological fields, however only instruments used in this
analysis are discussed further. The FAAM BAe-146 has a typical range of ~3000 km and an altitude ceiling of over 10 km,
with an aircraft science speed of ~100 ms. From the operating base, the aircraft typically covered radial distances of ~200-
300 km in 4.5/5 hours of flight time, resulting in over 120 hours flying completed throughout the campaign (89 hours science).
Based on the likely synoptic and local conditions on the day, different types of science flights were conducted; radiation flights
and survey flights. Both flight types consisted of long-leg duration flights covering the NE Bay of Bengal and Indo-Gangetic
Plain (IGP) regions, delivering the main part of the aerosol characterisation. In addition, profiles to high altitudes when taking
off from Lucknow and in selected other locations were carried out in order to build up a statistical picture of the vertical

structure. Low altitude straight-level runs (SLRs) were also carried out at heights of around 0.5-1.0 km.

2.1 Instrumentation

The compact Time-of-Flight Aerosol Mass Spectrometer (cToF-AMS) provided the capability to quantitatively
measure the size-resolved chemical composition of non-refractory submicron particle matter (NR-PM1) organic aerosol (OA),
sulphate (SO4), ammonium (NH.), nitrate (NOs) and chloride (CI) (Morgan, 2010). A major advantage of using the cToF-
AMS is the ability to provide high temporal resolution measurements with enhanced precision and sensitivity, therefore making
it suitable for aircraft operation. In the rest of the paper we refer to the cToF-AMS as "AMS" for brevity. The AMS data were
acquired in mass spectrometer (MS) mode, which produces species concentrations and a complete mass spectrum of the non-
refractory submicron mass with no size information, but with higher sensitivity than the particle time-of-flight (PToF) mode.
Previous studies (Crosier et al., 2007; Morgan et al., 2010) have detailed the AMS sampling strategy onboard the aircraft. The

sampling losses for the AMS inlet system were estimated to be approximately 10% by number across the size-range measuring
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capability of the AMS. The system ammonium nitrate residence time is sufficiently short compared to timescales for mass
transfer that repartitioning of ammonium nitrate towards the gas phase is small. The AMS was connected to a Rosemount inlet
(Foltescu et al., 1995) via stainless steel tubing with a total residence time of several seconds for the entire inlet system.
Samples were introduced at ambient pressure and sub-micron particle losses are considered negligible for the operating
altitudes considered by this study (Trembath et al., 2012). Furthermore, wing tip to wing tip comparisons between different
AMS instruments using different inlet setups have shown less than 15% difference (Crosier et al., 2007). The aerosol
introduced to the AMS is considered dry, due to the coupled effect of the aircraft cabin temperature (~300 K) and additional
heating due to the decelerating sample air flow (Morgan et al., 2010). Power was unavailable between flights due to operational
constraints but through the use of plug valves to isolate the AMS chamber, a vacuum of typically less than 0.5 Torr was
maintained whilst the turbo-pumps were powered down.

A Single Particle Soot Photometer (SP2) manufactured by Droplet Measurement Technologies (DMT) Inc. (Boulder,
CO, USA) was used to provide measurements of refractory black carbon (BC) (Stephens et al., 2003; Baumgardner et al.,
2004; Liu et al., 2010). The instrument operation and data interpretation procedures are described elsewhere (Liu et al., 2010;
McMeeking et al., 2010). The SP2 incandescence signal was calibrated for rBC mass using Aquadag® black carbon particle
standards (Aqueous Deflocculated Acheson Graphite, manufactured by Acheson Inc., USA) and corrected for ambient rBC
with a factor of 0.75 (Laborde et al., 2012). Reported mass loadings have a measurement uncertainty of approximately 30%
(Schwarz et al., 2008; Shiraiwa et al., 2008; Liu et al., 2014).

Aerosol number concentrations were measured using a Passive Cavity Aerosol Spectrometer Probe (PCASP) and a
Cloud Droplet Probe (CDP). The PCASP measured both aerosol number and size in the range of 0.3-3 pum. It is an optical
particle counter (OPC) and was fitted to the underside of the aircraft wings. The CDP collected droplet size measurements
between 3-50 pm (cloud cleared). Data provided by these two instruments allow calculation of the aerosol fine mode fraction,
which indicates whether large (super-micron) or small (sub-micron) aerosol dominates the number concentrations (Crosier et
al., 2011, Cai et al., 2013). The aerosol size distributions have been calibrated to the refractive index of the ambient aerosol,
based on the fractional composition during each flight.

Aerosol single scattering albedo (SSA) values at 550nm at standard temperature and pressure (STP) were calculated
using Nephelometer (TSI Model 3563) and Particle Soot Absorption Photometer (PSAP) (designed by Radiance Research)
data. Scattering measurements were provided from the nephelometer, with continuous particulate absorption measurements
made by the PSAP. The nephelometer was corrected using the Muller correction scheme (Muller et al., 2011) and the PSAP
via the Bond et al. (1999) corrections. More information on these instruments and calculations can be found in Haywood and
Osborne (2000).

Carbon monoxide mixing ratios were measured by an Aero-Laser A15002 VUV resonance fluorescence gas analyser
(Gerbig et al., 1999), where total uncertainty of the FAAM instrument is estimated to be 2% (O'Shea et al., 2013). In flight
calibrations were performed using World Meteorological Organisation traceable gas standards.
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A General Eastern 1011B (GE Measurement & Control) chilled hygrometer provided measurements of ambient dew
point temperature, accurate to 0.2 °C. A Rosemount/Goodrich type-102 true air temperature sensor was mounted outside the
aircraft, providing ambient temperature measurements using a Rosemount 102AL platinum resistance immersion thermometer.

A Leosphere ALS450 elastic backscatter lidar (wavelength 355 nm) was deployed on the FAAM aircraft in a nadir-
viewing geometry. Marenco et al. (2011) and Marenco (2013) describe the methodology for converting lidar beam returns at
355 nm wavelength into profiles of aerosol extinction coefficient. The system specifications are summarised in Marenco et al.
(2014) and references therein, and a further description of the data processing methodology can be found in Marenco et al.
(2016). During processing, the lidar data was integrated to 1-minute temporal resolution, which corresponds to a 9 + 2 km
footprint at aircraft speeds. Smoothing to a 45 m vertical resolution was also applied to reduce the effect of shot noise. The
vertical profiles were processed using a double iteration. First, we determined the lidar ratio (extinction-to-backscatter ratio)
and subsequently processed the full data set to determine the extinction coefficient (see Marenco et al. (2016) and references
therein for details). As in the above-mentioned papers, the first iteration was conducted on a subset of the vertical profiles,
where the signature of Rayleigh scattering above the aerosol layer could clearly be identified to enable the lidar ratio to be
determined. A mean campaign lidar ratio of 46 + 10 sr was obtained, which is in good agreement with other measurements of
the lidar ratio for smoke and mixed aerosol at 355 nm (Muller et al.., 2007). This value of the lidar ratio was then used to
process the whole dataset in the second iteration. For dust during this campaign, it is estimated that the uncertainty in the
derived extinction was 11%. The uncertainty is smaller than this near the top of the profile (closer to the aircraft) and larger

nearer the ground.

2.2 AMS data quantification

The AMS data analysis was performed using the standard SQUIRREL (SeQUential Igor data RetRiEval) ToF-AMS
software package, with mass spectrum deconvolution accomplished using the fragmentation table approach described by Allan
etal. (2004). Error estimates were generated according to the model documented by Allan et al. (2003) and mass concentrations
derived from the AMS are reported as micrograms per standard cubic metre (ug/m?3) i.e. at a temperature of 273.15 K and
pressure of 1013.25 hPa. lonisation efficiency (IE) calibrations were performed regularly before and after each flight during
the flying period, with values determined from both pre-flight and post-flight calibrations (i.e. taking place on the same day)
usually exhibiting little variability. Post-flight values were used as these were considered to be more reliable compared to pre-
flight due to reduced instrument background post-flight. During B969 (see flights included in this analysis in Table 1) a failure
with the filament supplying ions to the reagent gas means the data from that flight is erroneous and is not included in this
analysis. Procedures for AMS calibration can be found in previous publications (Allan et al., 2003; 2004; Jiminez et al., 2003).
The amplification factor of the microchannel plate detector (MCP) was measured during every pre-flight and most post-flight
calibrations, when the AMS was in use ("single ion calibration"). Due to varying flight conditions, single ion values were taken
for each flight rather than using one value for the entire campaign. The particle collection efficiency (CE) for the AMS was

determined using the approach of Middlebrook et al. (2012).
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2.3 Indian Summer monsoon

The Indian monsoon is one of the world’s most dramatic seasonal variations in climate, characterised by the reversal
of prevailing winds between winter and summer. The summer monsoon typically lasts from June to September and supplies
India with 80% of its rainfall (Lau and Yang, 1997) and at each location, the monsoon arrival brings cooler and moister
conditions to replace the pre-monsoon heat (Parker et al., 2016). The monsoon onset typically occurs around 1st June, in Kerala
on the southwest coast, and then progresses north arriving in Delhi before the end of July. Dates of the 2016 summer monsoon
progression can be found in appendix Figure A1, with the 2016 summer monsoon arriving in Lucknow, for example, on the
1t July at around 2 weeks later than the climatological average.

Mean synoptic meteorological conditions for our flying period (see Figure 2) at the surface level and aloft over the
IGP in the vicinity of Lucknow can play a significant role in the modulating aerosol properties over northern India (Li et al.,
2016; Parker et al., 2016; Sen et al., 2017). Figure 2 highlights the meteorological averages from the days that flying occurred,
with pre-monsoon (11t - 12" June) and monsoon (30" June - 11% July) flights. The IGP typically experiences sub-tropical
climatic conditions, with very high near-surface temperatures of ~305-315 K during the pre-monsoon. In the pre-monsoon, the
wind pattern in the boundary layer is south-westerly/westerly bringing warm, dry air from arid regions such as the Rajasthan
Desert, Pakistan and beyond. This dry, hot air brings with it high aerosol loadings, and coupled with the strong emissions
sources within the IGP, causes high aerosol concentrations to build up in the Himalayan foothills and across the IGP and
northern India region. This is similar above the boundary layer also, at pressure altitudes ~650 hPa, with dry arid aerosol laden
air being transported from NW India and beyond into the IGP. In the pre-monsoon the near-surface air temperatures are at
their peak of ~310 K, near-surface RH is low ~60%, and soil moisture and precipitation are low. As the monsoon progresses
from the south, however, the wind patterns change; in the boundary layer, the wind direction shifts to a south-easterly,
advecting cooler, moister air masses to replace the dry, hot dry desert air that dominated during the pre-monsoon. The
increasing dominance of south-easterly winds in the boundary layer increases the supply of moisture from the Bay of Bengal
for the central IGP region, with moisture influx from the Arabian Sea to the NW region over Jaipur and Jodhpur.

During the 2016 monsoon, in early July, synoptic conditions were perturbed by the passage of a monsoon depression
(a strong low-pressure system) passing from the Bay of Bengal across the IGP. Its cyclonic signature can clearly be seen in
Figure 2C and D. The wind direction in the mid-troposphere also changes as the monsoon develops, with a gradual shift in
wind direction from westerlies to south-easterlies. The dry air aloft is gradually moistened from below, becoming progressively
cooler and more humid. Parker et al. (2016) explain that at this time the equivalent potential temperature increases, favouring
the formation of clouds with monsoon progression. As the first monsoon rainfall arrives, the soil is dry, so boundary layer
moisture is advected from the ocean. For subsequent rainfall, moisture can also be advected from the land surface, moistening
the boundary layer and leading to the development of deep cumulus cloud. The boundary layer RH increases to upwards of
100% (and supersaturated air can be found (>100% RH)) and the temperatures decrease to ~295-300 K. Just as in the case of
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the boundary layer air, flow during the mature monsoon into July 2016 is modulated at 650 hPa (Figure 2D) by the presence

of a monsoon depression.

3 Results

The pre-monsoon (111 — 12 June, flights of B956 and B957) and monsoon (30™ June — 11t July, flights of B968-
B976) are considered separately. Of this second category, the first few flights can be regarded as occurring during the monsoon
transition phase, since the monsoon has arrived at some locations but not others. For example, during B968 (30" June) the
monsoon was seen to be influencing the IGP but not Jaipur in NW India. More information on the monsoon development can
be seen in Figure 2 and appendix Figure Al (in this example for 30% June, the monsoon progression isochrone for 2016 still
lies to the south and east of Jaipur). The analysis presented below first outlines the pre-monsoon measurements of the aerosol
chemical composition and then physical characteristics, followed by the changes seen as the monsoon progressed, for the
boundary layer (Sect. 3.1) and vertical profile (Sect. 3.2).

The aerosol burden over northern India has a distinct structure in the pre-monsoon, both in terms of aerosol species
and thermodynamic nature, with large changes as the monsoon progresses. Figure 3 highlights the pre-monsoon structure of

aerosol extinction coefficient obtained from lidar data, on-board the aircraft. The gxtinction profile derived from lidar

measurements show peak concentration between 1.5 to 2 km for June 11%" flight B956, whereas for B957 on June 12" shows
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centroid of the aerosol layer at 3km with fhe presence of aerosols with yeduced extinction from 6 km to near-surface. The

thermodynamic profiles in Figure 3 for the various locations show differences between the boundary layer and aloft across
northern India; heights that coincide with elevated aerosol have consistent high RH values across locations, with large
variations in RH in the boundary layer. It is clear from the lidar data that there is distinct structure in aerosol vertical profiles.

The previous features are also complemented in Figure 4, which is a CALIPSO aerosol backscatter profile from a daytime

overpass from 11 June (B956). The aerosol structure is comparable between both lidar plots, with the CALIPSO successfully

capturing the maximum aerosol height during the pre-monsoon in northern India (~6-7 km) along with the values shown

representing dust aerosol dominance, consistent with the literature for the pre-monsoon season. The CALIPSO profile does

not, however, successfully highlight the distinct structure in the aerosol chemical and physical properties.

Considering the above, an aerosol composition summary in Figure 5 highlights the pre-monsoon and monsoon

structure of the aerosol vertical profile over northern India. The key measurements needed over this region of relevance to the
testing of general circulation models (GCMs) include aerosol size information as a function of height, composition, scattering
and absorption characteristics. In order for models to correctly test for accurate aerosol representation, these criteria need to
be met. The aerosol vertical summary plot highlights large aerosol loadings upwards of ~50 pig/m? present in the pre-monsoon
for all locations across northern India, with the distinct elevated aerosol layer present over the IGP and NE India dominated
by larger particles between 3-7 km. As the monsoon progresses the aerosol concentrations decrease in both total mass and
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maximum height, alongside decreases in aerosol scattering coefficient and aerosol size. Black carbon is only seen in significant

mass concentrations inside the BL in both the pre-monsoon and monsoon seasons.

3.1 Boundary layer aerosol during the progression of the monsoon

Summary statistics of boundary layer aerosol chemical composition for the various regions in northern India are
presented in Figure 1, and more detailed analysis of the aerosol chemical composition for Straight Level Runs (SLRs) below
1000 m shown in Figures 6 and /. The boundary layer height was predominantly above 1500 m, such that the SLR data

presented here are within the boundary layer for all locations.

During the pre-monsoon flights (B956+B957), aerosol average total mass concentrations (AMS and BC total mass
concentration) were at their highest inside the IGP compared to outside, and there were also differences in the particle
composition. In the pre-monsoon, boundary layer total mass concentrations were ~50 pg/m?3 (10 pg/m3) inside the IGP with
total boundary layer mass concentrations ~15 pg/m? (+5 pg/m®) outside the IGP. Figures § and / highlight the regional

variations in the dominant aerosol species present over the various locations in northern India. Organic aerosol dominated
inside the IGP, with average mass concentrations present ~12 pg/m? comprising 43% of the typical mass fraction, with SO4 at
~10 pg/ms comprising 29%. However, outside the IGP, the dominant species in the boundary layer was SO4 with average mass
concentrations ~10 pg/m3, comprising 44% of total aerosol loading, whereas the organics ~6 pg/m® comprising 30%. Organic
aerosol underwent large changes in mass concentration dependent upon location with mass concentrations inside the IGP twice
those measured outside, whereas SO4 displayed relatively consistent values across northern India. NH4 mass concentrations
displayed similar patterns to the SO4 regional burden, indicating the predominance of ammonium sulphate aerosol across
northern India. Nitrate, on the other hand, was not present in significant concentrations during the pre-monsoon regardless of
location (0-1 pg/m3).

As the monsoon progressed over northern India, it developed from the south east towards the north west, as shown in
Figure 2 and appendix Figure Al. Inside the IGP, the average total mass concentration decreased from 25-35 pg/m? to 15-25
pg/m3. Outside the IGP however, the average total mass concentration was similar to the pre-monsoon value of ~15 pg/md.
During the eastern flights between Lucknow and Bhubaneswar, as the monsoon arrived and developed during mid-June (B971
and B975) a decrease in aerosol mass concentration occurred from 10-30 pg/m? to 1-10 pg/m?3. Organic aerosol decreased in
mass concentration as the monsoon progressed, especially over NW and NE India but not inside the IGP. Similar changes in
sulphate and ammonium aerosol mass concentrations were also observed. Compared to pre-monsoon concentrations, nitrate
aerosol mass concentration increased in contrast to the decrease in the concentration of other species. When rainfall arrived in
northern India, nitrate concentrations increased from 0-1 pg/m3 to 5-10 pg/m? in the IGP. Increased concentrations were also
observed outside the IGP. This finding indicates not only that nitrate aerosol is strongly driven by thermodynamic variables
(increased relative humidity and soil moisture, and decreased air temperatures), but also that as the humid and cooler air arrived
there was sufficient ammonium to neutralise the nitric acid present and partition a significant fraction of this to the particle

phase within the boundary layer under these conditions.
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The aerosol physical properties, shown in Figures 8 and 9, also vary between the IGP and other regions in northern

India. During the pre-monsoon, aerosol number concentrations for both coarse and accumulation mode particles were high.
Accumulation mode number concentration was greatest within the IGP boundary layer, coinciding with high organic aerosol
loading in the IGP region and consistent with the significantly elevated rBC observations. To the west of the IGP however, the
boundary layer had a higher proportion of coarse mode aerosol. This suggests the dominance of dust and other scattering
aerosol species in these regions, consistent with the land surface type (dry, arid deserts) and the dominance of sulphate aerosol

outside the IGP. These findings are consistent with the size distributions presented in Figure 9, for both the on-board

instruments and AERONET Kanpur size distributions. During the pre-monsoon, larger particles dominate the aerosol volume

size distribution both inside and outside the IGP, as both regions are influenced by the prevailing wind direction from the arid,
dusty regions in the NW of India. As the monsoon progresses, Figure 9C and 9F indicates the removal of in particular larger
particles,inside the IGP, consistent with the change in prevailing wind pattern in Figure 2.

As with the aerosol chemical composition, the aerosol physical properties underwent changes during the monsoon
progression. After the monsoon rains had arrived, the fine mode fraction within the IGP increased, indicating that larger aerosol
particles (such as suspended dust) are being washed out by the monsoon and that increased surface wetness supresses the
suspension of dust (as shown in Figures 8 and 9). Outside the IGP towards NW India, the aerosol physical properties remained

similar to the pre-monsoon conditions, with larger aerosol particles dominating. This is partly due to the arrival of the monsoon
in this region, the last region to receive the rains. Thus, during B976 (final science flight of the campaign) the monsoon had
not fully developed in the far NW, resulting in little monsoon rain washout. The size distribution information in Figure 9 agrees
with this, with a decrease in amount of larger aerosol inside the IGP with monsoon arrival there, whereas outside the IGP the
larger particle concentrations remain similar to the pre-monsoon. Spatial changes in the aerosol scattering properties were also
witnessed with monsoon progression. When the surface wetness is increased with monsoon arrival, dust suspension can be
prevented but anthropogenic emissions can continue, so once the rain has removed the particulates in the atmosphere and
sources of aerosol change, then the atmospheric burden will be altered. Also, with monsoon arrival the origins of air masses
change, which may have played a role in the decreasing presence of large aerosol (indicated by the wind field analysis in
Figure 2).

The monsoon progression influence on aerosol chemical and physical properties can also be probed through analysis
of ratios of various aerosol and gaseous species. In Figure 10 the BC:CO (ugm-ppbv-!) and OA:BC increment ratios are
presented. The ratio of BC:CO provides information on aerosol washout occurring as the monsoon progresses, and provides
details surrounding the primary aerosol present. As the monsoon progressed over northern India, the BC:CO ratio decreases
especially in the IGP, indicative of wet removal. High ratios of OA:BC indicate that larger amounts of secondary organic
aerosol (SOA) are being formed, whereas low OA:BC ratios are more often associated with a greater contribution from
anthropogenic sources. The OA:BC ratio over northern India increased with the progression of the monsoon, which is likely

be due to an increase in biogenic emissions.
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3.2 Vertical distribution of aerosol during the monsoon progression

Vertical profiles were also carried out using the aircraft in NW India (Jaipur (26.91°N 75.79°E)/Jodhpur (26.24°N
73.02°E)), the IGP (Lucknow (26.85°N 80.95°E)) and NE India (Bhubaneswar (20.30°N 85.83°E)) during both the pre-

monsoon (Sect. 3.2.1) and monsoon (Sect. 3.2.2) seasons.

3.2.1 Pre-monsoon

Inside the IGP, it has been shown that organic aerosol dominated in the boundary layer (as seen in Figure 10) however
there was significant structure in the vertical. During the pre-monsoon, there was a clear thermodynamic separation in the
column between the boundary layer and an elevated aerosol layer (EAL) aloft, as shown by the potential temperature (o)
structure in Figure 3. The boundary layer is associated with a constant potential temperature with height, at the top of which
increasing values of e characterise the top of the convective mixing layer and marks the planetary boundary layer (PBL) height;
above this is the EAL. These thermodynamic criteria were chosen due to use in previous literature (Seibert et al., 2000; Eresmaa
et al., 2006; Haeffelin et al., 2012).

Inside the IGP, organic aerosol dominated the aerosol loading (43%) up to ~2 km with mass concentrations of ~15
pg/m?3 and is consistent with the boundary layer transects already discussed. Black carbon mass concentrations were largest in
the boundary layer in the IGP (~2 pg/m?3). Other inorganic aerosol species also had significant mass concentrations in the
boundary layer, with sulphate, ammonium and nitrate each contributing ~5pg/m3. Above the boundary layer, an EAL existed
between 2 and 7 km with sulphate the dominating aerosol species (50%) at concentrations ~10 pig/m3. Other aerosol species
were also seen in the EAL, but in much lower mass concentrations compared to within the boundary layer (5 pg/m? OA, 0.5
pg/m? BC).

Outside the IGP, the aerosol column had a different structure. In the boundary layer, the dominant aerosol species
were sulphate (44%) up to around 1.5 km with mass concentrations of 8-10 pg/m3. Black carbon mass concentrations were
much lower outside the IGP (0.5 pg/m?3). Organic aerosol had significant mass concentrations in the boundary layer column
but much lower than inside the IGP (3-5 pg/m? in the NW, and 1-2 pg/m? in the NE). It was similar for ammonium mass
concentrations also (2-3 pg/m3) but even lower mass concentrations of nitrate in the column outside the IGP. The aerosol in
the boundary layer extended vertically to a maximum height of 6-7 km, with an EAL present between 2-5 km dependent on
location. For NE India near Bhubaneswar, the EAL was present between 2-4 km, with sulphate aerosol dominating similar to
that over the IGP. Over NW India around Jaipur, the EAL was present between 3-6 km, again with sulphate dominating in this
layer.

The aerosol physical properties throughout the column are shown in Figures,12 and,13. Inside the IGP, the aerosol in

the boundary layer included both accumulation and coarse mode particles with scattering coefficient values of ~120 Mm-.
Above the boundary layer in the EAL, the aerosol included both accumulation and coarse mode particles, with lower scattering
coefficient values of ~80 Mm-L. Outside the IGP, for the NW India region, a larger proportion of particles were in the coarse
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mode and scattering aerosol coefficients were consistent at 40-60 Mm-* through the entire atmospheric column, indicative of

sulphate and dust aerosol presence throughout.

3.2.2 Monsoon

The monsoon arrival had a strong impact on aerosol properties throughout the atmospheric column (as seen in Figures
JL1-13). During the pre-monsoon, the EAL was present across northern India, however this layer diminished as the monsoon
continued. The monsoon system arrived first across the study region in NE India over Bhubaneswar, where large decreases in
total aerosol mass concentration were witnessed from 25-30 pg/m? to ~15 pg/m? in the EAL. Decreases occurred in the height
at which the aerosol load was maximum, decreasing from 5 km in the pre-monsoon to below 2 km when the monsoon
progressed over the region, with the EAL between 2-4 km being removed. These changes were also witnessed when the
monsoon progressed and developed over the IGP and NW India locations. Inside the IGP, the EAL diminished with monsoon
leaving behind aerosol only within the boundary layer, with mass concentrations decreased from ~30 pg/m? to ~20 pg/mé2. The
height of the maximum aerosol load decreased from 6 km to less than 2 km when the monsoon had fully covered this region.
The changes in NW India were slightly different to the IGP and NE India however. This was in part due to the late arrival of
the monsoon at these locations with the monsoon arrival 2 weeks late over LKN, so the flights that took place in this study
were not carried out late enough into July 2016 to witness full monsoon development in NW India. Due to this, the changes to
the aerosol profile were somewhat less severe. Aerosol mass concentrations throughout the profile decreased, but the maximum
aerosol height extent did not decrease as much as over the IGP and NE India (max height from 6 km to 5 km). The EAL over
NW India did remain in position as the monsoon system progressed over the region, however decreases in mass concentration
did occur. Over NW India it is clear that monsoon washout has been less significant due to the later onset date, which is
reflected in the potential temperature and RH values indicating only partial monsoon arrival.

These changes in vertical structure were also reflected in the aerosol physical properties (as shown in Figures 12 and
J13). Data coverage was poor with regards to capturing physical characteristics vertically as the monsoon progressed, however
limited information is available across northern India. Despite this it is evident that aerosol number concentrations were
decreasing, with largest decrease occurring for larger particle sizes, as shown by the number and volume size distributions.
Over the IGP, coarse mode aerosol was dominant in the pre-monsoon but as the monsoon progressed there was a clear increase
in the aerosol fine mode fraction alongside a decrease in the aerosol scattering coefficient to between 80-100 Mm-! in the
boundary layer and 20-40 Mm-! aloft (fine mode fraction is 1 when concentrations are very low). In addition, the height at
which the coarse mode aerosol was present in abundance decreased as the monsoon progressed. Outside the IGP in NE India,
similar trends in scattering coefficients were present from ~80 Mm- in the pre-monsoon to ~50 Mm-! in the monsoon season.
The impact in NW India was less pronounced due to the late monsoon onset in this region, however decreases in the maximum

height of scattering aerosol were seen as the monsoon progressed.
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4 Discussion and Conclusion

This study presents data for the first time from an aircraft platform collecting aerosol chemical composition and
physical properties across northern India, thus providing a unique and unprecedented dataset. There is a clear need to conduct
measurements of the aerosol haze _in around the IGP, with the chemical and physical properties of the aerosol representing a
significant unknown. The level of performance of the instruments provided high temporal and spatial resolution across northern
India as the monsoon progressed, with the results in this study building upon previous work conducted over previous years
and delivering new observations to meet some of the key measurement gaps.

In the vertical profile, inside the IGP, there was an elevated aerosol layer (EAL) present in the pre-monsoon which
diminished as the monsoon progressed. With organic matter and fine mode absorbing aerosol dominating in the boundary layer
inside the IGP, the EAL was dominated by SO4 and coarse mode aerosol with lower mass concentrations of other aerosol
species. In contrast, outside the IGP, the vertical profile was dominated by SO4 and coarse mode aerosol in and above the
boundary layer. The data presented in this study fills significant gaps in previous understanding, due to the temporal and spatial
coverage of the aircraft platform. Column and vertical profile measurements have been carried out in our study across northern
India, where, to date, intensive measurements are lacking as they have only been carried out over the Arabian Sea or Bay of
Bengal during the winter or earlier in the pre-monsoon season (Padmakumari et al., 2013). Sarangi et al. (2016) explain that
the EAL over northern India consists of fine-mode anthropogenic aerosol alongside coarse-mode natural aerosol, i.e. dust, but
the exact physical and chemical composition was unknown. Previous work in March and April has shown elevated aerosol
layers extended above the boundary layer to an altitude of ~5km (Kulkarni et al., 2012; Sinha et al, 2013; Babu et al., 2016;

Sarangi et al., 2016) and with monsoon arrival the elevated aerosol layer is removed (Ratnam et al, 2018; Vernier et al., 2018),

but our in-situ measurements were able to quantify the aerosol presence and its characteristics above these heights during the

pre-monsoon and how they developed as the monsoon progressed. Maximum black carbon mass concentrations of ~0.5-
1pg/md occurred at an altitude of ~2 km in previous studies (Moorthy et al., 2009; Nair et al.; 2013), consistent with the EAL
in our data present between 2-7 km, with similar concentrations of ~0.5 pg/m? of BC in the elevated layers. Our study also
highlights how the monsoon progresses over northern India and the impact of this on the EAL, with the diminishing mass
concentrations and maximum height of aerosol particles. Throughout both the boundary layer and aloft, low NO3 mass
concentrations were present during the pre-monsoon (0-1 pg/m3) with increases as the monsoon progressed (~5 pg/ms3).
Coupled with large SO4 mass concentrations, Sharma et al. (2014) explain that this pattern could be indicative of aerosols

undergoing long-range transport._For example, during the pre-monsoon there is clear long-range transport especially aloft

aiding in the formation of the SO, dominant EAL. The regional air mass directions are consistently from the northwest during

the pre-monsoon, from the Thar Desert region that is also coincident with high density of mining and power plants (Garg and

Shukla, 2009). This region could be a potential source of the significant SO, mass concentrations, with this a topic in need of

further study to ascertain the influence on SO, mass concentration.
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By making use of in-situ and remote sensing techniques, studies have shown that dust aerosols are significant
contributors to elevated aerosol loadings over the IGP during the pre-monsoon season (Gautam et al., 2010; Vaishya et al.,
2018), along with input from absorbing aerosol species such as BC. The elevated aerosol layers, such as those in our study,
have been highlighted to originate from Arabian and Thar Desert regions, driven by winds across the IGP around the height
of 850 hPa/3-5 km (Das et al., 2013). The in-situ measurements however of aerosol optical properties have been lacking until
recently (Vaishya et al., 2018). The scattering coefficient values from our study provide useful comparison to those from
Vaishya et al. (2018) despite the lack of in-situ absorption coefficient values through the vertical profile. In both datasets,
vertical heterogeneity is clear in optical properties across northern India. Like Vaishya et al. (2018) the vertical variations are
weak over NW India over locations such as Jaipur and Jodhpur but are much stronger over the central IGP (Lucknow) and NE
India (Bhubaneswar) locations. Over NW India, scattering coefficient values are high in the boundary layer and aloft at values
comparable to Vaishya et al. (2018) around 50-60 Mm-Z. In the IGP around Lucknow, in a similar region to the central IGP
location of Varanasi in Vaishya et al. (2018), the scattering coefficients are high in the boundary layer (80-120 Mm-?), with
decreased values in the elevated aerosol layer (~60 Mm-?). Finally, in NE India, the scattering coefficient values are consistent
and lower than the NW and IGP profiles, with coefficients of 60-70 Mm in the boundary layer and very low aloft. These
findings are consistent with the others in our study, highlighting the presence of larger, dust aerosol particles aloft with varying
properties in the boundary layer dependent on location across northern India. Our scattering coefficient values also show
agreement with previous literature values, such as Babu et al. (2016) for all locations, and Ram et al. (2016) for Lucknow.

The spatial distribution of sub-micron aerosol chemical composition and physical properties has been characterised
here based upon airborne measurements throughout the vertical column across northern India, during the pre-monsoon and
monsoon seasons. Aerosol source analysis in the literature can provide useful context for the aerosol composition presented.
Across the IGP, it has been found that the residential sector provides the greatest particulate emissions, over double the
emissions from large industry and transport (Pandey et al., 2014). Organic matter (wood burning stoves and open fires) and
black carbon aerosol (kerosene lamps, woodstoves and agricultural residue-based stoves) are known to arise largely from
residential fuel burning activities (Fleming et al., 2018), consistent with our findings as these practices are seen widely across
the IGP region where OM and BC are greatest. Distinctive to the IGP were high OA:BC ratios (10-15), which are somewhat

higher than for similar polluted environments such as China during summer with a ratio of ~4 (Ho et al., 2006; Ni et al, 2018).

It has been indicated that OA:BC ratios over India can be greater than expected due to the dominance of biomass burning
rather than fossil fuel emissions, with highest values in the pre-monsoon season (Ram and Sarin, 2011; Bisht et al., 2015;
Kumar and Yadav, 2016) as seen in our data. Outside the IGP, the aerosol species concentrations are consistent with the aerosol
sources, with more informal industries and manufacturing industries present that form high concentrations of SO, aerosol
through the conversion of sulphur dioxide (SO>) into sulphuric acid (H2SO.). Ammonium mass concentrations correlate well
with SO4 regional patterns within the boundary layer, which is a strong indication of (NH4).SO, formation in the atmosphere.

This source information, coupled with the extensive in-situ measurements, will prove pivotal in producing more

accurate climate models and being able to calculate the energy balance and climate forcing accurately through the monsoon.
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Figure 1 Flight tracks of the BAe-146 aircraft for the campaign across India during the pre-monsoon and monsoon seasons
of 2016. Panel A presents the flight paths considered by this analysis and are described in the main text and Table 1.

Straight Level Run (SLR) boundary layer sections are split by region (A) West of IGP, (B) IGP, and (C) South-East of
IGP. Panel B highlights a boundary layer data summary of the AMS and SP2 median mass concentrations (ug/m?®) for each

zone (A, B and C) identified across Northern India.
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FLIGHT SEASON DATE DEPART RETURN DURATION OPERATING

(2) (2) (hh:mm) REGION
B956 PM 11/06 03:05 07:36 04:31 w
B957 PM 12/06 05:30 09:26 03:56 E
B968 PM/M 30/06 03:32 07:28 03:56 w
B970 PM/M 03/07 04:46 08:42 03:56 w
B971 PM/M 04/07 05:40 10:05 04:25 E
B972 M 05/07 03:27 07:29 04:02 w
B973 M 06/07 02:10 06:41 04:31 w
B974 M 07/07 04:27 08:18 03:51 w
B975 M 09/07 04:29 09:04 04:35 E
B976 M 10/7 04:23 08:51 04:28 w

Table 1_Flight summary for operations included in this study. All flights were conducted in
Northern India in the pre-monsoon (PM) and monsoon (M) season (PM/M season refers to
transition period of when the monsoon was arriving in Northern India). The dates of the flights
are shown, with their respective region of study.
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Figure 2 Mean meteorological conditions in the boundary layer (950hPa pressure altitude) (panel A and C) and aloft (650hPa

pressure altitude) (panel B and D) for the pre-monsoon and monsoon flights. The wind direction is displayed using white

arrows on each of the plots, with temperature (Kelvin) and relative humidity (%) indicated with the colour scale. The data

used in the maps is ERA-Interim (Dee et al., 2011). Panels E and F present 1-degree gridded precipitation (mm) data based

on 2140 weather stations over India, again for the pre-monsoon and monsoon flights, from the Indian Meteorological

Department (IMD).
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B956 Aerosol extinction coefficient (Mm™")
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Figure 3 Aerosol extinction coefficient estimated from backscatter lidar observations, for the indicated flights of B956
11/06) and B957 (12/06) in the pre-monsoon season along the longitudinal scale 75°E to 90°E. Gaps indicate missin
data, due to either rejection of whole profiles or rejection of the portion of profiles affected by clouds. The
thermodynamic plots of potential temperature (), equivalent potential temperature (e.) and relative humidity on the
right and left of the lidar profiles, are for the location indicated by title of plot (JAlI=Jaipur (26.91°N, 75.79°E)
LKN=Lucknow (26.85°N, 80.95°E), BBA=Bhubaneswar (20.30°N, 25.83°E)).
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532 nm Total Attenuated Backscatter, km" sr’ UTC: 2016-06-11 08:06:24.1 to 2016-06-11 08:19:52.7 Version: 3.30 Standard Daytime
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Figure 4 CALIPSO total attenuated backscatter for June 11th (B956) daytime overpass on the Indian subcontinent. Highlighted in
the black dashed box is the northern India region of interest, to privide contrast to the on-board lidar retrieval.
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Figure 5 Aerosol vertical profile summary for pre-monsoon and monsoon seasons during the
campaign, for NW India and the IGP/NE India.

35



—— Org — S04 — NO3 NH4 — BC —— RH |Approx. IGP Boundary,
3 74 75 76 A 78
I T FETTRETEUN FUTETRUUET FERTTRUTET STUTRRTETY FNRNL TR ITeaT|
0 B956 11/6 PM

3

pgim

3

pg/m

3

pg/m

3

10

pgim

] TTTTT

3

pgim

Ny I B O o o
S5 DS o
S

%

(oa) wbrt (og) wer (og) wer (og) wer (og) wer

oo U SOUIOW SUICWIOWN  SMONIoWM SoS

- = = e £
0 ,ﬁ%“‘|,“f‘},“
73 74 75 76 77 78 79

Longitude (degE)

15
Figure 6 Horizontal spatial aerosol chemical composition (below 1000 m) plots for pre-monsoon (PM) and monsoon
(M) seasons in Northern India, from LKN to JAI/JOD. The plots highlight the IGP region (77°E-eastwards) and
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Figure 7 Horizontal spatial aerosol chemical composition (below 1000 m) plots for PM and M seasons
in Northern India, from LKN to BBA. The monsoon progression is indi cated by the blue shaded region.
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Figure 8 Horizontal variability in aerosol physical properties (CDP no. total, PCASP no. total and Fine
Mode fraction) for PM and M seasons in Northern India, from (A) LKN to JAI/JOD and (B) LKN to BBA.
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Figure 10 Horizontal spatial aerosol chemical composition (Organics:Black Carbon (OA:BC) and Black Carbon:Carbon
Monoxide (BC:CO) ratios) for PM and M seasons in Northern India, from (A) LKN to JAI/JOD and (B) from LKN to BBA.
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Figure 11 Vertical profile aerosol chemical composition for (A) Jaipur/Jodhpur in NW India, (B) Lucknow in the IGP, and (C)

Bhubaneswar in NE India. Data presented here are for the pre-monsoon (PM) and monsoon (M) season. The Figures show AMS
(bottom x-axis) and SP2 (BC) (top x-axis).
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Figure 12 Vertical Profiles of aerosol physical properties (CDP no. total, PCASP no. total
and Fine Mode fraction) for (A) Lucknow and (B) Bhubaneswar for one PM and two M

flights.
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Figure 13 Aerosol scattering coefficient (Mm) in the vertical profile for NW India

(Jaipur/Jodhpur 26.91°N 75.79°E), IGP (Lucknow 26.85°N 80.95°E) and NE India

(Bhubaneswar 20.30°N 85.83°E). The colours represent different science flights, with
various progression into the monsoon season.
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