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ABSTRACT 
 

The objectives of 7-SEAS/BASELInE (Seven SouthEast Asian Studies/Biomass-burning Aerosols & Stratocumulus 
Environment: Lifecycles & Interactions Experiment) campaigns in spring 2013–2015 were to synergize measurements 
from uniquely distributed ground-based networks (e.g., AERONET, MPLNET) and sophisticated platforms (e.g., 
SMARTLabs, regional contributing instruments), along with satellite observations/retrievals and regional atmospheric 
transport/chemical models to establish a critically needed database, and to advance our understanding of biomass-burning 
aerosols and trace gases in Southeast Asia (SEA). We present a satellite-surface perspective of 7-SEAS/BASELInE and 
highlight scientific findings concerning: (1) regional meteorology of moisture fields conducive to the production and 
maintenance of low-level stratiform clouds over land, (2) atmospheric composition in a biomass-burning environment, 
particularly tracers/markers to serve as important indicators for assessing the state and evolution of atmospheric 
constituents, (3) applications of remote sensing to air quality and impact on radiative energetics, examining the effect of 
diurnal variability of boundary-layer height on aerosol loading, (4) aerosol hygroscopicity and ground-based cloud radar 
measurements in aerosol-cloud processes by advanced cloud ensemble models, and (5) implications of air quality, in terms 
of toxicity of nanoparticles and trace gases, to human health. This volume is the third 7-SEAS special issue (after 
Atmospheric Research, vol. 122, 2013; and Atmospheric Environment, vol. 78, 2013) and includes 27 papers published, 
with emphasis on air quality and aerosol-cloud effects on the environment. BASELInE observations of stratiform clouds 
over SEA are unique, such clouds are embedded in a heavy aerosol-laden environment and feature characteristically 
greater stability over land than over ocean, with minimal radar surface clutter at a high vertical spatial resolution. To  
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facilitate an improved understanding of regional aerosol-cloud effects, we envision that future BASELInE-like 
measurement/modeling needs fall into two categories: (1) efficient yet critical in-situ profiling of the boundary layer for 
validating remote-sensing/retrievals and for initializing regional transport/chemical and cloud ensemble models, and (2) 
fully utilizing the high observing frequencies of geostationary satellites for resolving the diurnal cycle of the boundary-
layer height as it affects the loading of biomass-burning aerosols, air quality and radiative energetics. 
 
Keywords: 7-SEAS; BASELInE; Biomass-burning; Air Quality; Aerosol; Cloud. 
 
 
 
BACKGROUND AND MOTIVATION 
 

Air quality, as a measure of natural and anthropogenic 
emissions of pollutants into the atmosphere, is receiving 
increasing global attention. It correlates with the health of 
humans and ecosystems and is also a reflector of 
meteorological processes occurring predominantly on local 
to regional scales. The associated particulate matter (PM) and 
trace gases (e.g., O3, CO2, NO2), acting as radiative forcing 
agents and participating in numerous atmospheric processes, 
including photochemistry, chemical transformation, 
convection, and cloud nucleation/retroaction, alter weather 
and climate (cf. IPCC, 2013; and references therein). In 
addition, increased understanding of the effects played by 
air quality on the health of humans and ecosystems has 
underscored the benefits of decreasing exposure to fine PM 
and toxic gaseous pollutants. Such contaminants are the 
leading environmentally-related cause of premature mortality 
worldwide (cf. Lelieveld et al., 2015; and references therein). 
In addition, the connections of air quality with global climate 
change rest in the synergy between observations and 

modeling efforts. The latter relate forcings that account for 
the feedbacks between regional air quality and climate. As the 
global population continues to grow, the demands on energy 
and land cover/use will increase, as will industrial/societal 
activities. Hence, the need to monitor and understand air 
quality is urgent and pervasive.  

Prior to the advent of satellite observations, air quality 
monitoring had relied heavily on surface observations and 
modeling to develop mitigation strategies. Since 1997, 
NASA's Earth Observing System (EOS, 1999; EOS 
Mission Profiles, http://eospso.gsfc.nasa.gov), among other 
programs, has been successfully operating a series of low-
Earth-orbit (LEO) satellites to further the understanding of 
the Earth-atmosphere system and the effects of natural and 
anthropogenic changes on the global environment. This 
development has been advanced in lockstep with surface/ 
suborbital observations and modeling efforts. Furthermore, 
as illustrated in Fig. 1, field campaigns simultaneously serve 
to unite the aforementioned complementary components –
satellite measurements and retrievals, ground-based 
observations and networks, and comprehensive climate

 

 
Fig. 1. A comprehensive strategy to integrate the individual components that comprise the research activities for 
understanding the Earth-atmosphere system; the arrows signify the complementary roles and the strengths between 
components. 
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analyses and modeling & prediction – in near real-time for a 
more incisive understanding of the Earth-atmosphere system. 
Additional benefits of surface and suborbital observations 
provide calibration/validation activities that are of paramount 
importance for satellite measurements to attain their full 
potential. 

While LEO satellites have demonstrated observational 
capability of the critical constituents affecting air quality, their 
ability to observe fine spatial structures at a high temporal 
resolution is insufficient to monitor air quality events that 
can develop in less than a day. Thus, geostationary (GEO) 
satellites can provide observations fulfilling this requirement. 
As portrayed in Table 1, the wave of the future (e.g., the 
Decadal Survey, http://decadal.gsfc.nasa.gov/, among other 

space programs) points to second-generation sensors from 
GEO platforms, which have evolved largely from mature 
LEO predecessors. These will constitute invaluable tools 
for monitoring, diagnosing and projecting air quality. 
Moreover, ground-based observations over a distributed 
network, emphasizing the richness in spectral-temporal 
(remote sensing) and physiochemical (in-situ) sampling, 
complement satellites for essential information. In turn, 
critical information content for comparisons is made 
available that confirms quantitatively the usefulness of the 
integrated surface, aircraft and satellite (particularly GEO) 
measurements, as well as validating chemical-transport and 
assimilation models. This is crucial for advancing our state 
of understanding of the complex aerosol-cloud-radiation

 

Table 1. Categories of currently available and forthcoming tropospheric aerosol/cloud spaceborne sensors including 
example instruments (abbreviation, cf. Appendix), with their specifications (relevant data and spatial/temporal sampling), 
and duration (or expected launch time) of operations. 

 Category Instrument 
Specifications 

Duration 
Relevant data Coverage 

L
E

O
 

Spectral imager 
AVHRR 
MODIS Terra/Aqua 
VIIRS 

Broad-swath aerosol 
and cloud  

2900 km swath, various overpass times  
2330 km swath, ~10:30/~1:30 local time 
3040 km swath, ~1:30 local time 

1978+ 
2000+ 
2012+ 

Multiangle 
imager 

MISR 
SLSTR 

Narrower-swath aerosol 
and cloud; more 
constraints on size and 
absorption than spectral 

360 km swath, ~10:30 local time 
740 km dual-view swath, 10:00 local time

2000+ 
2016+ 

Polarization and 
multiangle 
imager 

POLDER 
S-GLI 

Greatest information 
content for aerosol and 
cloud retrievals 

2400 km swath, ~1:30 local time 
1400 (imager)/1150 km (polarized 
multiangle) swath, 10:30 local time 

2004–2013
Exp. 2017

UV-focused 
imaging 
spectrometer 

OMI 
OMPS nadir 
TropOMI 

Particularly sensitive to 
UV-absorbing aerosols; 
some trace gas 
information 

2600 km swath, ~1:30 local time 
2800 km swath, ~1:30 local time 
2600 km swath, ~1:30 local time 

2004+ 
2012+ 
Exp. 2016

Thermal-focused 
spectrometer 

AIRS 
IASI 
CrIS 

Mostly used for clouds 
and ash/dust aerosols; 
some trace gas 
information 

1650 km swath, ~1:30 local time 
2200 km swath, ~9:30 local time 
2200 km swath, ~1:30 local time 

2002+ 
2006+ 
2012+ 

Lidar 
CALIOP/CALIPSO 
ALADIN/ADM 
ATLID/EarthCARE 

Vertical profiles of 
aerosols and clouds 

Curtain profile, ~1:30 local time 
Curtain profile, ~6:00 local time 
Curtain profile, ~2:00 local time 

2006+ 
Exp. 2016
Exp. 2018

Radar 
CPR/CloudSat 
DPR/GPM 
CPR/EarthCARE 

Vertical profiles of 
clouds and precipitation

Curtain profile, ~1:30 local time 
245 km swath, precessing orbit 
Curtain profile, ~2:00 local time 

2006+ 
2014+ 
Exp. 2018

Microwave 
radiometer 

SSM/I 
GMI 

Broad-swath for clouds 
and precipitation 

1707 km swath, various local times 
904 km swath, precessing orbit 

1987+ 
2014+ 

G
E

O
 

Ocean color 
imager 

GOCI 
GOCI-II 

Aerosols (SeaWiFS-like 
heritage) 

2500 km rectangle, 8 images per day 
2010+ 
Exp. 2018

Second-
generation 
spectral imager 

AHI 
ABI 
AMI 
FCI 

Aerosols and clouds 
(MODIS-like heritage 
products) 

Fixed Earth disk centered above various 
longitudinal points, better than 30 
minute scan repeat frequency 

2015+ 
Exp. 2016
Exp. 2018
Exp. 2018

UV/Visible-
focused 
spectrometer 

GEMS 
TEMPO 
UVNS 

Mostly focused on trace 
gases (OMI-like 
heritage) 

Fixed rectangle, scans roughly hourly 
Exp. 2018
Exp. 2019
Exp. 2018

L
-1

 

Spectral imager 
EPIC/DSCOVR at 
the Lagrange-1 
point 

Aerosols, limited clouds 
(OMI-/SeaWiFS-like 
heritage) 

Images whole sunlit portion of the Earth 
every ~90 minutes 

2015+ 
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interaction processes as illustrated in Fig. 2. Towards this end, 
recent large-scale international programs such as MILAGRO 
2006 (Molina et al., 2010) and GoAmazon 2014–2015 
(Martin et al., 2016), among other international campaigns, 
have been dedicated to perform air quality research involving 
heavy use of airborne platforms that offer mobility and 
flexibility. As reported by Lelieveld et al. (2015), Southeast 
Asia exhibits the second highest premature mortality rate, 
a large fraction of which is attributed to the trans-boundary 
air quality issues. Extensive aircraft operations in this 
region would undoubtedly be complex due to flight 
restrictions. Our baseline strategy for leapfrogging difficult 
trans-boundary (i.e., international) air quality research 
operations utilizes LEO/GEO satellites, dense ground-
based network observations and regional-scale simulations, 
a grass-roots multi-country project whose conceptual layout 
is depicted in Fig. 3. 
 
THE 7-SEAS/BASELInE CAMPAIGNS 
 

Southeast Asia (SEA), an extensive agrarian region, has 
witnessed vibrant economic growth and rapid urbanization in 
recent decades. During boreal spring, biomass burning from 
natural forest fires and slash-and-burn agricultural practices 
strongly modulates the regional atmospheric composition 
over northern SEA. In the peak-burning season (March–

April), aerosol species and associated trace gases degrade 
the regional air quality and impact the energy balance of 
the Earth-atmosphere system through their direct radiative 
effects. One of the most prevalent genres of clouds that 
modulate the radiative energy budget is the low-level 
stratocumulus (Sc) clouds (cf. Klein and Hartmann, 1993; 
Wielicki et al., 2002; Hsu et al., 2003; and references 
therein). These clouds cover more of the Earth's surface than 
any other cloud type, rendering them critical for distributing 
precipitable water in the Earth-atmosphere system as well 
as modulating the sensible and latent heat fluxes that 
profoundly affect weather and climate. Downwind from 
smoke source regions over SEA, the transported biomass-
burning aerosols overlap and overlie a persistent low-level 
Sc cloud deck, associated with the development of the 
region's boreal spring cloud and rain system known as the 
pre-Meiyu (cf. Lau and Yang, 1997; and references therein). 
The onset and evolution of the South and East Asian summer 
monsoon systems (cf. Li et al. (2016) for a detailed review) 
may be influenced by the aerosol-cloud-precipitation 
interactions over Southeast Asia (e.g., Lee et al., 2014) and 
remain active research topics. The low-level Sc clouds are 
particularly sensitive to changes in aerosol loading on both 
microphysical and macrophysical scales (cf. Wood, 2012; 
and references therein). Aerosols, by way of their size 
distribution and chemical composition, can trigger a plethora

 

 
Fig. 2. Schematic of coordinated satellite, sub-orbital, and ground-based supersite/network, in conjunction with 
simulator/retrieval algorithms and analysis/synthesis modules advance the state of understanding of complex aerosol-
cloud-radiation interaction processes. Snapshots of initial measurements (e.g., atmospheric state, aerosols, trace gases) 
provide 4-D (temporal + spatial) constraints to the forward models that drive instrument simulators to reproduce radiance/ 
backscattering signals for assessing/validating cross-platform multi-sensor performance. The calibrated Level-1 (L1) 
spectral measurements together with forward-model products direct retrieval algorithms to generate a suite of L2 
parameters (e.g., properties of gas/aerosol/cloud). Corresponding L1/L2 outputs from these sensors with geophysical 
parameters computed from the forward models are utilized in various analysis/synthesis approaches to develop sensitivity 
metrics that feedback for advancing the state of understanding in model simulations and observational strategies. 
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Fig. 3. Synergistic 7-SEAS/BASELInE deployments of AERONET/MPLNET, SMARTLabs mobile laboratories, and 
regional contributing instruments (all denoted by icons) along the “river of smoke aerosols” under various satellite 
overpasses to study the evolution of atmospheric composition due to springtime biomass-burning activities and complex 
aerosol-cloud-radiation interactions over land. Operational LEO satellites relevant to BASELInE campaigns were fully 
utilized. GEOs such as AHI/Himawari and EPIC/DSCOVR were not available during the IOPs of 2013–2015; they will be 
incorporated in the planning of future BASELInE-like IOPs. There are four supersites: near source regions at Doi 
Angkhang Met. Station, Thailand; long-range transport at Son La Met. Station, Vietnam; confluence of aerosols/clouds at 
Yen Bai Met. Station, Vietnam; and near sink areas at Lulin Atmospheric Background Station (LABS, ~2.8 km above sea 
level in the free-troposphere), Taiwan. 

 

of reactions affecting the lifecycle of clouds. The aerosol-
cloud system over SEA is tightly coupled and provides a 
unique, natural laboratory for further exploring the indirect 
radiative effects and complex interactions over micro- to 
macro-scales (cf. Lin et al., 2013; Reid et al., 2013; Tsay 
et al., 2013; Lin et al., 2014; and references therein). The 
nature and magnitudes of these complex effects are highly 
uncertain and remain poorly understood; most studies have 
focused mainly on marine environments, with far fewer 
studies over land where major sources of anthropogenic 
aerosols exist. The unique SEA climatology in boreal spring 
provides excellent atmospheric conditions (i.e., strong 
aerosol-cloud signals with dynamical processes not yet 
overwhelming the evolution of clouds, Tsay et al., 2013) 
to study the air quality and impacts of aerosols on Sc 
clouds and precipitation over land. 

Reid et al. (2013) summarized extensively an 
interdisciplinary research program, 7-SEAS (Seven SouthEast 
Asian Studies), which focused mainly on the satellite aerosol 
remote sensing and associated observability issues over SEA, 
particularly the southern “Maritime Continent”. To facilitate 
an improved understanding of the regional air quality as 
influenced by aerosol-cloud effects in climatologically 
important cloud regimes, 7-SEAS/BASELInE (Biomass-
burning Aerosols & Stratocumulus Environment: Lifecycles 
& Interactions Experiment) along with joint international 
efforts (i.e., regional contributing instruments) were conducted 

in spring 2013–2015 over northern SEA. Fig. 3 highlights 
a perspective of the region known as the “river of smoke 
aerosols” from near source regions over northern Thailand-
Laos-Vietnam and depicts the confluence of aerosol-cloud-
radiation interactions prior to entering the receptor areas of 
Hong Kong, Dongsha and Taiwan. The near-term research 
goals of 7-SEAS/BASELInE are: (1) to characterize the 
chemical, microphysical, and radiative properties of biomass-
burning pollutants in the region, (2) to assess biomass-burning 
activities as they contribute to the regional air quality and 
meteorology, and (3) to evaluate how biomass-burning 
aerosols interact with seasonal Sc clouds. The success of 
these objectives constitutes building blocks from which the 
carbon, hydrological and biogeochemical cycles and radiative 
energy budget affecting the regional-to-global weather and 
climate can be further understood.  

The experimental plan utilized to realize the research 
goals of 7-SEAS/BASELInE is illustrated in Fig. 3, which 
also summarizes the instrumental suites and their strategic 
locations. The general backbone of BASELInE observational 
network consists of AErosol RObotic NETwork (AERONET; 
Holben et al., 1998) sun-sky spectroradiometers and irradiance 
radiometers (Ji and Tsay, 2010; Ji et al., 2011), which can 
be deployed in a DRAGON-like (Distributed Regional 
Aerosol Gridded Observation Networks, Holben et al., 
2016) configuration over a designated region to compare 
with airborne measurements and satellite retrievals or in a 
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Lagrange-like setting along prevalent pathways (Tsay et 
al., 2013) for the study of transport and evolution of the 
pollutants. To critically evaluate the latter, additional 
instrumentation is required. For this purpose, the supersites 
embedded in this setting include the SMARTLabs (Surface-
based Mobile Atmospheric Research & Testbed Laboratories, 
cf. http://smartlabs.gsfc.nasa.gov) mobile facility, the 
MicroPulse Lidar NETwork (MPLNET; Welton et al., 2001, 
2002), multi-suite of chemical samplers (Lin et al., 2013), 
and regional contributing instruments. Fig. 4 exhibits, for 
example, the ground-based instrumental layouts deployed 
during spring seasons in 2013–2015. In brief, SMARTLabs, 
AERONET, and MPLNET are comprised of suites of surface 
remote sensing and in-situ instruments that are pivotal in 
providing high spectral and temporal measurements, 
complementing the collocated observations from satellite 
platforms. Multiple suites of chemistry samplers (cf. 
http://aerosol.atm.ncu.edu.tw) deployed simultaneously 
over the region were used to quantify the composition of 
aerosols and precursors in considerable details to enhance our 
understanding of the air quality. Thus, 7-SEAS/BASELInE, 
the first of its kind in the region, is a collaborative effort 
between scientists from the U.S. (NASA, NRL, CSU) and 
from the region (Thailand, Vietnam, Hong Kong, and 
Taiwan). Building successful strategies and partnerships 
was an outcome of the mission that led many committed 
scientists nationally and internationally to tackle many aspects 
of satellite remote-sensing/retrieval and ground-based in-situ 
studies involving aerosols, clouds and air quality. 
 
MEASUREMENTS AND PRODUCTS 
 

In this section, we first present a typical example (cf. 
Fig. 5(a)) of extensive aerosols associated with biomass 
burning in relatively dry/cloud-free regions (i.e., northern 
Myanmar–Thailand–Laos) stretching hundreds of kilometers 
into cloudy areas (i.e., northern Vietnam, Hong Kong and 
southern China) during peak burning seasons in March–
April. The MODIS/e-DB (enhanced Deep-Blue; Hsu et al., 
2013) algorithm retrieved the full extent of smoke plumes 
from near-source to downwind cloudy regions, including 
aerosol optical thickness (AOT) above clouds (cf. Fig. 5(b)). 
This new above-cloud portion of the dataset (Sayer et al., 
2016a) is currently operating on a case-study basis, and 
will be included in the MODIS Collection 7 data product 
suite. Measurements and retrievals of passive imagers are 
highly complementary to the information provided by 
active sensors (e.g., CALIOP/CALIPSO), offering wide 
swath coverage in contrast to the high vertical resolution 
(30 m) but limited “curtain” spatial coverage. Due to this 
curtain sampling, 9-year CALIOP backscatter profiles and 
feature mask data (Winker et al., 2009) from April 2007–
2015 were analyzed to build a climatological picture of the 
vertical frequency distribution of aerosols and clouds in the 
region. Fig. 5(c), sampling over aerosol-cloud confluence 
area (blue-square box in Fig. 5(a), reveals a long-lived 
aerosol layer (red lines) peaking at ~3 km above sea level, 
while the occurrence of clouds (blue lines) ranges mainly 
between 2 and 3 km. Diurnal patterns, night time vs. daytime 

overpasses (dotted vs. solid lines in Fig. 5(c)), exhibit 
increases in the frequency of occurrence of both high- and 
low-level clouds and feature a deepening of the latter. The 
characteristic traits depicted resemble those of the near-
source regions (brown-square box in Fig. 5(a), covering 
Doi Angkhang [DAK], Thailand, and Luang Namtha [LN], 
Laos) with the exception that the relative magnitudes of the 
aerosols and clouds are higher and lower, respectively. At low 
levels (e.g., below 3 km), often more than 50% of the lidar 
signals are totally attenuated (black lines in Fig. 5(c)) due 
to the widespread presence of aerosols and/or low clouds. 
In addition, this aerosol-cloud system is not only tightly 
coupled, but is also under active stratiform convection (Klein 
and Hartmann, 1993). Unlike deep convective clouds, 
complex dynamical forcing is generally absent in stratiform 
clouds, yet representing these clouds in climate models is 
challenging as the controlling processes (e.g., radiative 
cooling, turbulence, entrainment, precipitation) occur on 
relatively small scales, leading to uncertainties in future 
climate prediction (Wood, 2012). 

The 7-SEAS/BASELInE integrated observational strategies 
take advantage of scheduled regional observations from 
space (cf. Table 1) and augmented/enriched by distributed 
network of ground-based measurements to fill in the 
missing gaps. Table 2 lists the durations of BASELInE 
operations and the locations of instrumentation deployed. 
Note that due to a large area to be covered, instrument 
availability and operational duration of each supersite may 
vary year by year with minor adjustments. Both AERONET's 
sun-sky spectroradiometer and MPLNET's vertical-pointing 
lidar with polarization capability are NASA's facility 
instruments and their instrumentation, measurement and 
processing are given in the links: http://aeronet.gsfc.nasa.gov 
and http://mplnet.gsfc.nasa.gov, respectively. Lee et al. 
(2016b), Sayer et al. (2016b), and Wang et al. (2015) have 
also utilized heavily the measurements of AERONET/ 
MPLNET in this special issue. Lists of instruments hosted 
by SMARTLabs mobile laboratories can be found in Table 1 
of Pantina et al. (2016, for in-situ probes) and Table 1 of 
Loftus et al. (2016, for remote sensing instruments). In 
addition, centralized command and data handling (C&DH) 
systems are implemented in SMARTLabs to provide a 
virtualized platform for a cohesive and consistent manner 
in which to interact with the independent instruments. The 
C&DH provides tremendous data storage, processing power, 
and communication interfaces (e.g., remote control/operation) 
to integrate the current instruments. These virtualization 
platforms provide great flexibility for deploying new or 
guest instruments without having to change the underlying 
support architecture, and increases reliability and decreases 
maintenance to allow SMARTLabs to perform in difficult 
environments with less manpower. 

A compilation of chemistry samplers and other regional 
contributing instruments are listed in Table 3. As the sampling 
and analysis of atmospheric compositions are extremely 
laborious, chemical measurements in BASELInE campaigns 
were limited in duration to about six weeks in the intensive 
operating period (IOP). The samplers identified in Table 3 
and their processing procedures are directed towards



 
 
 

Tsay et al., Aerosol and Air Quality Research, 16: 2581–2602, 2016 2587

 

 

 
Fig. 4. At the Doi Angkhang supersite, (a) panoramic view of all radiation instruments located at the highest point of the 
Met. Station water tower; (b) a simple shelter built on the floor underneath the water tower to host power supplies, 
dataloggers, computers and daily operations; (c) a suite of chemistry samplers from the Taiwan team were located on the 
platform next to SMART (2013), which hosted an MPLNET micro-pulse lidar, additional trace-gas and microphysics 
instruments with their inlets installed on the roof of SMART mobile laboratory; and (d) during 2014–2015 the micro-pulse 
lidar became a self-contained unit. At the Son La supersite, COMMIT (2012–2013) instrument setup for (e) AERONET 
sun-sky spectroradiometer; (f) GSFC irradiance radiometer set; (g) dual-channel (355 and 532 nm) lidar from Taiwan; (h) 
same as of (c), another suite of chemistry samplers from the Taiwan team; and (i) the COMMIT mobile laboratory. At the 
Yen Bai supersite, ACHIEVE (2013) instrument setup for (j) AERONET spectroradiometer with polarization for cloud-
mode operations; (k) the ACHIEVE mobile laboratory in action; and (l) a 18.4 m high corner-cube (6.4-inch inner 
dimension) calibration tower, located on the west bank of the Red River, Vietnam, and 370 m from the ACHIEVE radars. 
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Fig. 5. (a) MODIS/Aqua red-green-blue image on 9 April 2013 covering the region of (16–27°N, 97–113°E) and the sub-
regions of (20–25°N, 105–110°E, blue-square box)/(18–23°N, 98–103°E, brown-square box) superimposed with the A-
Train overpass (yellow line) track over Southeast Asia, (b) the corresponding MODIS/e-DB AOT retrievals at 0.55 µm, 
and (c) CALIOP/CALIPSO aerosol and cloud vertical frequency distributions for April 2007-2015 day/night (solid/dotted 
lines, respectively) overpasses within the domain of blue-square box in (a). 

 

Table 2. Locations (latitude, longitude, height above sea level) and duration (day/month/year) of 7-SEAS/BASELInE 
deployments along the “river of smoke aerosols”. 

 
Doi Angkhang (DAK) Son La (SL) Yen Bai (YB) LABS 

Others 19.93°N, 
99.05°E 

~1.5 km 
21.33°N, 
103.90°E

~0.66 km
21.71°N, 
104.87°E

~0.05 km
23.47°N, 
120.87°E 

~2.86 km

AERONET 
06/02–15/04/2013 
26/02–14/04/2014 
31/01–17/04/2015 

14/03–09/04/2012 
07/03–01/04/2013 
04/03–15/07/2014 
28/02–15/09/2015 

31/01–09/04/2013 All year 2012–2015 3Cimel 

MPLNET 
05/02–15/04/2013 
01/03–18/04/2014 
15/03–18/04/2015 

07/03–09/04/2012 
21/02–07/04/2013 

(Lidar from Taiwan)
– 

All year 2013–2015 
(at NCU campus) 

– 

SMART 06/02–16/04/2013 – – – 4SEBRA

COMMIT 01/02–13/04/2015 
07/03–09/04/2012 
21/02–07/04/2013 

– – – 

ACHIEVE – – 25/03–10/04/2013 – – 

Chemistry 
Sampler 

06/03–08/04/2013 
01/03–12/04/2014 
01/03–13/04/2015 

18/03–10/04/2011 
13/03–19/04/2012 
06/03–08/04/2013 

– 
06/03–08/04/2013 
01/03–12/04/2014 
01/03–13/04/2015 

5HC 

Others 
1SU: Feb.–Apr. 2013 

2CMU: 2013–2015 
– – – – 

1 SU: deployment of Silpakorn University's sensors: skyview 08/02–11/04/2013, Ground-based UV/PAR radiometer 
(GUV-2511) 12/02–11/04/2013, UV-Biometer & Luxmeter 13/02–29/03/2013. 
2 CMU: deployment of Chiang Mai University's Mini-Volume air samplers: 25/02–31/03/2013, 01/03–07/04/2014, 01/03–
31/03/2015. 
3 Cimel: additional sites at Chiang Mai (Thailand), Maeson (foothill of DAK, Thailand, 2014), Luang Namtha (Laos), Ha 
Noi (Vietnam), Hong Kong, and Dongsha/NCU campus operated, covering the burning seasons in 2013–2015. 
4 SEBRA: Surface Energetics Broadband Radiometer Array deployed at additional sites during the burning seasons: 
Maeson (2014), Doi Angkhang (2013–2015), Luang Namtha (2013–2015, Laos), Son La (2012–2013), Hong Kong (2013), 
and Dongsha (2012–2013, Taiwan). 
5 HC: chemistry sampler package deployed at HengChun (Taiwan) site for the same duration as at DAK and LABS 
supersites. 

 

determining the chemical composition (e.g., elemental/organic 
carbon [EC/OC], ions, volatile organic carbon [VOC], 
mercury, dioxin) and microphysical properties (e.g., size, 
mass, concentration) of the atmospheric aerosols and their 

precursors. Data products arising from the suites of ground-
based measurements that are either remotely sensed or in-situ 
sampled are presented in Table 4. The two different kinds of 
products shown are those directly measured/retrieved (e.g.,  
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Table 3. Instruments, models, specifications (measurement types, size cuts), locations (2013–2015; or year-only), and 
manufacturer (Mfr.) for chemistry samplers operated in 7-SEAS/BASELInE. 

 
Instrument Model 

Specifications 
Mfr. 

Measurement Size Cut Location (year-only) 

St
an

da
rd

 

Honeycomb Denuder 
Particulate Sampler 

RP-3500 Ions, BC, OC PM10 & PM2.5
DAK, LABS, SL 
(2013) 

Thermo Scientific 
Inc., USA 

Particulate Sampler PQ-200 Ions PM2.5
 DAK, LABS, HC, 

SL (2013) 
BGI Inc., USA 

High-Volume Air 
Samplers 

PS-1 Dioxin, Metals, PAHs
Ambient & 
PM2.5 

DAK, LABS, HC, 
SL (2013) 

Andersen 
Instruments Inc., 
USA 

High-Volume Air 
Sampler 

HV-1000F Dioxin, Metals Ambient 
DAK, LABS, SL 
(2013) 

Sibata Scientific 
Technology Ltd., 
USA 

M
is

si
on

 S
pe

ci
fic

 

Mini-Volume Air 
Sampler 

MiniVolTM Organics, SEM, FTIR PM2.5 DAK, SL (2013) Airmetrics, USA

Micro-Orifice 
Uniform Deposit 
Impactors 

MOUDI-
100/110 

Aerosol size-
segmented chemistry

Ambient 
DAK, SL (2013), 
HC (2014–2015) 

MSP Corp., USA

Nano-Micro-Orifice 
Uniform Deposit 
Impactor 

Nano-
MOUDI-
115 

Aerosol size-
segmented chemistry

Ambient 
DAK (2013), SL 
(2013), HC (2014) 

MSP Corp., USA

High-Volume Air 
Sampler 

Air Flow 
PM2.5HVS 

Dioxin PM2.5 SL (2013) 
Analitica 
Strumenti, Italy 

Mercury Ambient 
Sampler 

MAS 
Mercury (GEM, 
RGM, PHg) 

Ambient 
DAK, SL (2013), 
HC (2014–2015) 

In-house, Taiwan

Steam Jet Aerosol 
Collector  

SJAC Ions PM2.5 DAK (2013) In-house, Taiwan

R
eg

io
na

l Mini-Volume Air 
Samplers 

MiniVol Ions, metals PM2.5 DAK Airmetrics, USA

Particle-Into-Liquid 
Sampler 

PILS Ions PM2.5 HC In-house, Taiwan

Flask Air Sampling  – Greenhouse Gas Ambient HC (2015) In-house, Taiwan
Note: BC/OC for black carbon and organic carbon, PAHs for polycyclic aromatic hydrocarbons, SEM for scanning 
electron microscope, FTIR for Fourier transform infrared spectroscopy, GEM for gaseous elemental mercury, RGM for 
reactive gaseous mercury, and PHg for particulate mercury. 

 

spectral optical thickness, in-situ properties near surface) 
and those derived from combining products (e.g., aerosol 
hygroscopic growth factors). These products listed in the 
Table 4 reflect advances in methods of observations and 
technological progresses in instrumentation. As model 
simulations inevitably become more detailed (reflecting 
increased understanding of atmospheric processes), they 
will use and rely increasingly on such products and, as must 
be expected, will feedback new instrumental requirements 
and observational strategies. Indeed, such refinements have 
made possible predictive capabilities that describe how future 
changes in atmospheric composition affect climate and air 
quality. 7-SEAS/BASELInE measurements and data products 
set a baseline and are uniquely poised to address these 
challenges. 
 
RESULTS 
 

This paper provides an overview of new measurements/ 
results from the 7-SEAS/BASELInE campaigns in 2013–
2015. This volume is the third 7-SEAS special issue (after 

Atmospheric Research, vol. 122, 2013, which focused mainly 
on studies over the maritime continent; and Atmospheric 
Environment, vol. 78, 2013, whose purview encompassed 
measurements/analyses over northern SEA) and includes 
27 published papers, which cover the following themes. 
 
Regional Meteorology 

The meteorological patterns over the Southeast Asian 
Peninsula (SAP) can be characterized by two distinct Asian 
monsoons: the winter northeast and the summer southwest 
monsoons (cf. Reid et al., 2013; Yen et al., 2013; and 
references therein). During the IOPs of 7-SEAS/BASELInE 
(2013–2015), the regional meteorology generally followed 
monsoonal wind fields, driven by the East Asian high and the 
westward expansion of the northwestern Pacific subtropical 
high. Biomass-burning smoke and associated air pollutants 
were prevalent in the boundary layer during the dry-winter 
monsoon season. In addition, during the peak-burning 
season of March–April, the local east-west cell/circulation, 
enhanced by a well-organized low-level convergent center 
over SAP, further uplifted the emitted pollutants into the 
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Table 4. Measurements and data products from SMARTLabs, AERONET/MPLNET, and regional contributing instruments, 
which include chemical composition samplers and other radiation sensors and in-situ probes. 

SMARTLabs/AERONET/MPLNET Regional Contributing Instrumentation 
Aerosol Optics/Radiation: spectral optical thickness from 
UV to shortwave-IR, lidar extinction profile, and RGB 
scattering/absorption/extinction (near surface) 

Organic Carbon (OC): OC1 (120°C), OC2 (280°C), 
OC3 (480°C), OC4 (580°C), OP (pyrolyzed organic 
carbon), levoglucosan, dicarboxylic acids (oxalic acid, 
malonic acid, succinic acid, glutaric acid) 

Aerosol Microphysics: mass, size-concentration, CCN, 
hygroscopic growth factor 

Elemental Carbon (EC): EC1 (580°C–OP), EC2 (740°C), 
EC3 (840°C) 

Cloud Optics/Radiation: zenith downwelling radiance 
(UV–µwave), linear depolarization, reflectivity profile 

Water soluble ions: Na+, NH4
+, K+, Mg2+, Ca2+, Cl–, NO3

–, 
SO4

2–, nss-SO4
2–, NO2–, F–, carboxylic acids 

Cloud Microphysics: thermodynamic phase, water 
content, cloud-base/top/height, Doppler fall-velocity, 
particle size (in progress) 

Metals: Al, Fe, Na, Mg, K, Ca, Sr, Ba, Ti, Mn, Co, Ni, 
Cu, Zn, Mo, Ag, Cd, Sn, Sb, Tl, Pb, V, Cr, As, Y, Se, Zr, 
Nb, Ge, Rb, Cs, Ga, La, Ce, Pr, Nd, Sm, Eu, Gd, etc. 

Radiation Flux: solar and terrestrial irradiance Toxic: Mercury, PCDD/Fs (dioxin) 
Trace Gas – Surface: CO, CO2, O3, SO2, NOx/NOy 

– Column: O3, NO2, SO2, HCHO, CO, H2O 
Aerosol Microphysics: mass (PM2.5), particle morphology, 
filter-based particle absorption 

Meteorology: P, T, RH, wind, mixed-layer height, 
precipitation, visibility 

Supplementary data: sounding profile, sky image, spectral 
UV (erythemal) irradiance 

 

lower free-troposphere and transported them downwind to 
the east via westerly winds aloft (cf. Lin et al., 2013; Yen 
et al., 2013; and references therein). Furthermore, during 
the winter and spring months, low-level cloud layers 
consistently formed over the South China Sea/East Sea 
(SCS/ES) and Gulf of Tonkin. Drizzle from this cloud 
system frequently occurred over northern Vietnam from 
mid-winter into the pre-monsoon months (cf. Loftus et al., 
2016; and references therein), yet it remains an understudied 
phenomenon relative to semi-permanent stratocumulus 
regions over the oceans (e.g., Klein and Hartmann, 1993; 
Tsay et al., 2013; Loftus et al., 2016). 

Extending from the work of Yen et al. (2013), the 
NCEP/GFS (National Centers of Environmental Predication, 
Global Forecast System) analyzed data were used to study 
the nature of these clouds. Figs. 6(a)–6(c) demonstrate the 
mean large-scale circulation and specific humidity over 
SEA at three levels in the mid-to-lower troposphere during 
February–April for 7-SEAS/BASELInE. The area of 
anticyclonic flow at 700 hPa, straddling 15°N from the 
SAP to the northern Philippines (Fig. 6(a)), was associated 
with the sinking branch of a local Hadley cell (Klein and 
Hartmann, 1993). At 925 hPa (Fig. 6(c)), easterly and 
southerly flow rounding the base of the wintertime East 
Asian high advected moisture from SCS/ES over the SAP 
and southern China. Low-level convergent flow over the SAP 
induced upward vertical motion, maximized near 108°E, 
within the boundary layer beneath the subsidence region 
aloft, as evident from the mean induced vertical motion in 
the cross section along 22 °N for this period (Fig. 6(d)). In 
addition, the vertically integrated (surface to 700 hPa) water 
vapor flux depicts moisture convergence over the northern 
half of the SAP as evident by reductions in flux-vector lengths 
from south to north (Fig. 6(e)). This moisture convergence, 
combined with induced upward motion and capped by the 
upper-level tropical Southeast Asian high with blocking by 
mountainous terrain to the west, was conducive to the 
production and maintenance of low-level stratiform clouds 

over land. 
Regionally abundant aerosols contribute to the modification 

of atmosphere-surface energy budget by modulating the 
radiative energetics. This is in addition to long-range transport 
and locally generated aerosols that heavily pollute 
stratocumulus clouds over land as well. The coupling of 
the microphysical influence of aerosols on cloud droplets 
affects cloud formation and lifetime, and may also impact 
precipitation processes. It is believed that decreasing trends in 
rainfall observed over the past 50+ years for this region 
(e.g., Phan et al., 2014; Schmidt-Thomé et al., 2015) may be 
partially attributable to increased aerosol loadings, particularly 
during boreal spring. The subsequent rainfall suppression 
may exacerbate the poor air quality conditions frequently 
observed over this region during the spring, making SEA 
uniquely valuable for analysis of aerosol-cloud-radiation 
interactions over land (cf. Loftus et al., 2016; and references 
therein). 
 
Atmospheric Composition 

Various aerosols and trace gases serve as efficient 
markers to distinguish the types and sources of biomass 
burning activities (cf. Andreae and Merlet, 2001; Kondo et 
al., 2011; Engling et al., 2013; and references therein). 
Several papers published in this special issue address 
physical and chemical properties of biomass-burning 
aerosols and trace gases from near-source regions over 
SEA to sink-receptor areas downwind, coordinated studies 
through Lagrange-like network approaches. Many datasets 
of trace gas (e.g., CO, CO2, O3, SO2, and nitrogen oxides) 
measurements obtained from COMMIT at DAK (2015) 
and at SL (2012–2013) were analyzed and inter-compared 
to characterize the composition (and aging) of regional air 
masses, classified by meteorological episodes. Diagnostic 
ratios of tracer components (cf. Pantina et al., 2016; and 
references therein) yield characteristic signatures to aid in 
identifying different types of combustion (flaming or 
smoldering dominant) and source (biomass-burning or 
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Fig. 6. During 7-SEAS/BASELInE of 2013–2015, (a–c) showing large-scale circulation over the SEA region, respectively, 
for the 700, 850 and 925 hPa pressure levels of February–April mean streamline and water vapor flux (in unit of g kg–1); 
corresponding unit vector lengths, depicted in yellow boxes, for (d) mean induced vertical motion at the 22°N latitudinal 
cross section; and (e) water vapor flux integrated from surface to 700 hPa. 

 

urban-pollution dominant). Sayer et al. (2016b) examined 
the temporal co-variability of aerosol and trace gas data 
recorded during the deployment. Peaks in biomass-burning 
aerosol concentrations (whether in terms of column AOT, 
surface PM-mass, or light extinction/absorption) and related 
trace gases showed the same distinctive patterns throughout 
the IOP. This was also true to an extent in terms of diurnal 
variability: within an individual day, expansion of the 
planetary boundary layer in the local late morning brought 
increases in both aerosol levels and CO2 at the DAK site. 
Furthermore, adding radon measurements as an additional 
trace gas proxy of atmospheric transport and mixing processes, 
Chamber et al. (2016) demonstrated an improved method 
for representing trans-boundary transport of anthropogenic 
pollution in East Asia. Chen et al. (2016) also presented 
correlation analyses of total gaseous mercury and the 
aforementioned trace gas pollutants (including PMs) to 
distinguish the climatic characteristics (e.g., scenario vs. 
background mercury) of the measurements and to determine 
their discriminating factors. 

Aerosol morphology (e.g., size, shape), composition (e.g., 
organic/inorganic) and surface functionalities (e.g., hydroxyls, 
carbonates, and sulfates) are invaluable for constructing 
improved aerosol models used in optical closure and energy 
budget studies (e.g., Bell et al., 2013). Various size-cut 
inlets (ambient, PM10, PM2.5, PM1) and filter samples (e.g., 
Teflon, Quartz) were collected at near-source (DAK), 
transport-pathway (SL) and sink-receptor (LABS and HC) 
sites. In addition, quartz filter analyses for separating OC 
and EC are routinely performed in BASELInE IOPs. Lee 
et al. (2016a) thoroughly investigated various chemical 
species and their distinctive concentration gradients in 
PM2.5 at SL site in spring 2012–2013. Carbonaceous (OC 
and EC) matter constituted the major portion of the fine 
PM mass burden in the biomass-burning regions, in 
contrast to typical observations in urban areas, which are 
primarily comprised of sulfates. OC3 (evolution temperature 
at 280–480°C) and EC1-OP (elemental carbon evolved at 
580°C minus the pyrolized OC fractions) were the most 
abundant OC and EC fractions, respectively. Water-soluble 
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inorganic ions (SO4
2– and NH4

+) varied widely and indicated 
the influence of trajectory paths with anthropogenic 
origins. K+, OC3, EC1-OP, and levoglucosan were also 
analyzed and found as valuable tracers of biomass-burning 
activities. Moreover, Popovicheva et al. (2016) categorized 
a wide range of observed PM2.5 mass concentrations from 
low to high smoke intensity during the IOPs at SL, 
significantly departing from the WHO (World Health 
Organization) air quality standards. Using a variety of 
techniques (e.g., Scanning Electron Microscopy-Energy 
Dispersive Spectroscopy, Fourier Transform Infrared 
Spectroscopy, Hierarchical Cluster Analysis), the analyses 
of carbon fractions, organic/inorganic functionalities, and 
individual particle grouping lead to the conclusion that 
ambient aerosols at SL are highly affected by emissions 
from the smoldering combustion of wood and other local 
biomass species. 

Stable carbon isotopes in these aerosols can be helpful 
in understanding the sources of aerosol organic carbon 
(e.g., Turekian et al., 2003; Fu et al., 2012; Wozniak et al., 
2012). Nguyen et al. (2016) comprehensively investigated 
the PM2.5 organic molecular composition and stable carbon 
isotope ratios of biomass-burning smoke for the first time 
at SL site, by using gas chromatography-mass spectrometry 
(GC-MS). Fourteen representative PM2.5 samples were 
collected in spring of 2013 and analyzed for more than 50 
organic compounds including primary (i.e., anhydrosugars, 
lignin and resin products, sugars, sugar alcohols, fatty acids, 
and phthalate esters) and secondary (i.e., aromatic acids, 
polyacids, and biogenic oxidation products, such as 2-
methyltetrols, alkenes triols, and 3-hydroxyglutaric acid) 
organic aerosol components. The selected samples were 
comprised of mixtures of burned softwood, hardwood, grass, 
and non-woody vegetation. Levoglucosan was found as the 
predominant (comprising 2.23 ± 0.5% of PM2.5 mass) 
species among aerosol sugars. Backward trajectories of the 
sampled air masses suggested strong influence of biomass-
burning aerosols originating from the SAP compared to the 
relatively lower impact from urban or industrial origins in 
southern China and the maritime SCS/ES. 

Khamkaew et al. (2016) investigated the elemental and 
ion composition of biomass-burning aerosols obtained from 
near-source (DAK) and urban (CM; Chiang Mai, Thailand, 
~200 km south of DAK) sites during the 2014 BASELInE 
IOP. Enriched tracers from K+, NO3

– and levoglucosan 
confirmed the major influence of biomass-burning activities, 
and the principal component analysis revealed that 
agricultural activities, soil re-suspension and road traffic were 
the additional sources of PM2.5 over the sites. Furthermore, 
Wiriya et al. (2016) thoroughly investigated and analyzed 
the emission factors of PM10 and polycyclic aromatic 
hydrocarbons (PAHs) from the burning of leaf litter, maize 
residue and rice straw in a stainless steel chamber at CM 
site. They concluded that the burning of forest leaf litter 
emitted higher amounts of particulate pollutants than the 
agricultural residue burning. In turn, the emission rates of 
pollutants from forest burning were found to be much 
higher than those from agricultural field burning, mainly 
due to larger burnt areas in the forest. Moreover, this study 

also provides insights and essential information to policy 
makers involved with regulatory actions in air quality 
management in the northern part of Thailand. 

PM2.5 can be transported a long distance to the downwind 
area. Fujii et al. (2016) collected PM2.5 at Bangi (~25 km 
south of Kuala Lumpur), Malaysia, in September 2013, 
and derived that organic matter was the most abundant 
component in PM2.5 mass followed by non-sea-salt sulfate 
and EC. They also found that biomass burning was the 
main contributor to ambient EC concentrations compared 
to coal combustion and motor vehicle emissions during the 
southwest monsoon season. Similarly, Kim Oanh et al. (2016) 
characterized both PM2.5 and PM10–2.5 at Khao Yai National 
Park (700 m above sea level and 120 km upwind to Bangkok) 
in Thailand, during the dry season. Secondary particles and 
their gaseous precursors transported from distant sources to 
the site were shown to be more important contributing 
factors to PM2.5 levels. In contrast, most of the contributors 
to PM10–2.5 could be linked to local sources except for the 
sea spray, which would be linked to a distant source origin. 
Oozeer et al. (2016) performed WRF-Chem simulations to 
identify the cause of the intensification of the transport of 
biomass-burning emissions from Sumatra to Peninsular 
Malaysia under deep convection weather conditions, which 
uplift these pollutants to the upper troposphere, potentially 
influencing the global climate via significant long-range 
transport. Furthermore, Chuang et al. (2016b) used the 
CMAQ (Community Multi-scale Air Quality) model to 
exploit the chemical evolution during the long- (short-) range 
transport of biomass-burning (anthropogenic) aerosols from 
SEA to LABS. This study revealed that the high-altitude 
biomass-burning aerosols influence the air quality on the 
ground through mechanisms of (1) subsidence in anticyclone, 
(2) mixing in the boundary layer, and (3) downward flow 
in the cold surge from Asia.  
 
Remote Sensing of Air Quality and Impact on Radiative 
Energetics 

The optical (e.g., spectral blue-green-red scattering/ 
extinction, ultraviolet to near-infrared absorption) and 
microphysical (e.g., number, mass, dry/wet size distribution) 
properties of aerosols play vital roles in influencing regional 
air quality; these were measured with identical instrument 
sets at the BASELInE supersites (i.e., DAK, SL, and 
LABS), along with distributed AERONET retrievals of 
columnar AOT and other aerosol properties. Although PM 
concentration is most accurately measured using ground-
based devices, the sparsity of their areal coverage 
precludes use of such measurements solely to determine 
local and regional variation of PM. The use of satellites for 
monitoring surface PM levels is an attractive possibility, 
due to their broad spatial coverage. However, as passive 
satellite sensors are in general sensitive only to the columnar 
aerosol optical properties, as opposed to the desired quantity 
of surface-level mass, the task is not straightforward (e.g., 
Hoff and Christopher, 2009; Paciorek and Liu, 2009). 

Many factors can affect the relationship between 
columnar AOT retrieved by satellites and surface PM-mass 
concentrations. Typical approaches tend to use some form 
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of empirical regional/seasonal tuning or chemistry transport 
model to represent the link between optical and mass loading, 
as well as meteorological data to account for quantities 
such as PBL (planetary boundary layer) height or humidity 
(e.g., van Donkelaar et al., 2010, 2014; Wang et al., 2014). 
The former particularly plays an important control, as for a 
constant aerosol loading, on diurnal expansion and contraction 
of the PBLH (PBL height) decreases and increases 
respectively the surface-level aerosol loading, which can be 
significant in much of SEA. Wang et al. (2015) investigated 
aerosol columnar properties and vertical distributions using 
AERONET/MPLNET measurements and surface data of 
PM2.5 mass concentration from local air quality stations 
during BASELInE campaigns. Consistent spatiotemporal 
patterns were found between AERONET/AOT, satellite 
retrieved AOT, and local PM/mass, suggesting the presence 
of widespread smoke aerosols that influence air quality 
over the region. Moreover, MPLNET lidar profiles further 
illustrated aerosol diurnal variability strongly dominated 
by the PBL dynamics, with aerosol mixed-layer height 
extending from the surface to 5 km above sea level. As the 
smoke particles ascend (normally in late afternoon), they have 
a high potential for long-range transport by the westerlies 
and influence the air quality downwind. In addition, Sayer 
et al. (2016b) presented a satellite/surface perspective on 
biomass burning from observations near source regions at 
DAK, which sampled a mixture of local burning and smoke 
transported from Myanmar to the west. Space-based 
(MODIS) and ground-based (AERONET) columnar AOT 
also showed strong diurnal variability, even in the small 3-
hour window between the Terra and Aqua satellite overpass 
times. This variability was linked to the strong diurnal cycle 
of PBLH, which proved to be the main controlling factor 
in the ratio of column AOT to surface PM mass throughout 
the day. Although hygroscopic growth effects were observed 
(Pantina et al., 2016), these were secondary in terms of 
effect on the AOT/PM-mass ratio in BASELInE IOPs.  

Likewise, over the maritime continent, Chew et al. (2016) 
studied the regional aerosol environment in Singapore and 
showed an improved relationship between PM2.5 
concentration and AOT, normalized by MPLNET-derived 
scale height. Based on nighttime Raman lidar measurements 
in Penang Island, for the first time in Malaysia, Hee et al. 
(2016) were able to identify the presence of marine/urban 
aerosols in the background, irrespective of monsoon seasons, 
even though wood burning and aged forest fire aerosols 
prevailed during biomass-burning episodes. Kusumaningtyas 
et al. (2016) reported for the first time that an exceptionally 
high value (~6) of AERONET/AOT due to peatland fire 
was observed in 2012–2014 at the Central Kalimantan site 
(Indonesia), where a high mean-value of single-scattering-
albedo (SSA, ~0.94) also indicates a clear signature of 
underground smoldering. Furthermore, Qi et al. (2016) 
reported that aerosol optical properties exhibited high 
value in absorption AOT and high aerosol volumes, low 
SSA in coarse mode after agricultural burning of rice straw 
in East China. 

Lee et al. (2016b) applied ASHE (Aerosol Single-
scattering-albedo and Height Estimation) satellite algorithm 

to produce a large-scale spatial distribution of the heights of 
biomass-burning aerosols over SEA. Utilizing measurements 
of AERONET (e.g., spectral AOT, SSA) and MPLNET 
(e.g., extinction profile) during BASELInE IOPs, ASHE 
products were examined (and uncertainties estimated) 
extensively in particular over areas outside the CALIOP track, 
which had not been available using CALIOP measurements 
only. The implications of ASHE products (particularly from 
GEO satellites) can provide diurnal cycle of the height of 
biomass-burning aerosols in the region, which are critical 
in advancing our understanding and assessment the impact 
of the biomass-burning aerosols on air quality. 

Biomass-burning aerosols are significant contributors to 
the regional/global aerosol loading and to the modulation of 
surface-atmosphere radiative energetics during their lifecycles 
(e.g., Crutzen and Andreae, 1990; Penner et al., 1992). 
Extending from the optical closure modeling (Bell et al., 
2013; Pani et al., 2016a) for regional biomass-burning 
aerosols, Pani et al. (2016b) reported, for the first time, a 
detailed estimation of direct aerosol radiative effect (DARE) 
near source regions over northern SAP by using in-situ 
datasets (i.e., ground-based measurement of aerosol physical, 
chemical, and optical properties) and a radiative transfer 
model during the spring of 2013 BASELInE campaign. Their 
results provided strong evidence that biomass-burning 
aerosols (mainly water soluble and black carbon) enhance 
the surface cooling (as high as –33.5 W m–2 in 24-hour mean) 
as well as atmospheric warming (as high as +24.7 W m–2), 
which could significantly influence the diurnally-averaged 
radiative energetics. Moreover, the contribution of solely 
black carbon aerosols towards the atmospheric warming 
was up to 75% near source regions. Whereas the variability of 
aerosol composition affects regional radiative energetics, 
Gautam et al. (2013) also showed the aerosol vertical 
distributions, in terms of diurnal cycle, could be an important 
factor on influencing DARE. 

Arola et al. (2013) used AERONET data to investigate 
the extent to which the diurnal cycle of the DARE could be 
estimated without knowing the diurnal cycle of AOT. 
Taking the diurnally-resolved AOT as the ground-truth 
from which to assess the approximation errors, comparisons 
were performed of the DARE calculated from the daily-mean 
AOT, as well as those evaluated near the Terra/Aqua overpass 
times. While the global-average effect on calculations was 
fairly small, Arola et al. (2013) concluded that not knowing 
the AOT diurnal cycle could cause significant uncertainty 
in DARE estimates on a regional and seasonal basis. For 
example, at one site (Silpakorn University, Thailand at 
13°N, 100°E) in SEA spotlighted in the study, during the 
springtime biomass-burning season, only observing at the 
Terra (10:30 am) or Aqua (1:30 pm) overpass led to a mean 
error in the calculated DARE of +0.49 and –0.19 W m–2 
respectively, compared to that calculated from the full 
AOT diurnal cycle. Other regions in SEA more strongly 
influenced by biomass burning are likely to be even more 
greatly affected. These results underscore the importance 
of observations of the diurnal cycle of aerosol loading in 
complex regimes such as those occurring at SEA. Analyses 
of ground-based irradiance measurements and collocated 
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AERONET/AOT along aerosol-laden regions (e.g., DAK-
LN-SL) during BASELInE IOPs are currently underway.  

 
Hygroscopicity and Aerosol-Cloud-Radiation Interaction 

The interactions among aerosols, clouds, and radiation 
can be categorized into first-order and higher-order processes: 
the former represents light-absorbing aerosols and clouds 
co-existing interstitially (or decoupled) to modulate the 
radiation fields in the combined system; the latter is rooted 
in the role of aerosols serving as cloud-condensation-/ice-
nuclei (CCN/IN). Complex cloud feedbacks (e.g., fraction, 
lifetime) from the CCN/IN activation can influence accurate 
quantifications of energetic and hydrological budgets of the 
aerosol-cloud system, which remain the largest uncertainty 
in climate-related studies (cf. IPCC, 2013; and references 
therein). The ability of atmospheric aerosols to uptake 
water (i.e., their hygroscopic behavior) and become CCN 
may occur at ambient relative humidities (RHs) well below 
supersaturation. Moreover, hygroscopicity can modify the 
physical properties of aerosols (e.g., size, density, mass) as 
well as their lifetime.  

Pantina et al. (2016) demonstrated the COMMIT dual-
system scheme to exploit aerosol hygroscopicity through 
measurements of inter-correlated properties: light scattering 
(by RH-adjustable wet/dry Nephelometers), particle size (by 
wet/dry Scanning Mobility Particle Sizers, or SMPS), and 
activation (by CCN counter with pre-set supersaturation 
levels). The aerosol dynamical processes (e.g., coagulation, 
condensation, deposition), optical properties (e.g., light 
scattering/absorption) and interactions with clouds and 
radiation (and/or precipitation), all depend on their size to 
first-order, and secondly on their chemical composition 
(Dusek et al., 2006). The hygroscopicity of particles alters 
not only their light scattering properties by changing their 
size and refractive index (cf. Brem et al., 2012; and references 
therein), but also greatly increases the light absorption by 
BC aerosol internally mixed with hygroscopic materials 
through radiation lensing effects (e.g., Redemann et al., 
2001). To a lesser extent, the absorbed water for hygroscopic 
aerosols could provide a medium for heterogeneous chemical 
reactions in the atmosphere (Khlystov et al., 2005) and 
also changes the partitioning of semi-volatile species between 
the gas and aerosol phase (Ansari and Pandis, 2000). In 
addition, water uptake of aerosols is a key factor influencing 
their growth in size and deposition inside the humid 
respiratory tract and exact corresponding health effects 
(Löndahl et al., 2009; Engelhart et al., 2012; Martonen et 
al., 2003). Thus, one compelling reason for using in-situ 
measurements to fully study the aerosol hygroscopicity is that 
none of the current operational satellite algorithms retrieve 
hygroscopic properties of ambient aerosols; however, these 
properties have been identified by modeling studies as a 
significant source of uncertainty when predicting their 
influences on air quality and radiative forcing on regional-
to-global scales (e.g., Wang and Martin, 2007; Achtert et 
al., 2009; Pekour et al., 2012; Titos et al., 2014).  

Petters and Kreidenweis (2007) derived a one-parameter 
model, the so-called κ-Köhler theory, where the 
hygroscopicity parameter (κ) represents a quantitative 

measure of aerosol water uptake characteristics and CCN 
activity. The κ-parameter also can be derived from 
hygroscopic growth factor measurements such as wet/dry 
SMPS/H-TDMA (hygroscopicity-tandem differential mobility 
analyser) size distributions (e.g., Carrico et al., 2010) and 
wet/dry nephelometer scattering data (e.g., Jeong et al., 2007; 
Zieger et al., 2013). These approaches provide useful metrics 
for constraining the CCN activity in, for example, cloud-
resolving models, which may help clarify the connections 
between aerosol hygroscopicity and cloud-radiation-
precipitation interactions. During the 2013 BASELInE 
campaign at DAK, Hsiao et al. (2016) reported that the values 
of κ-parameter were low (0.05–0.1) and correlate well with 
the amount of particulate organic matter. These observations 
were comparable with those of κ-parameter estimated from 
H-TDMA measurements (κ ~0.07–0.08) in the Amazonia 
(Rissler et al., 2004, 2006), as well as consistent with previous 
studies on water uptake of carbon-dominated aerosols (e.g., 
Petters et al., 2009; Carrico et al., 2010; Dusek et al., 2011; 
Engelhart et al., 2012). Although κ-values derived from 
ground-based observations of biomass-burning aerosols are 
generally less than 0.1, with sufficient atmospheric updraft 
velocity (i.e., strong adiabatic cooling) the aerosols can serve 
as CCN and influence cloud microphysical and radiative 
properties (e.g., West et al., 2014). Reutter et al. (2009) 
have further investigated the sensitivity of the formation of 
cloud droplets to κ-values under pyro-convective conditions 
and found that a 50% change in κ alters the droplet 
concentration by more than 10% for aerosols with very 
low hygroscopicity (κ < 0.05) in the updraft-limited regime. 
Thus, biomass-burning aerosols in northern SEA could fall 
in the updraft-sensitive regime (transitional, Reutter et al., 
2009) and the formation of cloud droplets depends nonlinearly 
on both CCN concentration and updraft velocity. This 
highlights the importance of hygroscopicity and aerosol-
cloud-radiation interactions over SEA. 

Loftus et al. (2016) introduced the first ground-based 
W-band radar (94 GHz) observations of the semi-persistent 
springtime low-level stratocumulus cloud layers over 
northern Vietnam during the 2013 BASELInE campaign, 
and the applications of these measurements to modeling 
aerosol-cloud-radiation interactions. As these cloud systems 
often impinge upon the plume of biomass-burning aerosols 
over the region, observing the cloud lifecycles is a key step 
to assessing potential feedbacks within the coupled cloud-
aerosol system, as well as the impacts of these feedbacks 
on local and regional air quality. Preliminary cloud model 
simulations based on the observations reveal drizzle 
suppression is likely as the atmospheric aerosol burden 
increases. This may exacerbate the issue of poor air quality 
over the region during the pre-monsoon months as 
precipitation processes can have a large role in removing 
aerosol particles from the atmosphere. Improved 
representation of aerosol, cloud, and precipitation processes 
in models, along with comprehensive collocated and network 
observations of aerosol and cloud properties, will greatly 
benefit our understanding not only on the meteorological 
impacts of biomass-burning aerosols, but on human health 
as well. 
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Air Quality and Implications to Health 
Air pollution has been classified as a potential source of 

carcinogens and other toxins hazardous to humans (Group 1) 
by the International Agency for Research on Cancer (IARC). 
In 2010, air pollution resulted in 3.2 million premature deaths 
worldwide mainly due to cardiovascular disease and 223,000 
deaths from lung cancer (Lim et al., 2012; IARC, 2013). 
Biomass-burning smoke and associated air pollutants 
typically reach a peak level during the pre-monsoon season 
in SEA and biomass burning has been related to the 
development of chronic obstructive pulmonary disease 
(Idolor et al., 2011). However, the emissions over SEA 
have garnered less attention than those in other tropical 
regions (Lin et al., 2013, 2014). Biomass-burning activities 
significantly contribute to regional pollutant emissions 
(Carmichael et al., 2009; Tsay et al., 2013; Chang et al., 
2015). The resultant poor air quality and haze episodes cause 
significant pollution levels, such as PM, that far exceed 
regional air quality standards (Chew and Bhatia, 2008; Lyu 
et al., 2015). Lee et al. (2016a) showed that average PM2.5 
mass concentrations were approximately 51–57 µg m–3 in 
northern Vietnam, which was approximately 2-fold higher 
than the WHO PM2.5 guideline (25 µg m–3 24-h mean). 
Seasonal emission has been recognized as an important 
issue, the peak of which occurs prior to the onset of the 
summer monsoon rains and is prevalent over forested 
regions (Fujii et al., 2016). Consistent results indicated that 
biomass-burning activities are critical emission sources for 
air pollutants such as PM2.5 in SEA, which may lead to 
adverse health effects. However, the effects of local air 
pollution on human health in SEA remain unclear. 

The lung is the main portal of entry for particulate and 
gaseous pollutants and as such, a critical organ for whole 
body defense, by the clearance of deposited foreign materials. 
Most of the diseases associated with exposure to air pollution 
are initiated within the respiratory-to-cardiovascular system. 
Seaton et al. (1995) demonstrated that particles deposited 
in the lung environment provoked a low-grade alveolar 
inflammation with a secondary systemic inflammation. The 
potential toxicity of inhaled foreign materials in the vapor 
phase, liquid droplets and solid particles are dependent upon 
the interaction with the respiratory system. The extent to 
which particle deposit and remain in the airway is a function 
of the flow rate, penetration and clearance mechanisms 
(Squadrito et al., 2001). Particle size is usually categorized 
according to its ability to penetrate the respiratory system. 
Thoracic particles (particle of < 10 µm in aerodynamic 
diameter, PM10) can readily penetrate and deposit in the 
tracheobronchial tree (BéruBé et al., 2007), whereas fine 
particles (PM2.5) bypass the upper airways and are deposited 
in the lower and distal lung environments (Bai et al., 2001; 
Monn et al., 2003). A considerable amount of research has 
been devoted to ultrafine particle (or nanoparticles) that 
can be inhaled into the alveolar region due to their unique 
size-range fraction. Hata et al. (2014) indicated that more 
than 30% of combustion-derived particles from the burning 
of biomass had a mass that fell within a size range of 
< 100 nm. Notably, Chuang et al. (2016a) observed that 
high concentrations of nanoparticle surface area (100.5 ± 

54.6 µm2 cm–3) emitted from biomass burning in SEA can 
be inhaled into the human alveolar region. Additionally, 
these alveolar-deposited biomass-burning nanoparticles are 
associated with fires burning at different locations within a 
radius of 100–150 km from DAK, where most people live. 
The findings suggested that the quality of people’s lives in 
this region could be compromised by the presence of 
biomass-burning particles that may be deposited in the 
lungs. In susceptible groups, these particles are more likely 
to remain in the alveolar regions for longer times due to air 
trapping, leading to elevated particle toxicity (Hazucha et 
al., 2013; Patterson et al., 2014). 

Reactions by humans to compound-specific toxic particles 
are essential issues that must be considered. PAHs, nitro-PAHs 
and metals, for example, are the predominant constituents in 
biomass-burning PM2.5 (Chuesaard et al., 2014; Tian et al., 
2014) and are recognized toxic agents (Chuang et al., 2012). 
Likewise, burning of forest and backyard open-trash become 
important sources of polychlorinated-p-dibenzo dioxin and 
dibenzofurans (PCDD/Fs) and dioxin-like compounds, formed 
during combustion processes in the presence of chlorine and 
catalysts (e.g., copper, iron). Chang et al. (2014) reported 
during rice straw burning periods PCDD/Fs and 
polybrominated diphenyl ethers (PBDEs) concentrations in 
the atmosphere measured near the farm site increased 
dramatically by six to twenty times. However, Pongpiachan 
(2016) concluded that PM2.5-bound PAHs did not increase 
significantly the risk of cancer in northern Thailand between 
biomass-burning and non-biomass-burning seasons. Their 
results may be argued on the basis of the insignificant 
increases of PAH concentrations during biomass-burning 
seasons relative to the background pollutants (e.g., traffic 
emissions) from human habitations. Chang et al. (2013) 
and Chi et al. (2016) hypothesized that the increased levels 
of dioxin and dioxin-like compounds measured at LABS 
were contributed by the biomass burning in northern SAP and 
under favorable long-range transport conditions. Nguyen et 
al. (2016) observed 50 organic compounds present in 
biomass-burning particles. For example, sugar and sugar 
alcohol compounds, fatty acids, phthalate esters, aromatic 
acids, poly-acids and biogenic oxidation products were 
identified in biomass-burning PM2.5; their potential as health 
hazards is the subject of a future study. In addition, Gupta 
et al. (2016) studied the effects of dustfall deposition on 
foilar surfaces of two medicinally important plant species. In 
terms of surface morphology and biochemical constituents, it 
was found that dust deposition caused adverse effects on 
the foliar surface, cuticle and epidermal layers.  

To summarize, biomass-burning smoke contains 
significant amounts of nanoparticles whose surface area 
provides a substrate for reactions with chemicals such as 
PAHs (Sevimoglu and Rogge, 2015; Tiwari et al., 2015). 
This implies that particles emitted from biomass-burning 
activities may have a greater potential of inducing oxidative-
inflammatory responses and carcinogenesis in the lungs (or 
other tissues) after inhalation. The unique techniques 
employed in 7-SEAS/BASELInE advance the understanding 
of human health as it is affected by biomass burning from 
macro- (satellites) to micro-environment (cellular 
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mechanisms). A time-series investigation of particle toxicity 
in SEA can provide more information for risk assessment 
and human health protection as well as furthering our 
understanding of the modification of toxins during 
aerosol/cloud formation and transport. 
 
SUMMARY AND FUTURE WORK 
 

In this overview paper, we present an integrative 
summary on the concept/deployment of 7-SEAS/BASELInE 
campaigns with highlights of papers published in this special 
issue, emphasizing air quality and aerosol-cloud effects on 
the environment. These papers represent the second wave 
of analyses using 7-SEAS/IOPs' measurements and serve 
as an anchor point for future studies and deployments in 
northern SEA for advancing our state of understanding of 
the complex aerosol-cloud-radiation interaction processes. 
All 7-SEAS/BASELInE measurements and data products are 
open to the public and any research communities. AERONET 
and MPLNET data are available respectively from 
http://aeronet.gsfc.nasa.gov and http://mplnet.gsfc.nasa/gov. 
The SMARTLabs website is http://smartlabs.gsfc.nasa.gov 
and data can be requested from S.-C. Tsay. Measurements 
and data products from regional contributing instruments 
(http://aerosol.atm.ncu.edu.tw/7seas) can be requested from 
N.-H. Lin. 

Through the use of current measurements and data 
products from 7-SEAS campaigns and model simulations, we 
envision that future BASELInE-like measurement/modeling 
needs fall into two categories: (1) efficient yet critical in-
situ profiling (e.g., tethered ballroom, Unmanned Aerial 
Vehicle) of the PBL for validating remote-sensing/retrievals 
and for initializing regional transport/chemical and cloud 
ensemble models, and (2) fully utilizing the high observing 
frequencies of satellites (e.g., GEO, L1; cf. Table 1) for 
resolving the diurnal cycle of PBLH, furthering our 
understanding as to how it affects biomass-burning aerosols 
that play such a crucial role in air quality and in radiative 
energetics. Representing the controlling processes (e.g., 
radiative cooling, turbulence, entrainment, precipitation) of 
stratiform clouds in the aforementioned models is challenging. 
Complexity is exacerbated by the fact that aerosol-cloud-
radiation (-precipitation) interaction processes are highly 
dependent on the state of the atmosphere characterized by 
its stability, humidity, composition of soluble gas species 
present that facilitate droplet nucleation as well as the 
properties of ambient aerosol types (e.g., hygroscopicity). 
Thus, in-situ profiling of the PBL at optimal temporal and 
spatial resolutions are critically needed for validating 
retrievals from collocated remote sensing instruments (e.g., 
spectrometer, interferometer, lidar, radar) and for initializing 
the controlling processes (e.g., amount, type, distribution of 
atmospheric constituents) in the regional transport/chemical 
and cloud ensemble models. 

Nearly continuous observations from the surface enable a 
more detailed understanding of the lifecycle of meteorological 
processes, not otherwise possible from space-borne platforms, 
mitigating spectral/temporal issues associated with spatial 
sampling. Hence, surface observations at the regional scale 

complement satellite observations at the global scale. 
Furthermore, wide excursions in aerosol loading and 
meteorological parameters over SEA associated with 
diurnal variability reveal a fundamental limitation of the 
sampling available from LEO satellites, which mostly vary 
in overpass time from late morning to early afternoon. Such 
platforms are ill suited for observing the diurnal cycles. 
Thus, inferences gleaned about aerosol distributions (and to 
the extent, radiative effects and air quality) cannot necessarily 
be transferred to other times of day. To remove this 
measurement gap on broader scales, it will be necessary to 
apply mature retrieval algorithms developed for LEO sensors 
to the second generation sensors in GEO (cf. Table 1), 
which are more capable, in terms of spectral and spatial 
coverage and radiometric data quality, to be used for the 
characterization of atmospheric composition and dynamics 
in air quality studies. With the aid from new microphysical 
schemes, advanced cloud ensemble models offer a 
quantitative means to connect satellite observations with 
ground-based measurements, furthering the understanding 
of aerosol-cloud-radiation interaction processes. 
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APPENDIX: ACRONYM AND WEB LINKS 
 
ABI: Advanced Baseline Imager, http://www.goes-r.gov/s

pacesegment/abi.html 
AHI: Advanced Himawari Imager, http://www.data.jma.go.j

p/mscweb/en/himawari89/space_segment/spsg_ahi.html 
AIRS: Advanced Infrared Sounder, http://airs.jpl.nasa.gov/ 
ALADIN: Atmospheric LAser Doppler Instrument, http://

www.esa.int/Our_Activities/Observing_the_Earth/The_
Living_Planet_Programme/Earth_Explorers/ADM-Aeol
us for the Atmospheric Dynamics Mission (ADM) 

AMI: Advanced Meteoroligical Imager (no URL), sister in
strument of ABI 



 
 
 

Tsay et al., Aerosol and Air Quality Research, 16: 2581–2602, 2016 2597

ATLID: Atmospheric Lidar, http://www.esa.int/Our_Activiti
es/Observing_the_Earth/The_Living_Planet_Programme/
Earth_Explorers/EarthCARE/Payload for the EarthCARE 
mission 

AVHRR: Advanced Very High Resolution Radiometer, 
http://noaasis.noaa.gov/NOAASIS/ml/avhrr.html 

CALIOP: Cloud-Aerosol Lidar with Orthogonal Polarization, 
http://www.nasa.gov/mission_pages/calipso 

CrIS: Cross-track Infrared Sounder, http://npp.gsfc.nasa.go
v/cris.html 

CPR: Cloud Profiling Radar, http://cloudsat.atmos.colostate.
edu/ for the CloudSat mission 

DPR: Dual-frequency Precipitation Radar, http://www.nasa.
gov/mission_pages/GPM/main/ for Global Precipitation 
Measurement (GPM) 

EPIC: Earth Polychromatic Imaging Camera, http://epic.g
sfc.nasa.gov/ for the Deep Space Climate Observatory 
(DSCOVR) 

FCI: Flexible Combined Imager, http://www.eumetsat.int/
website/home/Satellites/FutureSatellites/MeteosatThird
Generation/index.html 

GEMS: Geostationary Earth Monitoring Spectrometer (no 
URL), sister instrument of TEMPO 

GOCI: Geostationary Ocean Color Instrument, http://kosc.
kiost.ac/kosc_web/GOCI_download/SatelliteData.html 

GMI: GPM Microwave Imager, http://www.nasa.gov/mission
_pages/GPM/main/ for Global Precipitation Measurement 
(GPM) 

IASI: Infrared Atmospheric Sounding Interferometer, http://
www.eumetsat.int/website/home/Satellites/CurrentSatellit
es/Metop/MetopDesign/IASI/index.html 

MISR: Multiangle Imaging SpectroRadiometer, https://www-
misr.jpl.nasa.gov/ 

MODIS: MODerate-resolution Imaging Spectroradiometer, 
http://modis-atmos.gsfc.nasa.gov/ 

OMI: Ozone Monitoring Instrument, http://aura.gsfc.nasa.
gov/scinst/omi.html 

OMPS: Ozone Mapping & Profiler Suite, http://npp.gsfc.
nasa.gov/omps.html 

POLDER: POlarization and Directionality of the Earth’s 
Reflectances, https://polder-mission.cnes.fr/ 

SeaWiFS: Sea-viewing Wide Field-of-view Sensor, 
http://oceancolor.gsfc.nasa.gov 

S-GLI: Second-generation GLobal Imager (no URL) 
SLSTR: Sea and Land Surface Temperature Radiometer, 

https://sentinel.esa.int/web/sentinel/user-guides/sentinel-
3-slstr/ 

SSM/I: Special Sensor Microwave Imager, http://www.re
mss.com/missions/ssmi 

TEMPO: Tropospheric Emissions: Monitoring of POllution, 
http://science.nasa.gov/missions/tempo/ 

TROPOMI: TROPOspheric Monitoring Instrument, 
http://www.tropomi.eu/ 

UVNS: Ultra-Violet, Visible, Near infrared, Short wave in
frared spectrometer, https://earth.esa.int/web/guest/missi
ons/esa-future-missions/sentinel-5 

VIIRS: Visible Infrared Imaging Radiometer Suite, http://npp.
gsfc.nasa.gov/viirs.html 
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