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Abstract. The springtime atmosphere over the southeast Atlantic Ocean (SEA) is subjected to a consistent layer
of biomass burning (BB) smoke from widespread fires on the African continent. An elevated humidity signal is
coincident with this layer, consistently proportional to the amount of smoke present. The combined humidity and
BB aerosol has potentially significant radiative and dynamic impacts. Here, we use aircraft-based observations
from the NASA ORACLES (ObseRvations of Aerosols above CLouds and their intEractionS) deployments in
conjunction with reanalyses to characterize covariations in humidity and BB smoke across the SEA.

The observed plume—vapor relationship, and its agreement with the European Centre for Medium-Range
Weather Forecasts (ECMWF) Reanalysis version 5 (ERAS) and Copernicus Atmosphere Monitoring Service
(CAMYS) reanalysis, persists across all observations, although the magnitude of the relationship varies as the
season progresses. Water vapor is well represented by the reanalyses, while CAMS tends to underestimate carbon
monoxide especially under high BB. While CAMS aerosol optical depth (AOD) is generally overestimated
relative to ORACLES AOD, the observations show a consistent relationship between carbon monoxide (CO)
and aerosol extinction, demonstrating the utility of the CO tracer to understanding vertical aerosol distribution.

We next use k-means clustering of the reanalyses to examine multi-year seasonal patterns and distributions.
We identify canonical profile types of humidity and of CO, allowing us to characterize changes in vapor and
BB atmospheric structures, and their impacts as they covary. While the humidity profiles show a range in both
total water vapor concentration and in vertical structure, the CO profiles primarily vary in terms of maximum
concentration, with similar vertical structures in each. The distribution of profile types varies spatiotemporally
across the SEA region and through the season, ranging from largely one type in the northeast and southwest
to more evenly distributed between multiple types where air masses meet in the middle of the SEA. These
distributions follow patterns of transport from the humid, smoky source region (greatest influence in the northeast
of the SEA) and the seasonal changes in both humidity and smoke (increasing and decreasing through the season,
respectively). With this work, we establish a framework for a more complete analysis of the broader radiative
and dynamical effects of humid aerosols over the SEA.
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1 Introduction

Aerosol effects on atmospheric radiative transfer and dynam-
ics are complex and varied. Aerosols not only produce direct
radiative heating or cooling, but may also alter the proper-
ties of nearby clouds by directly changing a cloud’s reflec-
tivity (albedo), thickness, or altitude; the total cloud amount;
or the surrounding atmospheric dynamics. These effects are
especially complex for absorbing aerosols such as biomass
burning (BB) smoke. The combination of direct, indirect,
and semidirect effects together may result in either an over-
all warming or a cooling effect (e.g., Koch and Del Ge-
nio, 2010) depending on the specific aerosol properties but
also on the surrounding cloud, radiative, and meteorological
context. A key consideration to understanding this aerosol—
cloud—climate puzzle is the role of atmospheric water vapor,
both in total amount and its location. Water vapor plays a
significant role as a climate feedback parameter (e.g., Forster
et al., 2021), has its own localized radiative heating effects,
and is important to cloud formation and cloud lifetime in the
present and future climate. Thus, it is important to consider
how the local atmospheric properties may either affect or be
affected by the combined presence of aerosols and water va-
por. By characterizing these properties individually and to-
gether, we aim to understand the radiative and dynamic ef-
fects of humid and smoky air masses for a given region (here,
the southeast Atlantic Ocean).

The atmosphere over the southeast Atlantic Ocean (SEA)
is subjected to a consistent layer of biomass burning (BB)
smoke from widespread fires on the African continent in the
austral springtime (August through October). This smoke
layer is initially lofted high in a continental mixed layer
(~5-6km, ~500-600 hPa) before being transported west-
ward by the south African Easterly Jet (AEJ-S, ~ 600-
700 hPa) where it overlies and ultimately mixes into the
stratocumulus-topped oceanic boundary layer. These condi-
tions make the SEA an ideal location for studying the varied
aerosol effects on climate. The NASA ORACLES (ObseR-
vations of Aerosols above CLouds and their intEractionS;
Redemann et al., 2021) campaign was designed to study
just that; in the present work, we use aircraft-based obser-
vations from the three ORACLES deployments, which (by
design) spanned the spring BB season (September 2016, Au-
gust 2017, and October 2018). Taken together, these data al-
low us to characterize the spatial and temporal variations in
atmospheric chemistry, aerosol, and meteorological structure
as the season progresses, specifically the covariations in hu-
midity and aerosol. In a previous work (Pistone et al., 2021),
we showed how observations from ORACLES-2016 exhib-
ited a strong correlation between plume strength (i.e., car-
bon monoxide (CO) concentration and aerosol extinction)
and water vapor specific humidity. This is consistent with
previous work over the region; for example, Adebiyi et al.
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(2015) analyzed MODIS and radiosonde data (over St He-
lena, 15.9° S, 5.6° W) and found that increases in aerosol op-
tical depth were associated with increases in mid-troposphere
(700-500 hPa) moisture content, and the presence of humid-
ity was noted even in southern African BB aerosol mea-
surements in the Southern African Regional Science Initia-
tive 2000 (SAFARI 2000) campaign (e.g., Haywood et al.,
2003; Magi and Hobbs, 2003). More recently, Cochrane et al.
(2022) used high-vertical-resolution aircraft data to quantify
the aerosol and water vapor heating rates for specific case
studies from ORACLES-2016 and ORACLES-2017. Both
these recent studies concluded that there is significant short-
wave water vapor heating coincident with the aerosol heating
within the combined aerosol-humidity layer, despite long-
wave water vapor cooling.

The presence of humid smoke may have additional im-
pacts on the lower atmosphere, including on the underlying
stratocumulus clouds. Absorbing aerosols above the cloud
layer have been found to suppress cloud-top turbulent fluxes,
resulting in physically thicker clouds with a higher liquid wa-
ter path (LWP) (e.g., Wilcox, 2010; Wilcox et al., 2016) and
thus higher cloud albedo. In a modeling-based study, Acker-
man et al. (2004) modeled the influence of above-cloud wa-
ter vapor using several case studies informed by field mea-
surements and concluded that the cloud liquid water path re-
sponse to aerosol (i.e., increasing LWP due to precipitation
suppression) had a much stronger response in the presence
of overlying water vapor than under dry conditions due to
changes in cloud-top entrainment. Deaconu et al. (2019) used
satellites and reanalysis to conclude that absorbing aerosols
in the SEA increased cloud optical thickness and liquid wa-
ter path and lowered cloud-top altitudes. In a recent study
using large eddy simulations, Bar6 Pérez et al. (2024) found
that the moisture in the SEA BB affected the evolution of the
underlying cloud field in addition to radiative effects of the
humid BB plume.

Pistone et al. (2021) also presented evidence that the
smoke—humidity relationship is present at the air mass ori-
gin over the African continent, thus indicating that these air
masses are likely subjected to the combined effects of hu-
midity and BB aerosols for an extended time. In other words,
the humid atmosphere observed over the SEA is subjected to
not just instantaneous but cumulative direct and semi-direct
effects of the layer of BB aerosol, from the time it took a
given air mass to leave the continent to when it was mea-
sured by the ORACLES flights (on the order of a few days
to weeks from origin to observation), above and into the
cloud layer. Within our current context, it is important to
recognize that the humidity of the above-cloud air will in-
fluence the magnitude of aerosol-forced dynamical effects
on clouds. From a practical measurement standpoint, hu-
mid aerosols also undergo swelling which affects their re-
mote sensing retrievals and comparisons with modeled re-
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sults (e.g., Shinozuka et al., 2020; Doherty et al., 2022). By
combining aircraft data with large-scale reanalyses, we aim
to characterize the variations in water vapor in conjunction
with BB aerosol over the springtime southeast Atlantic re-
gion, which allows us to assess the realism of the reanaly-
sis datasets commonly used to initialize and constrain model
simulations and to conduct broader studies of the region as a
whole.

There are three major goals of this paper. First, to expand
the results of Pistone et al. (2021) in order to discuss how
the observed patterns in water vapor and CO vary across the
three ORACLES observation periods, which by design sam-
pled different times during the BB season. Second, to assess
how well selected reanalysis products capture the results in
the observations. Third, to describe a new method for using
climatological data to more completely characterize the at-
mospheric structure over this region and its radiative impacts.

Section 2 describes the observations and reanalyses used
in this work. In Sect. 3 we extend the findings of Pistone
et al. (2021) to describe the observations from the three de-
ployment years, including a new discussion of the Coper-
nicus Atmosphere Monitoring Service (CAMS) reanalysis
and the climatological representativity of its BB tracers, spe-
cific humidity, and aerosol parameters. In Sect. 4, we de-
scribe our use of a k-means clustering of the European Centre
for Medium-Range Weather Forecasts (ECMWF) Reanalysis
version 5 (ERAS) and CAMS reanalysis to identify canoni-
cal atmospheric profile types of varying atmospheric specific
humidity (g), carbon monoxide (CO), and vertical structure
and then describe their changing (co)incidence spatially and
throughout the season. Section 5 discusses the broader signif-
icance of this analysis within the context of previous works
on this topic. With this work, we describe more completely
the atmospheric structure of smoke and humidity over the
SEA and lay out a framework for further analysis of the ra-
diative and dynamical impacts of this humid plume over time
and space, including its effects on clouds and climate.

2 Aircraft data and reanalyses

In the present work, we use aircraft observations from OR-
ACLES in conjunction with data from the ERA5, CAMS,
and MERRA-2 (Modern-Era Retrospective Analysis for Re-
search and Applications, version 2) reanalyses.

2.1 Aircraft instrumentation

The ORACLES field mission consisted of three deploy-
ments: September 2016 out of Walvis Bay, Namibia; August
2017 out of Sdo Tomé, Sao Tomé and Principe; and Octo-
ber 2018 also out of Sdo Tomé. All instruments used here
were deployed on the NASA P-3 aircraft during all three
ORACLES deployments. The archived 1 Hz measurements
are used unless otherwise indicated. A detailed description
of the ORACLES experimental construction and instrumen-
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tation used here may be found in Redemann et al. (2021) or
in the archived instrument dataset metadata (see “Code and
data availability™).

Unless otherwise noted, the present analysis focuses on
aircraft profile data during each ORACLES deployment,
with the 1 Hz aircraft data averaged within 100 m (£50 m) of
the reanalysis pressure levels. The locations of these profile
data are presented in Fig. 1a—c, showing the locations of 105,
70, and 80 full or partial profiles (ramps or square spirals)
sampled during the 2016, 2017, and 2018 campaigns, respec-
tively. Spatial subdivisions used in previous works, as well
as the framework for the present analysis, are illustrated in
Fig. 1d. Due to the more northern deployment of ORACLES-
2017 and -2018, the data shown in Sect. 3 are subselected to
observations south of 5°S, in order to isolate air masses in-
fluenced by the AEJ-S (Pistone et al., 2021).

2.1.1 Inlet-based carbon monoxide and water vapor

In all ORACLES deployments, volume mixing ratios of car-
bon monoxide (CO), carbon dioxide (CO;), and water vapor
(g) were measured by a Los Gatos Research CO/CO,/H,0
Analyzer (COMA) modified for flight operations. It uses
off-axis integrated cavity output spectroscopy (ICOS) tech-
nology to make stable cavity-enhanced absorption measure-
ments of CO, CO,, and H,O in the infrared spectral region
— technology that previously flew on other airborne research
platforms with a precision of 0.5 ppbv over 10s (Liu et al.,
2017; Provencal et al., 2005). Water vapor measurements of
less than 50 ppmv (~0.03 gkg™!) were removed due to in-
strument signal limitations, but this has minimal effect on the
data considered here.

In Pistone et al. (2021), we discussed the validation of
COMA measurements against two other onboard water vapor
and inlet-based gas/aerosol instruments on the payload; fol-
lowing the good agreement shown in that work, the specific
humidity measurements presented here are from COMA. We
focus on carbon monoxide as a BB tracer because it is a more
straightforward parameter to accurately model and, as will be
shown, agrees well with observed aerosol extinction across
the three deployments.

2.1.2 Aerosol optical depth

The Spectrometer for Sky-Scanning Sun-Tracking Atmo-
spheric Research (4STAR; Dunagan et al., 2013) is an air-
borne hyperspectral (350-1700nm) sun photometer which
measures direct-beam solar irradiance (sun-tracking mode)
for retrieval of column aerosol optical depth (AOD; e.g., Shi-
nozuka et al., 2013) and column trace gases (e.g., Segal-
Rosenheimer et al., 2014) above the aircraft level. This work
presents the column AOD (LeBlanc et al., 2020); we note that
Pistone et al. (2021) also utilized 4STAR column water vapor
(CWYV) measurements in a similar analysis of the aerosol—
water vapor coincidence. Measurement uncertainty in AOD
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Figure 1. Regional distributions of observations and the spatial subdivisions used. (a) From Pistone et al. (2021): the locations of ORACLES-
2016 aircraft profiles (orange circles), the regions used for the aircraft-based analysis (blue), and the reanalysis study (lavender). More
northern profiles were sampled in (b) ORACLES-2017 and (¢) ORACLES-2018. For ease of comparison, these data (green grid) are divided
at 5° S to aid comparison with 2016 (blue grid). Note also the larger westward range of observations in 2017. (d) Summary of the different
subdivided regions considered in this and other works. The stars show the sites of previous island-based observations at St Helena (yellow
star) and Ascension Island (blue star). The thicker black lines are the SEA divisions discussed in Sect. 4, on a nominally 6° x 6° grid which
is slightly uneven north-to-south to align with the CAMS spatial resolution and to isolate the AEJ-S latitudes.

is around 1 % (0.01 at 500 nm at solar noon), increasing in
some cases to 0.03-0.04 due to aerosol deposition on the
instrument’s viewing window. An account of 4STAR mea-
surement uncertainties is described in more detail in LeBlanc
et al. (2020) and is provided in the data archive for the 1 Hz
data.

2.1.3 Aerosol extinction

The Hawaii Group for Environmental Aerosol Research
(HiGEAR) operated several in situ aerosol instruments on the
P-3. Total and submicrometer aerosol light scattering coeffi-
cients (0gcat) Were measured on board the aircraft using two
TSI model 3563 3-wavelength nephelometers (at 450, 550,
and 700nm) corrected according to Anderson and Ogren
(1998). The scattering used here is from TSI Nephelometer
#1 (as identified in the ORACLES dataset) measuring total
aerosol scattering and interpolated to the PSAP absorption
wavelengths (below). Aerosol extinction is the sum of PSAP
absorption plus nephelometer scattering.

Atmos. Chem. Phys., 24, 7983-8005, 2024

Light absorption coefficients (oaps) at 470, 530, and
660 nm were measured using two Radiance Research par-
ticle soot absorption photometers (PSAPs). We use absorp-
tion from the “Front” PSAP. The humidity within the PSAP
was not explicitly controlled, but the PSAP optical block
was heated to approximately 50 °C to reduce artifacts which
would result from a changing RH; this had the effect of re-
ducing relative humidity in this instrument to much lower
than the 40 % within the nephelometers. The PSAP absorp-
tion was corrected using the wavelength-averaged correction
algorithm (Virkkula, 2010) following the conclusions of Pis-
tone et al. (2019). Instrument noise levels are 0.5 Mm™! for
a 240-300 s sample average, comparable to values reported
previously (Anderson et al., 2003; McNaughton et al., 2011).

2.2 Large-scale reanalyses

In considering the reanalyses, we use specific humidity (g),
carbon monoxide (CO), and aerosol optical depth (AOD)
fields for the following subsets and resolutions.
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The European Centre for Medium-Range Weather Fore-
casts (ECMWF) has developed global atmospheric reanal-
ysis products for several decades, with ERAS (ECMWF
Reanalysis version 5) being the current product (Hersbach
et al.,, 2020). In the comparison with ORACLES flights,
we consider ERAS at 0.25° hourly resolution, at pressure
levels of 50hPa intervals between 400 and 750 hPa and
25 hPa intervals from 750 to 1000 hPa, and we use 0.25°, 3-
hourly resolution in the k-means analysis. ERAS does not
report atmospheric chemistry or aerosols nor does it assim-
ilate observed aerosol datasets, although satellite measure-
ments of (aerosol-influenced) radiances are assimilated into
the reanalysis (Hersbach et al., 2020). In a slight differ-
ence from Pistone et al. (2021), here we add the 400 hPa
level (approx 7.6 km) to our analysis to better align with the
CAMS reanalysis (below) which reports at 400 hPa rather
than 450 hPa; our previous work only extended to 450 hPa
(roughly 6.7 km), which was chosen to capture the full BB
plume height and ORACLES P-3 aircraft operating altitudes,
but the impacts on the statistical results are seen to be mini-
mal.

For analysis of aerosol/chemistry parameters, we consider
the Copernicus Atmosphere Monitoring Service (CAMS)
reanalysis. CAMS includes chemistry but is coarser than
ERAS both spatially and temporally, namely, 3-hourly versus
hourly, 0.75° versus 0.25°, and 10 pressure levels from the
surface to 400 hPa rather than 18 levels (100 hPa intervals in
the plume level). CAMS uses the same meteorological inputs
as does ERAS, assimilates MOPITT (on NASA’s Terra satel-
lite) CO retrievals (among other chemistry), and includes ra-
diatively active aerosol fields (Inness et al., 2019). While
total AOD (from MODIS on both NASA’s Terra and Aqua
satellites, for our study period) is assimilated into CAMS
from satellite observations, the model aerosol scheme uses
12 speciated aerosol tracers (in specific prescribed size bins,
hydrophobic/hydrophilicity state, and treated as externally
mixed), which likely leads to less-constrained aerosol results
compared with those for trace gases (Inness et al., 2019).

The Modern-Era Retrospective Analysis for Research and
Applications, version 2 (MERRA-2) is an atmospheric re-
analysis produced by NASA’s Global Modeling and Assim-
ilation Office (GMAO) (Gelaro et al., 2017; Randles et al.,
2017; Buchard et al., 2017). MERRA-2 assimilates obser-
vations of meteorological parameters from multiple satellite
platforms, as well as aerosol optical depth from satellites
(MODIS, AVHRR) and ground-based (AERONET) mea-
surements, into a comprehensive atmospheric model, with
explicit accounting of aerosol radiative effects. MERRA-2
datasets are given on a nominal 50km horizontal resolu-
tion (0.5° x 0.5°) with 72 vertical layers from the surface to
0.01 hPa, and the complete set of MERRA-2 files have addi-
tionally been sampled up to 1 s resolution along every ORA-
CLES flight (Collow et al., 2020). Our analysis here subsets
this product to the same ERAS5 pressure levels for ease of in-
terpretation. While the focus of later sections is on CAMS
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and ERAS, MERRA-2 results from 2016 were discussed in
Pistone et al. (2021); for completeness, in Sect. 3 we thus
also discuss this product over all ORACLES deployments.

For sections where the observations are compared with re-
analyses, the 1 Hz aircraft observations are averaged within
100 m (£50 m) of the reanalysis pressure levels. The com-
parisons with the ECMWEF reanalyses are first paired to the
closest reanalysis time step to the profile mean time and then
the nearest-neighbor latitude and longitude to the mean pro-
file locations so as to maintain consistency with the later sec-
tions focused solely on reanalysis fields. We note that the
results presented here are consistent for subsets of the data
considering either solely square spiral profiles (i.e., the more
spatially localized profiles) or profiles with the greatest tem-
poral collocation (< 1 h).

3 Agreement between reanalyses and aircraft
observations

In assessing the representativeness of the reanalyses and their
agreement with the ORACLES observations, we focus on the
parameters of specific humidity, the biomass burning tracer
CO, and both column and inlet-based aerosol extinction.

3.1  Water vapor and BB tracer (CO)

We begin our analysis with specific humidity ¢, a meteoro-
logical field, and CO, a biomass burning tracer. We choose
CO as our BB tracer because the modeling of chemical
species is subjected to fewer uncertainties than is aerosol
modeling. Aerosol as modeled in the CAMS reanalysis con-
siders aerosol speciation, processing, lifetime, and removal
for 12 separate aerosol components, while the assimilated
observation is column total AOD from satellites (Inness
et al., 2019). Because of this, we expect CO to have a more
straightforward and accurate representation than the fields of
aerosols themselves for our purposes of assessing and char-
acterizing atmospheric distributions over time. We note that
the lifetime of CO in the atmosphere is 1-4 months (Szopa
et al., 2021) and thus may result in accumulation to a higher
background value over the span of a given biomass burning
season (3 months); but as we show in Sect. 3.2, the observed
aerosol-CO relationship does not vary across the three air-
borne campaigns.

Previous work by Pistone et al. (2021) showed that the
ERAS reanalysis captured the vertical structure and loca-
tion of the humid plume remarkably well in September 2016
(there reported as an observed—ERAS correlation of R? =
0.79 for observations above 2 km over all flights). ERAS per-
formed better than MERRA-2 in terms of this direct com-
parison (observed-MERRA-2: R? = 0.40) due to a known
vertical velocity (excessive subsidence) issue in the latter
(e.g., Das et al., 2017). Figure 2 shows comparisons between
(left, middle, right) ERAS, CAMS, and MERRA-2 versus
the observed values from the 2016 ORACLES deployment
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Figure 2. Scatterplots of water vapor and CO for September 2016 and by altitude, showing data collected during P-3 aircraft vertical profiles
(circles in Fig. la). Comparisons are shown for the (a, f) ERAS, (b, d, g0 CAMS, and (c, e, h) MERRA-2 reanalyses. (a—¢) Observed
water vapor (averaged over a 100 m layer) compared with coincident reanalysis values. (d—e) Observed CO compared with the same for
CAMS (d) and MERRA-2 (e). (f=h) Collocated CO versus water vapor for each product (aircraft observations, CAMS, and MERRA-
2). Blue squares = 1000-875 hPa (surface to ~ 1.3 km; boundary layer); yellow triangles = 850-750 hPa (~ 1.5-2.6 km; BL top/transition);
orange circles = 700—400 hPa (~ 3.2-7.6 km; BB plume). The 1: 1 line is shown as a dashed black line. The total least-squares fits for data
> 2 km are shown as a dashed gray line and the corresponding values of fits and correlations are given in Table 1.

for (top, middle, bottom) specific humidity, CO, and the re-
lationship between the two. The CAMS reanalysis shows a
similar pattern in specific humidity and agreement with the
observations (R2 = 0.84 for z > 2km) despite its lower res-
olution (Sect. 2) giving roughly half as many matches com-
pared with ERAS. In all the reanalyses considered, the largest
reanalysis—observation discrepancies occur near the top of
the boundary layer (~ 1-2 km).

For the CO comparisons (Fig. 2, middle row), there is
similar good agreement overall between CAMS and obser-
vations (R*> =0.75 for z >2km) although the reanalysis
tends to underestimate these values for higher observed CO
(Z 300 ppb; this is also seen in individual profiles, as shown
in Fig. S1 in the Supplement). The overall slope between
the CAMS and observed CO is 0.79 (i.e., showing under-
estimation) compared with 0.98 for the CAMS ¢ versus ob-
served ¢. Still more variability is seen in the direct compar-
ison with MERRA-2 (CO observed—-MERRA-2 correlation:
R? =0.21). This general pattern is consistent over all three

Atmos. Chem. Phys., 24, 7983-8005, 2024

ORACLES deployments (Figs. 2, 3, and 4) and is also consis-
tent with Pistone et al. (2021), most likely due to the afore-
mentioned issue with vertical plume displacement. In other
words, MERRA-2 tends to underestimate the higher-altitude
points while sometimes overestimating lower-altitude points
for both CO and ¢ relative to aircraft observations, but it
preserves the relationship between CO and g for MERRA-
2 overall (e.g., Fig. 2, bottom right).

The data from August 2017 (Fig. 3) and October 2018
(Fig. 4) are largely consistent with those from September
2016, with a few notable differences. First, the correlations
of observed versus CAMS or ERAS water vapor are slightly
better than in 2016 and substantially better for MERRA-2
(Table 1; with the caveat that there are fewer profile matches
for these years). However, the observed versus CAMS CO
is a somewhat poorer match both in terms of the R? val-
ues and the slope for the latter deployments. (All correla-
tion coefficients are statistically significant at the p < 0.0001
level.) This difference in correlations between the three de-
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Figure 3. As in Fig. 2, but for August 2017. Data shown here are from profiles south of 5°S (Fig. 1b) to isolate the air masses influenced by
the AEJ-S, although the results are consistent for the larger dataset. The bottom left (observed CO versus water vapor) illustrates the greater
range in CO values as compared with 2016.

Table 1. R? values, total number of matched observations, and total least-squares linear fits for aircraft and reanalysis data. Data are shown
for the subset matching the profiles in Fig. 1 and are for altitudes of 2 km and above (i.e., 800—400 hPa levels) and south of 5°S for 2017
and 2018 (i.e., AEJ-S-influenced latitudes). The left columns show correlations between specific humidities, while the right side shows the
correlations for CO. All R values are statistically significant at p < 0.0001.

Obs ¢ vs. g from ‘ Obs CO vs. CO from
Data ERAS CAMS MERRA-2 ‘ CAMS MERRA-2
September 2016
R? 0.78 0.84 0.37 0.74 0.22
num obs 516 237 516 237 515
fit 1.07x 4+ 0.12 1.03x +0.19 1.28x +0.40 0.80x +15.7 1.02x —31.68
August 2017
R? 0.90 0.85 0.82 0.73 0.31
num obs 169 78 171 78 169
fit 1.09x —0.12  1.09x —0.008 1.12x —0.014 0.76x +1.06 0.80x +15.7
October 2018
R? 0.89 091 0.85 0.54 0.26
num obs 207 96 214 93 208
fit 0.97x — 0.021 0.99x 4+ 0.07 1.02x +0.28 | 0.58x +68.56 0.76x —12.98
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Figure 4. As in Fig. 2, but for October 2018. Data shown here are from profiles south of 5° S (Fig. 1c¢), although the results are consistent for
the larger dataset. Here, the most striking feature is the lower-CO and higher-g conditions (i.e., steeper slope in the bottom row) as compared

with observations from earlier in the BB season.

ployments may be partly explained by the seasonal evolu-
tion of the smoke plume; specifically, higher CO observed in
August 2017 results in a slope which is skewed low due to
the CAMS high CO underestimation, and the lower CO ob-
served in October 2018 results in a less robust (i.e., lower) R?
value due to a smaller dynamic range in CO values. It is also
possible that there are differences in the emissions inventory
assimilated into CAMS for each month of the BB season, al-
though such diagnostics would be beyond the scope of this
paper.

In addition to the direct comparisons between observations
and reanalyses, Figs. 2—4 also show how the correlation be-
tween CO and ¢ is represented by each entity (bottom row).
The differences between plume level (orange circles) values
versus PBL observations (blue squares) are evident (i.e., hu-
mid but low-CO air masses are found only in the oceanic
PBL), but overall these relationships continue to be well rep-
resented, despite the mismatch in location for some reanaly-
ses versus observations (e.g., the displacement in MERRA-
2). As was discussed briefly in Pistone et al. (2021), the mag-
nitude of the observed CO—¢ relationship varies across dif-
ferent deployments/months (from observations, slopes were

Atmos. Chem. Phys., 24, 7983-8005, 2024

0.020, 0.023, and 0.05 (gkg~")ppb~! for August, Septem-
ber, and October, respectively), due in large part to the chang-
ing meteorological and BB conditions, namely, the increase
in humidity and decrease in BB loading as the season pro-
gresses (Adebiyi et al., 2015; Ryoo et al., 2022).

In light of the better CAMS and ERAS agreement with
observations compared with MERRA-2, in the subsequent
sections we focus our analysis on the ECMWF reanalyses
(higher-resolution ERAS5 for water vapor, and CAMS for
chemistry).

3.2 Aerosol loading and aerosol optical depth

Ultimately, our interest in characterizing the atmospheric
structure in this region stems from a desire to understand
and quantify the aerosol radiative and dynamic effects of
the BB plume. We have focused on a BB tracer field from
the reanalyses (i.e., CO) because, due to the complexities
in atmospheric aerosol processing in the real world and in
models, CO is a simpler parameter to model accurately com-
pared with speciated aerosol. Of course, this exercise will
be only tangential to the radiative question if the CO tracer
does not correspond to aerosol loading in the real world. To

https://doi.org/10.5194/acp-24-7983-2024
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explore whether this is the case, Fig. 5 shows the aircraft-
observed CO versus extinction (nephelometer scattering plus
PSAP absorption; Sect. 2.1.3) subset to the same profiles as
Figs. 2-4. There are a few outlier points in 2016 (during
this deployment, the nephelometer had an issue with dead
air when entering or exiting the plume altitudes), but over-
all the correlations are strong (R > 0.9 for 2017 and 2018
and R? = 0.83 for 2016). Importantly, the slopes themselves
are consistent year to year (dashed lines; total least-squares
fit slopes of 1.20-1.28 over the 3 months) suggesting the
CO-aerosol extinction relationship does not exhibit a signifi-
cant seasonal dependence, at least for these dried, inlet-based
measurements.

Figure 6 shows comparisons between 4STAR-measured
AODs and CAMS AOD (both at 550 nm) for the same pro-
file locations. Note that we show both reported “total” CAMS
AOD as well as the sum of the CAMS-reported organics and
BC components of AOD to isolate the BB plume signal from
potential other sources such as sea salt. Sea salt in partic-
ular is likely to be excluded from much of the ORACLES
AOD measurements, which only include above-aircraft col-
umn AOD due to 4STAR viewing geometry.

Figure 6 shows the variation in correlations and spreads
for the different deployments. Contrasting the years, we see
a poorer correlation and greater spread in CAMS-4STAR dif-
ferences in September 2016 compared with later years (direct
differences and their distributions are shown in Figs. S2 and
S3). Table 2 summarizes the correlations, slopes, and agree-
ment between the observations and the CAMS BB AOD.
All years share some features: for all years, using only BB
aerosol types in CAMS brings the average more in line with
the observations compared with “total” AOD, but this offset
is reasonably consistent across all data. Also, in all years, par-
ticularly for higher loading conditions, CAMS tends to over-
estimate AOD relative to 4STAR, a curious feature since, as
shown previously, CAMS tends to underestimate CO con-
centration particularly for higher loadings (Figs. 2-4). As
noted in Sect. 2.2, the assimilated satellite-observed aerosol
is total-column AOD, whereas CAMS aerosol is partitioned
into a speciated model, with aerosol and chemistry largely
independent of one another (Inness et al., 2019), and then
summed to column AOD. Because of this and previous re-
sults showing that total AOD from MODIS in this region is
greater than that observed from aircraft due to the difficulties
in retrieving above-cloud aerosol (LeBlanc et al., 2020), it is
not surprising that CAMS overestimates AOD relative to the
aircraft observations, as the CAMS AOD is a less constrained
parameter than CO.

Regardless, the majority of the available comparisons
agree within AOD £ 0.2 of one another (Table 2; Figs. S2,
S3), despite the tendency of CAMS to overestimate AOD
relative to 4STAR in all years, even when only BB AOD is
considered. We note that Cochrane et al. (2022) found that
the aerosol heating rate increased by ~0.5Kd~! per 0.1 in-
crease in AOD, suggesting that it is worth further character-

https://doi.org/10.5194/acp-24-7983-2024

Table 2. Agreement between CAMS AOD (organic and BC) and
4STAR ACAOD for the profiles shown in Fig. 1 from each OR-
ACLES deployment. All correlation coefficients are significant at
p < 0.0001.

Year 2016 2017 2018
fit 1.08x +0.002 0.89x+0.10 1.43x —0.09
R? 0.34 0.64 0.74
R 0.59 0.80 0.86
# points 73 41 39
|AAOD| <0.1 52% 66 % 79 %
|AAOD| < 0.2 84 % 88 % 97 %

izing the nature and impacts of a disagreement of this magni-
tude. Potential sources of uncertainty from the 4STAR mea-
surements include only partial columns due to aircraft alti-
tude; indeed, it is particularly evident in the 2016 and 2017
panels of Fig. 6 that the higher altitudes (yellow points, i.e., a
smaller fraction of a “full column”) tend to show the largest
negative deviations compared with CAMS, possibly due to
4STAR missing below-aircraft AOD contributions. Differ-
ences in spatial sampling may also contribute to the year-
to-year differences.

In terms of column aerosol measurements, Pistone et al.
(2019) demonstrated that 4STAR AODs, while generally
consistent with other measurements of optical depth, tended
to be slightly larger than co-located values by other mea-
surement methods (there, integrated column extinction from
inlet-based instruments and remotely sensed measurements
from downward-looking sensors), most likely due to the dif-
ferences in viewing geometry. Chang et al. (2021) showed
good agreement both between the 4STAR AOD and HSRL-
2 AOD products, and between 4STAR and several satellite-
derived (MODIS and SEVIRI) ACAOD products, for con-
ditions of close temporal collocations. Under more relaxed
temporal agreement constraints, when compared with the
two different MODIS ACAOD algorithms, 4STAR tended to
report slightly lower ACAOD than one and slightly higher
than the other. The authors concluded that these results sug-
gested aerosol loading conditions over the SEA can vary sub-
stantially within a 3 h period, which may also help to explain
the poorer agreement of the 3-hourly CAMS reanalysis rel-
ative to the hourly ERAS results for ¢, although the AOD
results in Fig. 6 are not altered by excluding profiles with the
greatest temporal mismatch between reanalysis and flights.

Interestingly, when we consider CAMS column CO versus
column BB (organics plus BC) AOD, the relationship does
vary with season (example shown in Fig. S4). For each of the
deployments in the years 2016-2018, the October data show
a steeper slope (i.e., more AOD per unit CO) than do the
earlier months, similar to the pattern shown in Fig. 2 versus
Fig. 4. This is not inconsistent with Fig. 6, considering the
contributions of the boundary layer to modeled column val-
ues, and this could potentially also be affected by aerosol hy-

Atmos. Chem. Phys., 24, 7983-8005, 2024
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Figure 6. 4STAR to CAMS for 2016 (a, b), 2017 (¢, d), and
2018 (e, f) deployments at the location of aircraft profiles (Fig. 1)
for total (a, ¢, €) and BB-only (b, d, f) CAMS AODs. Colors indi-
cate the altitude of the aircraft measurement (i.e., the lowest value
in the given aircraft profile); the observed AOD is for the column
above this altitude compared with the full-column values reported
by CAMS. Dashed lines show the 1: 1 line.

groscopicity, which is included in the CAMS aerosol scheme
(Inness et al., 2019; Morcrette et al., 2009) and which would
likely be more prominent in the more humid October months.

Atmos. Chem. Phys., 24, 7983-8005, 2024

We note that Shinozuka et al. (2020) concluded that 90 %
of free tropospheric ORACLES-2016 measurements were
not significantly affected by hygroscopic swelling (f(RH) <
1.2) although hygroscopicity effects were more pronounced
in PBL measurements (f(RH) > 2.2 for half the valid inlet-
based measurements). Hygroscopic swelling would not be a
factor in the inlet-based aircraft measurements (Fig. 5) which
were dried to RH < 40 %. Overall, these considerations com-
plicate studies using modeled or observed aerosol extinction,
which explains our approach of using a CO tracer, while also
emphasizing the importance of field measurements in the re-
gion.

4 Spatial and temporal incidence of atmospheric
vertical profiles: k-means analysis

Despite the considerations discussed above, our analysis
shows a general good agreement between the ORACLES air-
craft data and the ERAS and CAMS reanalyses from all three
deployments. These products are thus useful to the end goal
of a more complete characterization of the atmospheric struc-
ture of the region as a whole. We approach this section with
the goal of being able to characterize the frequency of pro-
files over the SEA region as a whole and climatologically
during the BB season, beyond solely during flight periods
and locations.

To accomplish this, we performed a k-means cluster analy-
sis, similar to the methods used by Schelbergen et al. (2020),
on the full reanalysis subset of 3-hourly August, September,
and October data from 2014 through 2020, from the Equator
to 30°S and 15° W to 12.5°E (i.e., close to the coast without
including land). We use vertical pressure levels between 1000
to 400 hPa, giving 18 levels of g from ERAS and 10 levels of
CO from CAMS. First we perform a principal component
analysis separately for ¢ and CO by decomposing the full set
of all profiles for each variable into two principal components

https://doi.org/10.5194/acp-24-7983-2024
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Figure 7. The six k-means profile types determined from ERAS reanalysis water vapor (left). Fractional incidence of k-means water vapor
classifications, by month, for ERA5 August—October 2014-2020 (right). The grid corresponds to the black outlines in Fig. 1d. Note that
the top and middle rows correspond to the AEJ-S latitudes (5—-15°S), with the top row is slightly extended to align with the CAMS 0.75°

resolution used in Fig. 8.

describing the variability of the profiles. The ranges of values
classed into each profile cluster are shown in Fig. S5 and the
principal components are shown in Figs. S6 and S7. Then the
distribution of ERAS profiles in the phase space of the two
principal components is passed to a k-means clustering algo-
rithm to arrive at a set of canonical profiles for each variable.
For each variable, six clusters (shown in Figs. 7 and 8) were
determined from the two principal components, whose vari-
ability corresponded to (1) total concentration (i.e., profile
gl vs. g2 vs. ¢3) and (2) the ratio of upper-level (~ 600—
700 hPa) to lower-level (~900hPa) values (i.e., g1 vs. g4
vs. g6; distributions varying across each of the two principal
components for g and CO are shown in Figs. S8-S11). The
profile labeling corresponds roughly to the column concen-
tration, i.e., g 1 is the most humid and ¢6 is the driest; C 1 has
the highest CO concentrations and C6 has the lowest. We
chose a six-cluster configuration because with this number
we were able to adequately capture the variability of condi-
tions (described below) while limiting the number of defined
profiles for ease of interpretation. ERAS outputs subsampled
to the CAMS spatial resolution produce similar results, and

https://doi.org/10.5194/acp-24-7983-2024

the k-means cluster method produces similar results (i.e., the
same general types and range of profile types) for slight dif-
ferences in the spatial domain of the data used in the analysis
and for the number of clusters chosen. A silhouette analy-
sis of various configurations between three and nine clusters
suggests the addition of more clusters is not more optimal
than with the six-cluster configuration.

The identified profiles span the range in conditions seen
spatially and through the BB season. For water vapor (Fig. 7),
there is a range in both total concentration and vertical
structure across the six profile types. In terms of water va-
por concentration, the range in surface ¢ varies from 7.8
to 14.9gkg™!, with g6 and ¢5 being the driest profiles
and g1 and g2 being the most humid. At the plume level
(~700hPa), ¢ ranges from 7.2 to 1.0 gkg™! across the six
profiles, and all profiles approach 0 above 500hPa (0.2—
0.5gkg™! at 400 hPa). Profiles ¢5 and g6 are also similar
in that they both have a dry free troposphere (> 800 hPa, or
~ 2km); the principal differences distinguishing the two are
a more humid/slightly deeper BL in ¢5 and the presence of

Atmos. Chem. Phys., 24, 7983—-8005, 2024
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Figure 8. The six k-means profile types determined from CAMS reanalysis CO (left). Fractional incidence of k-means CO classifications,
by month, for CAMS 2014-2020 for the regions shown in Fig. 1d (black grid).

a dry air gap in g6, with slightly greater humidity at 600—
700 hPa compared with at 800 hPa.

Regarding vertical structure, two of the profiles (¢1 and
g2) are structurally similar, with a very humid PBL (with
~2gkg~! difference in surface ¢) below a constant mono-
tonic decrease in g with altitude. Two other profiles (g6 and
q4) feature a dry gap at the top of the PBL with increased
humidity above (600—-800 hPa), with g6 being the driest pro-
file overall; again the surface ¢ difference is slightly less than
2 g¢kg~! between the two profiles. The final two (¢3 and ¢5)
are intermediate; they show a well-defined boundary layer
and a layer of more uniform humidity above. The remainder
of Fig. 7 shows how the distribution of these profiles varies
over the region.

There are notable spatial and temporal variations in the
incidence of the profile types. Figure 7 shows the fractional
incidence of each water vapor profile within the gridded SEA
region (Fig. 1d) for each month. Given the continental source
of the water vapor and the seasonal evolution seen in the air-
craft data, it is not surprising that the most humid profiles
(g1 and g2) are most frequent in the northeast of the SEA
basin (4.5-10.5°S, 6-12° E). The most humid, g1, increases

Atmos. Chem. Phys., 24, 7983-8005, 2024

in frequency as the season progresses, from 26 % of August
profiles within this domain to 54 % of September and 72 %
of October profiles (50 % overall). If the sum of the two most
humid profiles (¢1 and ¢2) are considered together, 70 % of
August and 94 % of October (85 % overall) profiles fit these
classifications. This is consistent with the continental influ-
ence in these domains as well as warmer sea surface temper-
atures in the northeast compared with the rest of the region
(e.g., Zuidema et al., 2016).

The northern sectors farther from the coast (10.5-15°S,
0-6°E and 6° W-0°E) also have a high incidence of high-
humidity profiles (g1 and ¢2), with the frequency dropping
off with distance from the continent (i.e., 21 % ¢1 and 43 %
q2 overall in the middle region and 9% g1 and 42 % g2
in the western-most region shown). This is again consistent
with a pattern of continental outflow of humid air which ex-
periences a gradual mixing with less-humid air masses as it
moves over the SEA basin. There are also significant differ-
ences in air-mass transport based on altitude, due to the pres-
ence of the AEJ-S in this region, with the AEJ-S maximum
in the northeast sector and 600-700 hPa (Fig. 9). The AEJ-S
weakens further from the coast, and a northerly component of

https://doi.org/10.5194/acp-24-7983-2024
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the wind interrupts the direct-westward transport and brings
the humid outflow to higher latitudes at those altitudes, which
may be responsible for the high incidence of profile g4 in the
middle of our study region.

Further south (Fig. 7, bottom row), the atmosphere is
significantly less humid. In the southwest sector (15-21° S,
6° W=0°E), ¢5 is dominant, making up 52 % of profiles over
the 3 months (72 % of August, 54 % of September, and 32 %
of October profiles). This condition is most common in Au-
gust and far from the coast, most likely due to dry air intru-
sion from the southwest (Ryoo et al., 2021) and a more lim-
ited contribution of air masses from the continental source.
South of the AEJ-S latitudes, profile g4 is also frequently
present (28 %—45 % over all months), and the g6 profile is
increasingly common (36 %—40 % in the bottom center and
bottom east boxes: 15-21°S, 0-12°E).

https://doi.org/10.5194/acp-24-7983-2024

In this visualization of water vapor profiles shown in
Fig. 7, one can see two different air masses sourced into this
region: the humid air masses (monotonically decreasing with
altitude) enter from the northeast and move south and west
in the AEJ-S (g1, ¢2); and the dry air masses (more uniform
with altitude above the boundary layer) enter from the south-
west and move north and east (¢5, ¢6). The middle row of
Fig. 7 is where they meet. Indeed, profiles g5 and g6 are
uncommon north of 15°S (with the exception of the west-
ern sector, with 43 % ¢5 in August and 25 % overall), and
similarly profile g1 is much less common south of 10.5°S,
comprising only 6 % of the total profiles and those mostly
in October (1 % August, 3 % September, and 14 % October).
An additional quarter of the profiles are classed as g2 in this
near-coast region. Profile g1 is almost entirely absent further
from the coast (< 2 % in 0-6° E) at this latitude range; these
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patterns are all reasonable with the climatological transport
described above.

In the poleward half of the AEJ-S latitudes (10.5-15°S;
middle row), g4 is the predominant profile type in particular
in the middle region (10.5-15° S, 0-6° E); there, it accounts
for 54 % of all profiles overall, and is fairly consistent month
to month (46 % in August, 53 % in September, and 63 %
in October). This profile with an elevated humidity layer of
~5gkg~! around ~ 650-800 hPa and a drier gap above the
(again more humid) boundary layer most likely results when
an elevated humidity air parcel moves with AEJ-S velocity
while being subjected to vertical subsidence, whereas drier
air at lower altitudes originates from another, non-continental
source (likely southwesterly winds). This is supported by the
zonal wind patterns shown in Fig. 9. Profile g4 is also com-
mon over much of the southernmost part of the region (28 %-—
46 % south of 15°S) and increases throughout the season.
The fact that a less humid gap is present between free tropo-
spheric humidity and boundary layer humidity highlights the
air mass sourcing as over the continent at high altitude. Over-
all, this means that for the higher-latitude regions (south of
10.5°8S), air masses at jet altitude appear to more frequently
originate from higher altitudes to the north rather than from
the continent directly to the east. This anticyclonic transport
was also observed in the trajectory analysis in Pistone et al.
(2021) and illustrated in Redemann et al. (2021) and Ryoo
etal. (2021).

Profile g3, of intermediate total humidity with a humid-
ity gradient at the PBL top, may be seen as a less humid
evolution of gl or g2, most likely resulting from a simi-
lar mechanism of mixing of continental air above ~ 850 hPa
(~ 1.5 km) with drier air masses as the continental air moves
farther from the its source (as with ¢g4). Within this middle
latitude range, g3 is consistently a significant albeit not dom-
inant fraction of the profiles (10 %—36 %), with the preva-
lence increasing with distance from the coast and decreasing
through the season (August to October) as overall humidity
increases.

Considering only the water vapor picture, the story is thus
fairly straightforward: humidity enters at the AEJ-S outflow
region and circulates in the FT, increasing through the sea-
son. Considering the biomass burning tracer as well adds
more complexity to the picture.

The conditions captured in the 6 k-means-defined CO pro-
files (Fig. 8) are somewhat less varied in structure than those
for g. While it may seem counterintuitive that two parameters
so closely correlated exhibit different vertical structures, this
is due to the (above background level) CO in this region indi-
cating an air-mass origin over the smoky continent, whereas
g in this region may originate either on the smoky (and hu-
mid) continent or from evaporation from the ocean surface.
Essentially, despite their different shapes, the two sets of k-
means profiles show the same feature: a variation in (hu-
mid smoke) plume altitude and vertical extent, always with
a more humid and less smoky boundary layer underneath.
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Regardless, for the CO profiles there is still variability in BL
CO (ranging between 63 and 178 ppb for 950—-1000 hPa, with
mean values nearly constant for a given profile), but the pri-
mary difference is the range in the free troposphere, from a
high concentration (~ 400 ppb) to a background value of 60—
70 ppb. The peak concentration is seen either at 700 hPa (C3,
C5) or 800 hPa (C1, C4), with C2 nearly uniform across this
range (~ 2-3.2km). This is lower in altitude than the typical
maximum of the south African Easterly Jet (AEJ-S) at 600-
700 hPa (Adebiyi and Zuidema, 2016; Pistone et al., 2021;
Ryoo et al., 2022); the coarse pressure level resolution of
the CAMS reanalysis is likely a limiting factor, plus there
is a degree of vertical subsidence with time over the region
(~50-80hPad—!) which is seen in both the reanalysis and
the observations, as was previously shown.

We note that a curious outcome of applying this method
to CO profiles is that profile C6 (the background/smokeless
case) shows slightly increasing CO with increasing altitude,
from 65 ppb at 1000 hPa to 88 ppb at 400 hPa. We suspect
this may not be a real characteristic of the atmospheric struc-
ture (as the continental outflow peaks around 500 hPa and
there is large-scale subsidence over the ocean, it would be
puzzling for there to be a maximum in CO above this alti-
tude), but rather it may be an artifact resulting from limi-
tations in the CAMS satellite assimilation. Previous studies
have documented low biases in CO in the lower and mid-
dle troposphere when compared with aircraft profiles (e.g.,
Inness et al., 2019, 2022). Specifically, Inness et al. (2019)
showed consistent low biases of 10%—-20% in CAMS re-
analysis CO between 600 hPa and the surface for all airport
sites considered. While the Windhoek, Namibia (i.e., clos-
est geographically to our study area) site showed a fairly
constant low bias through these altitudes (with a slight im-
provement in the reanalysis—observation bias near the sur-
face), other sites show a pronounced increase in the negative
bias at the lower altitudes relative to higher altitudes in the
troposphere. The complicated atmospheric structure in this
region makes it plausible that this may also be occurring in
the present case. In other words, profile C6 is not showing
a true decrease in CO with z, but rather an unphysical arti-
fact in an actually constant-CO atmospheric structure. Man-
ual inspection of some C6 profiles indicates the presence of
a small CO layer in some cases and a more uniform pro-
file in others, but the majority of profiles classed as C6 fall
close to this profile structure (Fig. S5). Taken together, the
evidence suggests this result may be a limitation of our k-
means classification method; by aiming to identify a limited
number of profile conditions, some less smoky profiles with
somewhat varied structure end up collapsed into one effec-
tively smokeless case (i.e., close to background CO values
at all altitudes). Inness et al. (2022) also mention that the
underestimation of CO is a common problem in many atmo-
spheric chemistry models, although we note that the mini-
mum CO observed (i.e., background) by aircraft during OR-
ACLES is around 60 ppb, closer to the low-altitude values in
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this profile, which suggests instead a potential overestima-
tion in CAMS CO at higher altitudes rather than an underes-
timation at the lower altitudes. (A full quantification of the
sources of uncertainties in the reanalysis is beyond the scope
of the present work.) Nonetheless, the demonstrated presence
of an effectively smoke-free atmospheric profile (C6) is con-
sistent with expectations in this region and is a useful case
study towards our goal of a broader, and necessarily sim-
plified, classification of the complex and varied atmospheric
states in this region. We will leave the specific implications
of the particular shape and incidence of C6 for future work.
Overall, this k-means method produces a range of profile
types which are consistent with the observations across the
SEA.

The CO profile classifications (Fig. 8) are in many ways
more straightforward than those of ¢, but their spatial distri-
bution is more complex. Compared with the g distributions
in Fig. 7, the CO distributions are somewhat less continu-
ous throughout the season, although some general patterns
are still clear. The northeasternmost sector (4.5-10.5°S, 6—
12°E) has the highest percentage of high-CO profiles, al-
though the incidence of these profiles (C1 and C2) shows
a seasonal trend opposite to that of g. Specifically, the CO
concentration is greatest in August and decreases in October,
in contrast to the increase in g over this time. The profile fre-
quencies for that sector are 41 % (C1 only) and 85 % (C1
or C2) in August; in September, C'1 alone drops to 12 % fre-
quency, but the summed frequency of C1 plus C2 is still 73 %
overall. By October, less than 0.5 % of profiles are classed as
C1, and only around 19 % are classed as C2. In other words,
even as the water vapor increases from August to October,
the CO (and by proxy, smoke) decreases dramatically, pro-
viding an opportunity to better examine the impacts of the
dynamic range of the two profiles together.

There are other features which distinguish the distribu-
tion of CO profiles from that of the g profiles. There is a
notable lack of a consistent trend across a 3-month season
within a specific region, particularly south of 10°S, in con-
trast to the consistent increase in ¢ (and the increase in as-
sociated g profile types) in all regions. Instead, the CO pro-
files often peak (or trough) in September, with a lower (or
higher) incidence in August and October (e.g., C3 in the
northern and middle latitudes far from the coast and C2 near
the coast); alternatively, in other sectors the CO values in-
crease (e.g., C5, south of 10.5°S) or decrease (e.g., C6, in
the south) through the season. CO profiles in the middle and
southern sectors are more likely to be classed as one of the
more smoky profiles in September than in August or Octo-
ber, despite the progression of more to less smoky in the more
northern regions. By September, almost all profiles north of
15°S have some CO between 500 and 900 hPa, while south
of 15°8, 12 %-35 % of profiles are still classified as “unpol-
luted” (C6), again most likely due to intrusion of southwest-
erly air masses (Ryoo et al., 2021). Some expected seasonal
patterns are still evident; despite the significant frequency of
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smoky profiles especially in September, by October, the mid-
dle west region is dominated by the cleaner profiles (72 %
here are C6 or C3, i.e., one of the two least smoky pro-
files), and the northwestern and middle regions are almost
half (45 % and 48 %, respectively) C5 or C6. This reflects the
decreased amount of smoke available for circulation later in
the season due to a combination of seasonal factors, e.g., sea-
sonal changes in burning patterns, namely, the southeastern
progression of detected fires (e.g., Redemann et al., 2021);
a potential increase in smoldering versus flaming burn con-
ditions (e.g., Eck et al., 2013) into October—November; and
the more frequent precipitation events at AEJ-S latitudes in
October (Ryoo et al., 2021). These changes in BB conditions
occur as the high-humidity profiles become more frequent in
these same regions over this period (Fig. 7), following the
increasing incidence of moist convection over the southern
African continent (Ryoo et al., 2022). A strong AEJ-S condi-
tion also persists in all months (Fig. 9), ensuring these conti-
nental air masses move over the SEA throughout this season.
Taken together, this does not mean that the more remote ar-
eas of the SEA region are never influenced by the seasonal
biomass burning plume (indeed, this sector contains the is-
land of St Helena, whose smoke and humidity vertical struc-
ture have been studied by Adebiyi et al. (2015) and others,
and the Ascension Island observatory is located to the west
of the northwesternmost sector we consider, i.e., even more
removed from the source); but the presence of smoke there
is more episodic rather than a consistent plume. Overall, this
variability indicates the importance of the combined effects
of atmospheric circulation patterns over the region (Fig. 9),
the accumulation of CO due to its longer atmospheric life-
time, and the seasonal shifts in both fuel type and fire loca-
tion through the season (e.g., Che et al., 2022).

Viewing the SEA atmospheric structure in this way gives
us 36 different potential smoke/water vapor combined struc-
tures, but fortunately there are fewer in reality. Figures 10,
11, and 12 show the frequency of CO—¢g profile combina-
tions for each month divided into the same latitude/longitude
sectors. Again, profiles are ordered from nominally least to
most CO and g on their respective axes. The results are con-
sistent with those shown in Sect. 3 using data from the OR-
ACLES flights: while there is a range of combinations in all
months, the highest frequency combinations fall along the
low—low/high—high continuum. The patterns of Figs. 7 and
8 hold as well: the southernmost zones have the greatest in-
cidence of clean and dry profiles from the southwest. The
high—-high conditions (¢2/C2) are seen to be most frequent
mid-season in September, and the latitudes of the AEJ-S have
the greatest CO and vapor, decreasing with distance from the
coast and with time.

There is a good deal of spatial and temporal variation to
how these profiles covary. For example, in August (Fig. 10),
moving from east to west along the northernmost sectors
(following the AEJ-S outflow), there is a relatively dis-
perse range of conditions that are generally high-q, high-
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Figure 10. The k-means classifications of g vs. CO for August. The profiles are ordered from left to right, clearest to smokiest, and from
bottom to top, driest to most humid, and are standardized to show the fractional incidence of each profile in the same shading scale for each
region. As described in the text, the spatial patterns of the smoke and humidity profiles are evident.

CO combinations at around 10 % each (i.e., medium/high:
q2/[C3,C4], ¢3/[C2,C3,C4]), although the ¢2/C2 condi-
tion is still a frequent combination especially nearest to the
coast (~ 20 %). In the middle latitudes, conditions become
progressively more distributed along the high—high/low—low
continuum, g5/C5, g4/C5, and g4/C4, again on the order
of 10 % each. The maximum frequencies in this range are
q5/C6 (with a maximum of 24 % farthest from coast) and
q4/C3 (21 % middle longitudes). To the south, the low-CO,
low-g conditions (¢5/C6, q6/C6) dominate more signifi-
cantly (a combined 70 %, 59 %, and 33 % moving west to
east), although episodes of smoky air still occur (27 % C4
nearest to the coast) under a range of humidity conditions
(for C4, the conditions are fairly evenly split between g4 and
q6).

In September (Fig. 11), the profiles more strongly favor
a more frequent incidence of fewer combinations in all re-
gions (e.g., ¢1/C2 and g2/C2 comprise 56 % of cases in the
northeast, and ¢5/C6 and ¢5/C5 comprise 51 % of cases in
the southwest). By October (Fig. 12), when the highest CO
(C1) profiles are almost entirely absent, the most common
northeastern coastal profile is high humidity, medium—low
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CO (i.e., g1/[C2,C3,C4] at [39 %, 12 %, 12 %] for a total of
64 % of cases in this range), consistent with the aircraft ob-
servations. A good example of the seasonal progression is in
the middle-easternmost box, which shows a range of com-
binations in all months, but progresses from skewed high-
CO, low-g (i.e., g5/C1, g6/C4) in August to high-q, low-CO
(g4/C5, q2/C4) in October, with around 10 % incidence of
each. This presentation also highlights how smokeless con-
ditions are rarely seen after August at the northern AEJ-S
latitudes, despite lower smoke emissions in October. We also
see an evolution of the overall variability in conditions, with
some sectors (e.g., September/October in the south) showing
more variability in ¢ than in CO, while others show more
variability in CO than in g (e.g., August in middle latitudes
or October in the northern latitudes). We also note that while
clear diurnal cycles in temperature, potential temperature,
humidity, and CO are evident in the reanalysis over land,
these effects are muted once the air is transported over the
ocean regions, and there are no significant changes in profile
class across the diurnal cycle. The major variations in atmo-
spheric structure seen here are spatial and seasonal and may
reflect the episodic nature of smoke transport across the AEJ-
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Figure 11. As in Fig. 10, k-means classifications of ¢ vs. CO for September.

S (e.g., Ryoo et al., 2021; Pistone et al., 2021). While a bit
daunting, this large range of conditions within a limited spa-
tial area offers an ideal framework in which to quantify the
radiative impacts of vapor, aerosol, and their various combi-
nations.

5 Discussion

Our work thus far has provided a descriptive characteriza-
tion for the smoke—vapor relationship, both from targeted
aircraft-based field measurements and in a larger reanalysis-
based context. In this section, we aim to place this character-
ization into the broader analysis context, so as to describe its
relevance to other studies and to motivate future work utiliz-
ing the results presented here.

Several previous studies highlighted the importance of ex-
amining the aerosol-water vapor covariance over this SEA
region, and this work is relevant to those results. As was dis-
cussed earlier, Adebiyi et al. (2015) used a few idealized case
studies (low, medium, and high AOD) based on satellite and
radiosonde data at St Helena (15.9°S, 5.6° W) to estimate
a maximum increase in shortwave heating due to moisture
of 0.12Kd~! compared with 1.2K d~! of aerosol SW heat-
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ing. In the longwave, they found the presence of moisture
resulted in a maximum net cooling of 0.45K d~! at the top
of the moisture layer, with a consequent reduction in radia-
tion passing through the humid layer into the boundary layer.
Within the context of this current study, we expect these con-
ditions, which fall into the southwest grid box of our frame-
work (Fig. 1d), to reflect only a small amount of the total ra-
diative forcing, given the higher plume concentrations which
are more frequent elsewhere over the SEA.

Deaconu et al. (2019) similarly noted the water vapor and
aerosol covariance in their study using POLDER, MODIS,
CALIPSO, and ERA-Interim, but this study focused on the
less humid June—August time frame and specifically was in-
terested in the impacts of this layer on underlying clouds.
They found roughly 6 Kd~! aerosol warming at the aerosol
layer for defined high- vs. low-aerosol cases and a corre-
sponding water vapor effect of 0.76 Kd~! SW (warming)
and —0.14Kd~' LW (cooling). We note that both this work
and that of Adebiyi et al. (2015) chose a framework of essen-
tially “low” or “high” aerosol rather than a more discretized
classification or one that considers the varying vertical struc-
ture of the atmosphere over this region.

A more targeted study was performed by Cochrane et al.
(2022), who used high-vertical-resolution aircraft data to
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Figure 12. As in Fig. 10, k-means classifications of g vs. CO for October.

quantify the aerosol and water vapor heading rates for
specific case studies from flights in ORACLES-2016 and
ORACLES-2017. The authors found that for the cases ex-
amined, the average maximum aerosol heating rate was
46K d~! and that of water vapor was 2.8 Kd~! or ~60 %
of the aerosol value and 4-10 times greater than the water
vapor heating of the other studies. The cases considered in
Cochrane et al. (2022) are noted to have had much higher
aerosol loading (AODs typically exceeding 0.4, compared to
the > 0.2 threshold used by Adebiyi et al., 2015). The lo-
calized nature of each of these previous results highlights
the importance of being able to accurately characterize at-
mospheric conditions over different parts of a given region.
We also note that the case studies of Cochrane et al. (2022)
are included in the profile-based analysis we present here
(specifically, distributed across the middle/coastal longitude
ranges north of 15°S and in the southeast zone south of
15°8S), which will allow us to directly assess the agreement
between the approaches.

Another recent study from Johnson and Haywood (2023)
calculated that BC absorption in models facilitated self-
lofting (increase in buoyancy due to aerosol heating), which
has various potentially significant impacts on atmospheric
dynamics and aerosol lifetime. Over the SEA, they calcu-
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lated an additional lofting of 0.5 km, which may be signifi-
cant given the consistent subsidence in the region, delaying
the eventual mixing into the underlying cloud deck. Finally,
a recent study from Bar6 Pérez et al. (2024) used large eddy
simulations initialized by ORACLES-2017 observations to
isolate and quantify the effects of the humid smoke plume
on the underlying cloud fields. They concluded that the pres-
ence of moisture in the plume overlying the stratocumulus
clouds produced a cooling effect of roughly the same mag-
nitude as the total aerosol effect in these cases, highlighting
the importance of humidity on the clouds and climate in this
region.

Here, we have utilized observational datasets to describe
the atmospheric structure of the SEA during the springtime
BB season and to assess how well the unique vertical fea-
tures of the region are captured in several frequently used
reanalyses. Using different elements of the comprehensive
ORACLES airborne dataset, we conclude that the ECMWF
reanalyses offer a fairly accurate characterization throughout
the season August—October and that the vertical structure of
the CO tracer is a reasonable proxy for aerosol optical ef-
fects. These results are important because the radiative con-
ditions vary over the region and with the season. The radia-
tive heating of a given atmospheric layer strongly depends on
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the local insolation/solar zenith angle (e.g., Cochrane et al.,
2022), which varies spatially and seasonally. Additionally,
by characterizing the spatial (specifically longitudinal) vari-
ation of conditions in the region, we may be able to gain a
better understanding of the lifetime influence of a particular
air mass, i.e., the temporal extent of its radiative influence on
the atmosphere/cloud column. This framework allows us to
characterize the conditions in a more digestible format and
to construct a more realistic atmospheric frequency distribu-
tion. The results of this study can aid in performing radiative
transfer calculations in the regions of plume maximum, al-
lowing us to put both isolated aircraft-based case studies and
analysis of surface-based measurement sites into a broader
context. This will be the subject of future work. Overall, the
large range of conditions seen here, validated by the ORA-
CLES aircraft measurements, offers an intriguing opportu-
nity to explore the differing radiative impacts of water vapor
in conjunction with a radiatively active BB plume.

6 Conclusions

Here, we have explored various aspects of the observed BB
layer and coincident elevated humidity signal over the SEA.
We show the observed CO—g¢ relationship is consistent across
three field deployments over the BB season, although the
magnitude of the relationship varies (slopes of 0.020, 0.023,
and 0.05 (gkg~ ") ppb~! for August 2017, September 2016,
and October 2018, respectively) due to changing meteorolog-
ical and BB conditions as the season progresses. Despite the
differing locations and timing of each deployment, we have
shown that good agreement between the airborne ORACLES
dataset and large-scale reanalyses is consistent across the de-
ployments, specifically for the ECMWF ERAS and CAMS
reanalyses.

Consistent with the results of Pistone et al. (2021) for
September 2016, the ERAS reanalysis of water vapor agrees
well with the ORACLES observations (R2 =0.78, 0.90, and
0.89 for September 2016, August 2017, and October 2018,
respectively). The CAMS reanalysis also agrees well with
observed water vapor (R2 =0.84, 0.85, and 0.92 for Septem-
ber 2016, August 2017, and October 2018, respectively), al-
beit with lower resolution than the ERAS reanalysis. CAMS
represents water vapor somewhat more realistically than it
does CO (campaign-wide R =0.74, 0.73, and 0.54 for
September 2016, August 2017, and October 2018), with CO
tending to be underestimated relative to observations espe-
cially under high smoke concentrations. By contrast, CAMS
column aerosol optical depth (AOD) shows similar correla-
tions to those of CO, but the CAMS AOD values are gener-
ally overestimated relative to the field measurements. While
NASA’s MERRA-2 reanalysis preserves the observed cor-
relation between CO and q, the smoky air masses are fre-
quently displaced (too low in altitude) in MERRA-2 rela-
tive to the observations, resulting in poorer direct correlations
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between MERRA-2 and the observations. This is consistent
with the results of Pistone et al. (2021), which focused on
the September 2016 observations. Nonetheless, inlet-based
observations show a consistent relationship between CO and
aerosol extinction across all observations, demonstrating the
utility of the CO tracer to understanding vertical aerosol dis-
tribution across the season.

Following this good agreement between ORACLES and
CAMS/ERAS5, we next presented a k-means clustering
method using 7 years of the reanalyses (August—October
2014-2020) to examine the multi-year seasonal patterns and
trends. While the humidity profiles are distinguished by both
variations in total humidity and vertical structure, the CO
profiles show a more uniform range, being primarily distin-
guished by maximum concentration in the free troposphere.
Spatially and temporally, we see consistent spatial and tem-
poral variations in smoke and humidity distribution (total
concentration and vertical structure) and their correlations to
one another, reflecting changing conditions through the BB
season. Generally, the high-humidity, high-CO profiles dom-
inate in August and September in the northeast of the study
region, and high-humidity, medium-CO dominates in Octo-
ber, with consistently lower concentrations in the southwest
of the region. There, the atmosphere is largely unaffected by
the smoke transported in the AEJ-S in August, although by
October the entire region considered (6° W—12°E, 5-21°5)
is influenced by smoke and humidity to some degree. The
distributions of the covaried ¢/CO profiles range from be-
ing fairly strongly dominated by one type (30 %—40 % for a
given CO/q combination) to more evenly distributed between
many profile types (~ 5 %—-10 % per type) in different places
and times or indeed in the same places at different times,
highlighting the variation in episodic transport over this re-
gion.

With this work, we have established a framework which
allows us to more completely understand the spatial and tem-
poral variations over the SEA, not just in atmospheric struc-
ture of water vapor and chemical species, but also ultimately
of the radiative effects of the elevated water vapor signal
working in concert with the absorbing aerosol biomass burn-
ing plume. By establishing the consistently good agreement
between the ERA5 and CAMS reanalyses and the aircraft
observations, we can use the reanalyses to describe the fre-
quency of conditions over the SEA. The six k-means profiles
each for CO and g allow for a comprehensive range of condi-
tions to be described, while still limiting the total number of
permutations to a manageable number. Previous studies have
demonstrated the importance of water vapor and BB heating
in this region, and in further work will use this framework to
comprehensively assess the impacts of the vertical and spa-
tial structural variance of this region. The range in profile
types, even as the general high-smoke, high-humidity pattern
remains, will allow us to quantify the radiative effects of at-
mospheric humidity and aerosol in this region, both together
and as separate components. These results have potential im-
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pacts on our understanding of general circulation in the re-
gion, large-scale subsidence, precipitation distribution, and
mixing of BB into the cloud-topped boundary layer. Overall,
this will allow for a more complete and nuanced assessment
of the aerosol-radiation—climate interactions in this region.
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