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Abstract. Stratospheric aerosol plays critical roles in the global radiative balance and stratospheric chemistry. A robust evalu-
ation of stratospheric aerosol abundance and size distributions over time is required to determine and accurately model aerosol
impacts on the Earth system. The Balloon Baseline Stratospheric Aerosol Profiles (B2SAP) project uses weather balloons to
collect regular vertical profiles of stratospheric aerosol number and size distributions, at eight latitudinally diverse locations
across the globe from the ground to ~30 km altitude. These systematic in situ measurements allow the micro-physical prop-
erties of the background stratospheric aerosol and their variability to be examined. These on-going measurements provide
constraints for aerosol modules of large coupled models and reference for satellite retrievals relying on previous size distri-
bution assumptions. The lightweight, low-powered Portable Optical Particle Spectrometer (POPS) instrument is deployed on
balloon platforms, allowing for high vertical resolution and the detection of stratospheric aerosol down to 140 nm diameter.
This paper presents the BZSAP aerosol dataset (DOI: https://doi.org/10.25921/mchy-y552, (Smith et al., 2026)), including a
description of the B2SAP network, POPS measurement principles, sensitivity analysis, calibration procedures, file processing

workflow and a comparison with aerosol extinction from the GloSSAC product.
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1 Introduction

Stratospheric aerosol plays a key role in the global radiation budget as incoming solar radiation is scattered and absorbed
by stratospheric aerosol (SA), affecting the amount of radiation reaching the Earth’s surface (Solomon et al., 2011; Murphy,
2009). Direct incoming solar radiation in the visible wavelengths interacts with SA, and roughly a quarter of the scattered
light is returned to outer space, while the other fraction is scattered forward, becoming diffuse sunlight (Murphy, 2009). The
greater the concentration of stratospheric aerosol, and the larger the optical particle diameter, the more efficient the aerosol
becomes at scattering and absorbing light (Murphy et al., 2021), leading to a larger contribution to solar radiation extinction
and hence surface cooling (McCormick et al., 1995; Wrana et al., 2021). Stratospheric aerosol also has significant implications
for heterogeneous chemistry, as chemical reactions are facilitated by aerosol surfaces, the most notorious of these being halogen
activation, which causes the depletion of stratospheric ozone (Hazra et al., 2019; Lawler et al., 2025; Solomon et al., 1986;
Wegner et al., 2012).

Previous measurements have shown that stratospheric aerosol is predominantly composed of a mixture of sulfuric acid
and water (Junge and Manson, 1961; Murphy et al., 2021). SA is primarily formed by sulfur containing tropospheric source
gases (the main two being sulfur dioxide (SO2) and carbonyl sulfide (OCS)) becoming oxidized to gaseous sulfuric acid after
entering the stratosphere (Turco et al., 1982). Gaseous sulfuric acid rapidly condenses and nucleates with water vapor to result
in aqueous sulfuric acid, referred to here as sulfate aerosol (Brodowsky et al., 2024). A combination of gravitational settling and
evaporation of aerosol associated with increasing stratospheric temperatures at higher altitudes constrain the majority of SA
to a region between the tropopause and approximately 30 km altitude (Murphy, 2009). The global, persistent layer of SA was
first observed using high altitude balloon platforms (Junge et al., 1961) and is referred to as the stratospheric aerosol layer or
Junge Layer (Bigg et al., 1970; Junge and Manson, 1961). Previous observations of the background lower stratosphere indicate
the aerosol diameter can range between 100 — 2000 nm (Bigg et al., 1970; Thomason and Burton, 2008) with the majority
of aerosol exhibiting optical diameters at the smaller end of this range. Typically the size distribution is bimodal, with modes
centered around 200 nm and 400 - 700 nm diameter (Murphy et al., 2021; Lawler et al., 2025). The smaller mode generally
contains mixed organic sulfur tropospheric aerosols that have been transported across the tropopause (Murphy et al., 2021) and
this mode shifts to smaller diameters for air masses with either very recent tropospheric input or aged air masses with a lower
N> O concentration (Lyu et al., 2026).

Balloons are a proven method for making stratospheric aerosol observations. There is a long record of optical particle
counters (OPCs) integrated onto a balloon platform to study trends in stratospheric aerosol size distributions for particles
with an optical diameter of greater than 0.3 pum from 1971 - present day from Laramie, Wyoming (Kalnajs and Deshler,
2022). Monthly stratospheric size distributions from OPCs on the balloon platform were used to assess long-term aerosol
trends within this northern mid-latitude band, and evaluate stratospheric background and impact upon SA following volcanic

eruptions (Jager and Deshler, 2002). This 50+ year record serves as a powerful tool for the validation of remote sensing



50

55

60

65

70

75

80

Earth System
Science

Data

https://doi.org/10.5194/essd-2026-644
Preprint. Discussion started: 26 August 2026
(© Author(s) 2026. CC BY 4.0 License.

Open Access
suoIssnasIqg

techniques for stratospheric aerosol. This dataset validated profiles of SA extinction from SAM, SAGE-II, HALOE (Hervig
and Deshler, 2002), CLAES, ISAMS, and SAGE-III (Kalnajs and Deshler, 2022), as well as being used to interpret and expand
upon mid-latitude lidar backscatter measurements (Deshler et al., 2006). The B2SAP network aims to complement and expand
upon this exemplary record by having multiple launch locations within different latitude bands to build up a picture of global
SA abundance and variability. The POPS instrument capable of optically sizing sulfate particles down to 140 nm diameter
(Gao et al., 2016), a huge strength enabling B2SAP to capture more of the smaller sized particles. Obtaining quarterly in situ
aerosol size distribution profiles within a global network will allow the spatiotemporal variability of SA size distributions to
be investigated. Aircraft have also been used to make in situ observations of stratospheric aerosol during field missions such as
ACCLIP (Ueyama et al., 2025; Zhu et al., 2024), DCOTTS (Li et al., 2021, 2023) and SABRE (Gurganus et al., 2026; Lawler
et al., 2025). This is useful for providing a highly resolved snapshot of the properties of stratospheric aerosol, but aircraft-
based observations are limited by a ceiling of 21 km altitude, and hence aircraft measurements reflect the lower stratosphere,
and may only partially penetrate the Junge Layer. The expense of using aircraft for stratospheric aerosol observations prohibits
systematic observations at multiple locations, making global stratospheric aerosol analysis and trend estimations scientifically
challenging. Aircraft missions require a lot of planning and financial resources, limiting their capacity for rapidly responding
to unpredictable stratospheric perturbations i.e. from explosive volcanoes. The B2SAP payload aims to fill the gap between
these intensive aircraft missions, with a low-cost, portable method that reaches 30 km and is reproducible for regular launches
occurring globally, all year round. The B2SAP fast deployment, in response to the Hunga-Tonga eruption was demonstrated in
(Asher et al., 2023), where balloons were launched 7 and 10 days after the volcanic eruption. This response, enabling the early
study of the volcanic plume yielded a unique set of observations that were able to detect *unexpected rapid aerosol formation’
would be difficult to accomplish with aircraft.

The stratosphere is frequently perturbed by large-scale events, such as explosive volcanic eruptions (Asher et al., 2023; Eck-
hardt et al., 2008), dust plumes (Li et al., 2025) or extreme wildfires (Ohneiser et al., 2022) leading to a “persistently variable”
(Solomon et al., 2011) stratospheric aerosol background, making it difficult to even identify quiescent periods (Robock, 2000).
Observations of enhanced SA loading, with associated increases in both aerosol abundance and size, led to enhanced albedo
effects resulting in measurable surface cooling impacts that can persist for several years. The 1991 Mt. Pinatubo eruption led
to an aerosol mass loading of 30 Tg (McCormick et al., 1995) into the stratosphere which resulted in 0.5-0.8 °C of global sur-
face cooling for 18 months after the initial eruption (Robock, 2000; Minnis et al., 1993). Global stratospheric dynamics were
influenced by the newly nucleated aerosol as these aerosol absorbed outgoing long-wave radiation, inducing local warming in
the lower tropical stratosphere, resulting in enhanced lofting at the tropics and accelerated horizontal transport of air masses
(McCormick et al., 1995). There is an increasing frequency of occurrence of stratospheric smoke plumes from large wildfires,
with an associated increase in particle extinction coefficients and notable reduction in ozone from the activation of reactive
halogen species on a hemispheric scale (Ohneiser et al., 2022; Solomon et al., 2023).

Several studies have performed SA trend analyses with differing conclusions; (Deshler et al., 2006) stated that, between
1970 — 2004 there was no significant trend in the background stratospheric aerosol number concentrations, whereas (Hofmann

et al., 2009) concluded that a positive trend increase in stratospheric aerosol abundance since 2002 was associated with an
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increase in SO4 emissions lofted by convection within the Asian Summer Monsoon. Other studies, (Vernier et al., 2011; Trickl
et al., 2013) argue that increases in stratospheric aerosol concentrations are likely due to moderate volcanic eruptions (Volcanic
Explosivity Index = 4). Aerosols can be directly injected to the stratosphere, or indirectly, through aerosol-forming gases such
as SO, or HS (Robock, 2000). The degree to which stratospheric aerosol disturbances impact the global radiative budget is
highly dependent upon the amount of injected material, the injection altitude and the size of the resulting aerosols. The extent
to which aerosol size distribution changes after stratospheric perturbation events is not well understood, which is crucial for
calculating the changes to the radiative balance from such events (Wrana et al., 2021). Large uncertainties remain regarding
the abundance and variability of these stratospheric particles (Von Savigny and Hoffmann, 2020). This is partly due to the
challenging nature of obtaining measurements in the stratosphere’s remote environment associated with cold temperatures,
low pressures and high altitudes. The uncertainty associated with understanding the stratospheric aerosol layer leads to low
confidence when predicting the climate with global circulation models (Stenchikov et al., 2006; Regayre et al., 2026) and
forecasting climate change. Evaluating the background abundance and variability of stratospheric aerosol is imperative for un-
derstanding and accurately quantifying changes to stratospheric aerosol. Linking the magnitude of stratospheric perturbations
to changes in aerosol size distributions is essential for accurately predicting the radiative, chemical and dynamical impacts of
these perturbations. We present the technical aspects of the Balloon Baseline Stratospheric Aerosol Profiles (B2SAP) effort
and outline available data from the Portable Optical Particle Spectrometer (POPS, Handix Inc, Boulder, CO, USA) used to
accurately measure stratospheric aerosol number and size distributions at high vertical resolution. These in situ observations
allow for the direct parameterization of micro-physical processes which improves the representation of stratospheric aerosol
properties. This reduces the uncertainty in estimating the global radiative transfer calculations and increases our knowledge
of stratospheric chemical mechanisms, providing reliable inputs for stratospheric modeling. High vertical resolution measure-
ments provide the capacity to constrain stratospheric aerosol plumes, enabling the detection of the plume edges and allowing for
source apportionment via backward trajectories. Regular B2SAP launches are imperative for understanding both background
short term variability and multi-year trends. Better constraining the SA size distribution temporal variability will lead to higher
confidence in the identification and quantification of stratospheric perturbations. As solar radiation management techniques -
such as stratospheric aerosol injection (SAI) - become increasingly considered, this dataset provides invaluable baseline in-
formation on the background state and natural variability of stratospheric aerosol. This work will provide an overview of the
B2SAP project, followed by a description of instrumentation used to measure aerosol size distributions, including calibra-
tion and sensitivity studies. Lastly, we have performed some analyses with this dataset and comparisons with remote sensing

techniques.

2 The B2SAP project

The dataset presented here was collected by a series of balloon launches occurring on a regular basis to collect direct aerosol

size distribution measurements. Launches are on-going and date back to 2019 for some sites. The B2SAP project is one portion
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of NOAAs Earth Radiation Budget (ERB, https://csl.noaa.gov/research/erb/) program, funded to improve our understanding of

the stratosphere and its contribution to Earths energy balance.
2.1 Payload and platform

The payload (Figure 1) is the result of a collaboration between two complementary programs - B2SAP and NOAA GML’s
GLobal Ozone and Water vapor (GLO3W) program. The focus of this study, B2SAP, refers to the data from the Portable
Optical Particle Spectrometer (POPS) to measure aerosol size distribution and concentrations. GIOsW program operates an
electrochemical concentration cell, ECC, (Sterling et al., 2018) to measure ozone mixing ratios and a frost point hygrometer,
FPH, (Hall et al., 2016) for measurements of water vapor mixing ratio. A full BZSAP+GLO3 payload consists of a POPS, ECC
and FPH. Location (GPS, including altitude) and environmental (pressure, temperature, humidity, wind) data is obtained using
an iMet (International Met Systems) radiosonde which telemeters data from the balloon to a ground-based receiving station. A
helium-filled latex balloon (Hyowee or Totex, typically 1200g to 1600g) carries the payload to the middle stratosphere, around
30 km altitude. A valve equipped with a pressure sensor is set to open at ~13 mb (28-30 km). Helium slowly leaks out from
the balloon, decreasing the buoyancy of the balloon and leading to a steady descent speed that is similar to the rate the balloon
ascended (5 m s~!). The BZSAP payload weighs less than 6 1b (2.7 kg) and is thus compliant with the 14 CFR regulation
set by the Federal Aviation Administration and Stratospheric Ballooning Association that requires additional constraint and
notices required for unmanned balloons with a single payload that weighs more than 6 lbs. This article and the B2SAP dataset
focuses specifically on the aerosol concentration and size distribution observations obtained from the Portable Optical Particle

Spectrometer (POPS) instrument.
2.2 Geographic Distribution

There are currently 10 launch sites where BZSAP payloads have flown (Fig. 2, Table Al and A2), strategically chosen to
capture background stratospheric aerosol abundance and variability. Large global circulation dynamics cause a lot of latitudinal
variability within the background stratosphere. Therefore, the B2SAP program is composed of latitudinally diverse launch sites
to build a picture of the global distribution of the stratospheric aerosol layer (Figure 2 and Table A1). Due to strong horizontal
mixing the stratosphere is considered relatively homogeneous longitudinally, however due to the availability of resources
B2SAP operates from launch sites which also cover a range of longitudes. This will provide additional information regarding
the representation of the global stratosphere and allow for stratospheric dynamics and aerosol injection plume tracking to be
evaluated. Boulder, Colorado, USA experiences the most frequent launches with a full BZSAP/GIO3W payload flown every
two to three weeks. The other sites are operated by collaborators who receive calibrated instrumentation from the National
Oceanic and Atmospheric Administration (NOAA) Boulder laboratories before performing quarterly launches on our behalf.
Two of the launch locations, San Pedro (Costa Rica) and Scott Base (Antarctica) operate on an opportunistic basis (Table A2),
where launches are not regular but occurred due to personnel traveling as part of a different program, hence these are separated
from the more regular locations in Fig. 2 and Table Al. It is well known that there is a lack of stratospheric observations made

in the tropics, due in part to the higher tropopause height. This leads to large uncertainties in tropical model representations,
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Figure 1. The B’SAP/GIO3W payload ready for a launch consists of, a) POPS for aerosol measurements, b) electrochemical concentration
cell (ECC) for ozone, (c) frost point hygrometer (FPH) for water vapor, and (d) an iMet-54 radiosonde for data telemetry, as well as location

and meteorological variables.

a region of particular interest as it is where the Brewer-Dobson circulation lofts tropospheric material into the stratosphere
(Brodowsky et al., 2024). This transport pathway is the main route for sulfur-containing trace gases such as SO and OCS
to undergo troposphere-stratosphere exchange and enter the lower stratosphere (18-25 km) (Khaykin et al., 2017). Tropical
profiles are essential for understanding the stratospheric aerosol layer in this region of intense convective transport (Pan et al.,
2017). From 2025, B2SAP/GIOsW payloads have been launched at two tropical locations; Suriname (5.7 °N) and Palau (7.3
°N) in an attempt to fill this data gap.

3 Portable Optical Particle Spectrometer (POPS)

The Portable Optical Particle Spectrometer (POPS) is a lightweight (600 g), portable (175 x 162 x 88 mm), low-power (5W)

particle counter spectrometer (Gao et al., 2016) that measures aerosol size distributions upon the BZSAP payload.
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Figure 2. The B2SAP launch sites have been strategically located at a range of latitudes to be globally representative of the stratosphere

(a). The stratosphere is relatively uniform across different longitudes but has large variability over latitudes due to stratospheric dynamics.

Boulder, CO, USA has the most frequently launched B?SAP payloads, with the other regular (red stars) sites aiming for quarterly balloon

observations (b). BZSAP balloon launches have been occurring at the mid-latitude sites since 2019. There are 5 profiles within the B2SAP

dataset as a result of opportunity based launches (green stars) from Costa Rica and Scott Base Antarctica.
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3.1 POPS Particle Detection

The main physical components of the POPS instrument are: a brass inlet to sample the air, a laminar flow element (LFE) to
accurately measure the volume of air sampled, an optical chamber containing the laser, a photomultiplier (PMT) to detect
scattered light, and a pump to pull air through the optical chamber (Appendix B, Fig. B1). The POPS photomultiplier identifies
individual particles moving through the POPS optical chamber and this produces a signal (peak). For POPS to identify a peak
as a particle the maximum amplitude of the peak must be three times the standard deviation (30) of the POPS baseline, see
Section 3.3, Figure 4. Every particle entering the POPS inlet that produces a peak with an amplitude greater than the 30
threshold will be counted and optically sized by relating the maximum scattering amplitude to an optical diameter using Mie
theory (Section 3.2) for an assumed index of refraction (). The POPS only becomes saturated when there are more than 10,000

1

particles sec™ " arriving at the inlet. For the stratosphere this criterion is very unlikely to be met. A full description of the design

of the POPS can be found in (Gao et al., 2016), and the calibration procedure is included in Section 4.
3.2 Mie Theory

OPC:s use the same underlying principle for determining the optical diameter of individual particles from the amount of scat-
tered light they produce (Kalnajs and Deshler, 2022). The relationship between the maximum scattering amplitude and the
optical diameter is referred to as Mie theory (Fig. 3a) and several factors determine the amount of scattered light, including
particle size, composition and shape. The index of refraction (n) consists of a real and imaginary part to describe how much
the material will scatter and/or absorb light and therefore knowing the predominant particle composition and hence selecting
an appropriate #n is crucial for accurate determination of optical particle diameters (Sumlin et al., 2018). The primary science
objective of the B2SAP project is to characterize the number size distribution of global stratospheric aerosol. Since the strato-
sphere is predominantly sulfate aerosols (Bigg et al., 1970; Jager and Deshler, 2002; Murphy et al., 2021), a bulk index of
refraction for pure sulfuric acid (n = 1.454-0.007) is used. Mie-derived optical diameters assume that the aerosol is spheri-
cal, which is appropriate for predominantly sulfate aerosol. The Mie scattering relationship (Fig. 3) is monotonic for smaller
aerosols (100 — 300nm), however for larger diameters (especially 300 - 600 nm and > 800 nm for n = 1.45 + 0.00¢) there are
non-monotonic regions leading to uncertainties in diameter estimations for larger aerosol. To minimize the uncertainty, am-
plitudes are binned into diameter bins that encompass the entirety of the non-monotonic region. The diameter bins are evenly
log-spaced in amplitude for diameters less than 250 nm in the monotonic region, and diameters greater than 600 nm. For 250
— 600 nm size range bins are manually selected by choosing bin edges that correspond to minima in the Mie curve derivative
(dlog(Signal)/d(Dp)), Fig. 3b) in the same manner as in Todt et al. (2023). There are large Mie oscillations for particles >1000
nm which lead to large uncertainties in the optical particle diameter estimations. Files processed with this method have 36 bins,
the same number as the maximum permitted by telemetry. Caution must be taken when evaluating aerosol diameters in the

troposphere since aerosol composition and morphology are more varied.
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Figure 3. The Mie scattering relationship between maximum scattering amplitude and optical diameter (a) for sulfate aerosols (n = 1.45 +
0.007), used to describe how the amount of light scattered by an individual sulfate particle is related to the diameter of that aerosol. The
POPS response for n = 1.45 + 0.00¢, becomes non-monotonic between 250 - 600 nm and has large Mie oscillations at larger diameters
(>1000 nm), so a smoothed calibration function (black) is fit through this response to estimate optical diameter from scattering amplitude.
To determine the diameter bin edges (red in both a and b), the derivative of the Mie Curve is used (b), and bin edges are located at minima

on this curve to ensure the bins encompass the entirety of non-monotonic regions between 250 — 600 nm.

3.3 POPS Baseline

The POPS baseline is the photomultiplier tube (PMT) signal in the absence of particles, which is primarily the signal generated
by stray light and electrical noise. Each second that the POPS is running a baseline is calculated by averaging 16 short segments
with no detected particles of the signal. A typical POPS baseline lies between 1950 - 2300 (unitless), with the majority of POPS
displaying a baseline of approximately 2100 when pulling laboratory air through the inlet. The baseline standard deviation
(BSD) typically ranges between 6 - 10 (unitless), meaning that a peak must have a height of at least 30 to meet the 3¢ threshold
to be detected as a particle. The maximum baseline standard deviation recorded during the last second (typical value range 7 -
15) is used in combination with the baseline standard deviation as a measure of the POPS noise. The frequency of the noise in
the POPS baseline is much higher relative to the width of a particle producing a signal of 50, leading to high confidence in 3o
peak identification. A high baseline might be due to misalignment of the laser leading to increased stray light or potentially due
to a large amount of electrical noise which is predominantly from current being converted to a voltage by the A-D converter.
Since the noise is a key part of POPS peak detection, POPS instruments that display too high noise (either BSD > 10, or
maximum BSD over 1 sec > 13) whilst running in the laboratory are not used in BZSAP launches as this indicates there is an

issue with the optics or electronics and there is a greater uncertainty associated with the detection efficiency of peaks.
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Figure 4. An example of a peak with an amplitude of 40 (red dashed). The baseline has a standard deviation of 5, so to be identified as a peak

the particle must scatter light and produce a scattering amplitude of greater than 15 (3¢ threshold dotted blue line). The maximum scattering

amplitude is the highest point of the peak, so would be identified as the green arrow, and would be recorded as 47 in this example.

It is crucial to correctly determine the POPS baseline as a detected particles peak amplitude is defined as the distance
between the average baseline and the tallest part of the scattering peak (the maximum scattering amplitude). As seen in Fig.
4, this means that the maximum scattering amplitude is the result of the peak height plus the POPS noise. This increase is
significant for smaller particles with a maximum amplitude that is only just larger than 30 of the baseline. Due to slight
manufacturing and component differences, each POPS instrument is slightly different and there can be variability in POPS-to-
POPS performance, with some POPS producing higher baseline standard deviation (BSD). To account for noisier POPS and
ensure the optical particle diameter is not overestimated due to this additive BSD effect, the relationship between scattering
amplitude and particle diameter is adapted for POPS instruments that display noisier signals (Fig. 5).

The sizing of larger particles (> 200 nm) is not significantly impacted by increasing levels of noise, since the signal-to-noise
ratio is already large enough to distinguish between a signal and the background noise, and the addition of BSD on top of
the maximum scattering amplitude is a smaller fraction of the actual peak height. During a balloon flight, the BSD typically

decreases with increasing altitude due to decreasing atmospheric density contributing less background Rayleigh scattering.

10
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Figure 5. Larger particles are less impacted by increasing levels of noise (a) but there are differences in the Mie Curve for particles with
optical diameters of 200 nm or smaller (b), the size range for most stratospheric aerosols. The performance of each POPS instrument is
variable and they exhibit differing amounts of noise, which can impact the relationship between scattering amplitude and particle optical
diameter (a), especially for the smaller diameter size range (b). The average BSD for a POPS above 200 hPa during a launch is calculated,
and the noise level from 0, 2.5, 5, 7.5, 10, 12.5 and 15 is assigned to that flight. The pure sulfuric acid (n = 1.45 4 0.00¢) Mie scattering

relationship associated with that noise level is applied during the calculation from scattering amplitude to optical particle diameter.

Since the BZSAP network is concerned with stratospheric aerosol, only the BSD at pressures lower than 200 hPa are used to
calculate the noise level attributed to the scattering amplitude versus optical particle diameter relationship. For every launch,
the average BSD above 200 hPa is calculated and the closest value from noise level = [0, 2.5, 5, 7.5, 10, 12.5, 15] is assigned
to that launch (Fig. 5). When computing the optical particle diameter from the scattering amplitude, the Mie curve associated
with that noise level is applied, and in this way accounts for the impact of the maximum amplitude being the sum of both the

signal from scattered light by the particle and the noise of the POPS instrument.

4 Pre-deployment preparation and calibration
4.1 Hardware

POPS are commercially available from Handix Scientific, and when they arrive at the laboratory they are optimized for strato-
spheric measurements. The software is updated with the largest change causing the electronics to bin particles into 36, rather
than 15, diameter bins for the telemetered data. Fiirgut (https://www.fuergut.com/en/) pumps are used as these have improved
performance at the lower pressure levels, and a switch is mounted on the main PCB to allow the POPS to be switched on

whilst it is inside the foam launch box. A thermistor is included and copper-taped to the LFE for temperature corrected flow
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calculations. The POPS is securely mounted in a protective foam box, to protect the electronics from the harsh stratospheric

conditions and to limit damage upon landing.
4.2 POPS performance

Every POPS is checked in the laboratory before being used as part of a B2SAP payload. These checks are also performed after
a launch to identify which POPS can be reused. The instrument is turned on and ran to ensure it meets the baseline is steady,
and the BSD is < 10 on the bench. A HEPA filter is placed over the POPS inlet to ensure the aerosol count drops to zero, and

there are no leaks. A full flow calibration and gain check are also completed, see Section 4.3.
4.3 Flow calibration and gain check

The POPS are calibrated by monodisperse 508 nm polystyrene latex spheres (PSLs) suspended in deionized water. If required,
a potentiometer on the PMT is used to adjust the instrument gain so that the POPS response to this nebulized solution is
always the same, with the correct POPS size bin being populated. A nebulizer and the 508 nm PSL solution is provided to all
B2SAP launch sites so the POPS can be re-checked and the gain re-adjusted a few days before a launch as it can change during
shipping.

As part of the POPS preparation in the laboratory a full temperature-corrected flow calibration is performed. A thermistor
measures both the LFE and room temperature. The flow as measured by the POPS and by a flow meter (Buck Calibrator) is
measured at five different pump voltages. A linear calibration curve is used to set the flow at different pressure levels during a
POPS flight to ensure sufficient flow at higher altitudes. The flow is calibrated so at the surface the pump voltages cause 180
+ 6 mL min~! and 34+ 0.1 mL s~! as measured by the Buck Calibrator and POPS differential pressure sensor, respectively.
At pressures lower than 30 hPa, the POPS pump voltage is set to yield 360 + 6 mL min—! and 34+ 0.1 mL s~! volumetric
flow rate. At the external sites, our collaborators will perform the flow spot check, ensuring the surface-level flow thresholds
are achieved. If the average flow is outside this limit a full flow calibration, with temperature corrected flow (Egs. C7, C6) is

performed.

5 Data

The procedure for data processing depends upon whether it was possible to retrieve the payload, as the raw data is saved onto
an internal puSD card. Where it is not possible to collect the payload only the data transmitted during the balloon flight by the

radiosonde is available, and there are limits on the amount of data that can be transmitted.
5.1 Retrieved payloads

Where possible, B2SAP payloads are retrieved after the launch completion. This is advantageous because the equipment can
be reused, and the raw binary files on the POPS uSD card can be analyzed, in some cases increasing the resolution of the

POPS binning scheme. The binary files are a raw representation of every particle detected by the POPS as every maximum
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Figure 6. Procedure for generating 1 second and 100m altitude binned ICARTT files for both the retrieved payload, when the raw data on

the POPS 4SD card is available, and the process when only the telemetered files are saved.

13



255

260

265

270

275

280

285

Earth System
Science

Data

https://doi.org/10.5194/essd-2026-644
Preprint. Discussion started: 26 August 2026
(© Author(s) 2026. CC BY 4.0 License.

Open Access
suoIssnasIqg

scattering amplitude and the time (in ticks) are recorded, without any assumptions about the particle composition being made,
providing more scope for particle analysis. Processing binary files utilises the PyMieScatt Python library (Sumlin et al., 2018),
in combination with the atm-py package available on GitHub: https://hagne.github.io/atm-py/. The atm-py code will flag out
peaks that fall outside of the calibration range, so amplitudes must be within 53.7 — 31622.8, (equivalent to 53 — 2500 nm, for
sulfate particles) during the process of converting the amplitudes to a diameter. The peaks are then averaged into 1 second time
bins and the optical diameter is calculated by applying the Mie scattering relationship for sulfate aerosol, n = 1.45 4 0.00¢,
Fig. 3. The diameters are then binned into the diameter bins provided, that were selected to minimize the uncertainty of aerosol
sizing by encompassing the non-monotonic regions of the Mie scattering relationship. The time- and diameter-binned peaks
are merged with 1S housekeeping files which contain other POPS engineering data.

The Laminar Flow Element (LFE) coupled with the differential pressure sensors provides a pressure - independent measure
of volumetric sample flow which is necessary for calculating particle data variables, see Section 5.3. Further information
regarding the GPS positional data (altitude, longitude, latitude) and environmental data (RH, temperature, pressure) is provided
from the radiosondes attached to the payload and this is also merged to the POPS operational and bins. To ensure accurate time
alignment between the radiosonde (GPS time) and POPS datasets (internal clock time), a variable common to both files (POPS
flow rate) is used to temporally offset the POPS data relative to the radiosonde. Equations in Appendix C indicate how total
aerosol concentration (C1), surface area concentration (C2), volume density (C3), effective radius (C4) and extinction (C5) are

calculated from the POPS bins and other variables.
5.2 Telemetered Data

In instances where a retrieval is not possible, the number of bins used to generate scatter-signal distributions is limited by the
bandwidth of the data telemetry, Fig. 6. Data is binned by both time (1S) and into pre-configured diameter bins in real-time
as part of the POPS software, prior to data telemetry to the receiving station where it is saved. There are constraints regarding
the amount of data POPS has allocated for telemetry, so POPS launches that used the iMet-1 or iMet-4 radiosondes could only
have 15 diameter bins, plus a few operational variables. For these files, which are from earlier launches or in locations that are
hard to access (e.g. South Pole, AQ), 15 bins are reported in the final files. More recent launches use the modernized iMet-54,
allowing POPS to have the same selected engineering variables plus 36 diameter bins telemetered to the receiving station. The
iMet-54 provides a reliable data link with improved measurement technologies but requires an updated receiving station. The
B2SAP network is in the process of transitioning towards solely using the iMet-54 model but the different launch sites have
different transition dates. The data is stored as a .CSV file and merged with the other environmental data from the radiosonde
(e.g. GPS co-ordinates, RH, T, P). These CSV files undergo the same QA/QC procedures as the binary files, to produce the
archived ICARTT files.

5.3 POPS Data Products in the Archived Files

For every launch, data is archived as both 1 second and 100 m altitude binned formats, regardless of whether it was from the re-

processed binary files or the data telemetered during a launch. Where binary files are available the binary file derived ICARTT
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files are the preferred choice for archival in the POPS data repository. Archived files include calculated total aerosol concen-
tration (cm™3), surface area concentration (1zm? cm™?), volume density concentration (m? cm™?), effective radius (um) and
extinction (km~!). Equations C1-C5 show how these data products are derived from the size distribution measurements.

The POPS flow is measured by a differential pressure sensor on the LFE, and this volumetric sample flow is corrected to the
ambient temperature (temperature-corrected flow) to get the correct sample volume (Egs. C6, C7). The count of particles in each
bin is divided by the temperature-corrected flow to calculate a number concentration per bin (cm™2). The volumetric sample
flow is corrected using the ambient temperature to obtain the correct sample volume (Eq. C7). Total aerosol concentration
is determined by summing the number concentration per bin in all size bins that second and indicates how many particles
with diameters between 140 — 2500 nm were being detected by the POPS at any given time (Eq. C1). The resulting size
distribution provides simultaneous information on both the aerosol number concentration and the aerosol diameter, enabling
the characterization of both the aerosol abundance and aerosol optical size within the stratosphere. This information is then
used to understand the radiative effects of stratospheric aerosol, and for deriving aerosol micro-physical properties such as
surface area concentration (Eq. C2) and volume density (Eq. C3) which governs the availability of surfaces for heterogeneous
chemistry (Hazra et al., 2019), with potential implications upon stratospheric ozone layer recovery. Extinction (Eq. C5) is a
direct measurement of how quickly radiation is dispersed by absorption and scattering, with an added advantage that this can
be compared with results from remote lidar instruments (both satellite and ground-based). The effective radius (Eq. C4) is
a measure of the average (mean) diameter of the aerosols, which is crucial for estimating the scattering of incoming solar
radiation, since the amount of solar radiation scattered is highly dependent on the size of the particle (Solomon et al., 2011;
Murphy et al., 2021).

54 ICARTT files

The ICARTT files follow standard ICARTT format. The data are in folders named after launch location and the naming con-
vention for the files is as follows: NOAA-POPS—-B2SAP_GMLBalloon_Location_YYYYMMDD_ [datafrequency]
_[flightnumber]_RO0O0.ict. The data frequency is either 100m or 1S, depending on whether the data was binned by
100 m altitude or 1 second time bins. The flight number is a two- or three- letter location designation (see Appendix A Tables
Al, A2), followed by the number for that launch. Inside each file is a header explaining details of the file structure, variable

descriptions and units (Table C1 and C2).

6 Quality Assurance / Quality Control

Before the files are archived, quality assurance/quality control (QA/QC) is performed to ensure only the highest quality data
is archived in the repository. Data where the POPS BSD exceeded 12 is flagged, as well as instances where the ascent/decent
rate was greater than 15 ms~!. The POPS relies upon a pump with sufficient flow through the inlet, which is harder to achieve
at higher altitudes. As the balloon ascends and pressure decreases the pump efficiency decreases. The flow rate is set to 3 mL

s~! at the surface and remains at this flow rate until 200 hPa. As pressure decreases to 200, 150, 100, 75, 50 and 30 hPa the
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flow is stepped up to 3.5, 4, 4.5, 5, 5.5 and 6 mL s~ !, respectively to ensure the absolute volume of air passing through the
POPS is sufficient. Occasionally, the pump cannot maintain the required flow at the highest altitudes and lowest pressures, so
the aerosol measurement is more uncertain. At times when the pressure is < 150 hPa and the flow is < 2.9 cc s~! the data is

flagged out.

7 Vertical profile

The most frequent launches occur at the Boulder site, and there are over 100 launches where the payload was recovered and
the binary files reprocessed to 36 diameter bins. This is sufficient to begin performing statistical analyses to characterize the
stratospheric aerosol background for 40 °N. The vertical profiles in Figure 7, under standard temperature and pressure, depict
the aerosol number concentration between 140 - 2500 nm, from 10 km to 29 km altitude, using the 1S ICARTT files. The
mean (blue), median (green) and 10" — 90" percentiles (red, dashed) indicate that the most variability in aerosol number
concentration that occurs within this size range is observed at or close to the tropopause (< 15 km) which is to be expected
since the tropopause height varies and there are more aerosols in the troposphere. Tropospheric intrusions also introduce
additional sources of aerosol to the lower stratosphere. The increase in total aerosol concentration at 17.5 km indicates the
average altitude of the persistent stratospheric aerosol layer (or Junge Layer (Junge and Manson, 1961; Bigg et al., 1970)) for
this latitude. Above 21 km the average aerosol number concentration is uniform with increasing altitude, centered around 50

3 and

cm~3. Individual aerosol plumes are observed in a few profiles with elevated number concentrations reaching 600 cm™
it is only by truly understanding typical background conditions that we can accurately pinpoint and quantify the increase in

aerosols for these plumes.

8 Sensitivity to changing aerosol composition

The optical diameter and radiative impact of SA depends are functions of the aerosol composition, which is represented by the
aerosol’s refractive index () and mathematically this is described by Equation 1. The index of refraction is composed of a real

(a) and imaginary (b) part describing the amount the aerosol will scatter versus absorb the incident light (Shin et al., 2024).
n=a+bi (1

Altering either component will change the relationship between scattering amplitude and optical diameter and hence the shape
of the Mie scattering relationship, although the general principal that larger particles scatter more light remains valid, particu-
larly for the smaller diameter aerosols (Fig. D1 a, ¢, d). In the archived files, n = 1.45 + 0.00¢ for pure sulfuric acid was used
as stratospheric aerosol is predominantly sulfate. To identify how sensitive the POPS response is to slight changes in aerosol
composition which might occur due to the introduction of tropospheric aerosol or stratospheric perturbations the binary files
were reprocessed with different n-values. Deshler and Kalnajs (2026) showed n can vary by 1.5 % throughout the vertical struc-
ture of the stratosphere (Deshler and Kalnajs, 2026), and that in the lowermost stratosphere some aerosols contain up to 50%

organic material (Martinsson et al., 2019). Examples of events that might perturb the background state of stratospheric aerosol
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Figure 7. Aerosol number concentration for aerosol with diameters between 140 - 2500 nm under standard temperature and pressure for all
Boulder, CO, USA launches (until Feb 2026). Individual aerosol number concentration profiles from the 1S ICARTT files are in grey and

the mean (blue), median (green) and 10th — 90th percentiles (red) show the average aerosol concentrations for altitudes between 10 — 30 km.
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Figure 8. The average (solid line) and 10 - 90*" percentiles (shaded area) vertical profile from re-processing 100- binary files with different
n-values and associated Mie scattering relationships, to identify how sensitive the POPS data is to changing particle composition. The real
portion of n was changed between 1.40 and 1.50 (a), the imaginary portion of n was changed between 0.00 - 0.1 (b) and then n-values for
known particle compositions were used in (c). The vertical profiles show how the average surface area concentration for these 100 binary

files were computed and a vertical profile.

are; explosive volcanic eruptions injecting material such as gases (SO, H,O, COs) and volcanic ash into the atmosphere (Eck-
hardt et al., 2008; Asher et al., 2023): and large wildfire events have been observed to introduce biomass burning aerosols to the
stratosphere (Hooghiem et al., 2020). Therefore, n was changed by incremental amounts to the real and imaginary components
(Fig D1a and c) used for pure sulfuric acid, to imitate increasing amounts of different material mixed within the sulfate aerosol.
Index of refractions for tropospheric aerosol (n = 1.5540.002¢, (Aldhaif et al., 2018)), diluted smoke (n = 1.5440.018¢) and
dense smoke (n = 1.63540.06¢, (Womack et al., 2021)) to emulate concentrated filament of aerosol present in the stratosphere
were also evaluated (Fig D1e). For each n investigated, 100 binary files from the Boulder dataset were reprocessed and binned
by 36 diameter bins. The median vertical profile (solid line) of the 100 launches, with the 10 - 90th percentiles (shaded region)
was used to identify how the alterations in n changed the surface area concentration (Fig. 8) or effective radius (Fig. 9) vertical
profile. The same 100 binary files were reprocessed with different n, to identify the sensitivity of POPS data products such
as surface area (Fig 8) and effective radius (Fig 9) to the aerosol composition. When the real component of n was changed

between 1.40 - 1.50, but the imaginary component was fixed at 0.00i, there were changes to the Mie scattering relationship
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between 10 - 29 km, when the index of refraction was changed by the real component (a), imaginary component (b) and to reflect different

aerosol compositions (c).

(D1a) which impacted the the smaller optical diameters (140 - 500 nm) more than the larger diameters. The Mie scattering
relationships are shown as amplitude on y-axis and optical diameter on the x-axis, and as a increased from 1.4 to 1.5, each
incremental Mie curve sat higher, leading to smaller diameters calculated for the same amplitude (Fig. D1b). Subsequently,
the surface area concentration vertical profile (Fig. 8) looked similar for all scenarios, with small decreases in the surface area
concentration over all altitudes investigated, as a increased. The effective radius was within 10% of the value calculated for
pure sulfuric acid (Fig. 9a) . The Mie scattering relationships vary much more when the imaginary part of » is increased (Fig.
DIc), particularly for the larger diameter particles (>300nm). As b increased, the Mie curve in Fig. D1d sits lower, so that for
a fixed amplitude, the calculated optical diameter would be larger for higher b-values. Increasing the imaginary portion of n,
had a more significant impact upon the median surface area concentration profile when the 100 binary files were reprocessed
with the different Mie curves relating to the indices of refraction investigated. Using n-values with an imaginary component
greater than 0.02, caused large increases in the surface area concentration (Fig 8b) relative to the pure sulfate scenario. This
was also translated into elevated effective radii by 200% at altitudes between 10 - 20 km (Fig 9b). Note that this b value would
indicate a large proportion of the aerosol is strongly absorbing, and would only be used for dense smoke plumes. The imaginary

component has greater impact on optically sizing aerosol.
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Changing the index of refraction to simulate different aerosol types, is representative of when the B2SAP payload intercepts
a dense plume of material where both the real and imaginary components change simultaneously. The same process was used,
where the median and 10 - 90" percentiles were generated from the same 100 binary files using different indexes of refraction
to represent tropospheric, dilute smoke and dense smoke throughout the vertical profile. When n reflects tropospheric aerosol,
the median surface area concentration and effective radius vertical profiles were very similar to the sulfate aerosol scenario.
The n-values for dilute and dense smoke both have an imaginary part, and hence there a significant diversions from the median
sulfate vertical profile. The Dense Smoke scenario, where n = 1.635 4 0.06¢, has the largest imaginary component, which led
to the greatest increase in surface area concentration. This elevated surface area concentration was accentuated between 16 -
25 km, where the Junge Layer is expected to be located for 40°N and an effective radius that was elevated by 100 - 150 %
at altitudes below 22.5km (Fig.9c). For instances where a concentrated plume of known aerosol material is being transported
throughout the stratosphere, changing the index of refraction to reflect the aerosol composition would better account for the

radiative impact that the aerosol perturbation would have on the surface.
8.1 Sensitivity to different number of diameter bins

To investigate the POPS sensitivity to the bin edge locations and number, different binning schemes were applied to reprocess
113 binary files, for a sulfate index of refraction. Similarly to the index of refraction sensitivity analysis (Section 8), the median
size distribution for each binning scheme was computed over all files in this analyses. Figure 10 compares the dS/dlogDp
over 140 - 2500 nm diameter for the 19 - 21 km altitude range. Where only the telemetered data is available, the POPS relies
on the preset diameter size bins, set in the configuration file. Historically, 15 bins were used for telemetered data, with 36 bins
becoming the norm with the use of the iMet-54, which allows a larger amount of data to be sent. For one intensive balloon
launch deployment the POPS had 20 aerosol size bins telemetered back to the receiving station. In the *Evenly log spaced’
scenario the bins were also evenly log spaced by amplitude for 15, 36 and 50 bins. Additionally, there were 15 and 36 binning
schemes where the minima of the derivative of the Mie scattering relationship were manually selected between 250 - 600 nm, to
encompass the non-monotonic regions of the Mie curve (labeled *Derivative minima’), as for Todt et al. (2023). All the binning
schemes look similar for the smaller diameter aerosols (140 - 250 nm), where the Mie scattering relationship is monotonic
and steep. One of the strengths of the POPS instrument is the ability to detect particles as small as 140 nm diameter, one of
the lowest detection limits for low cost aerosol instrumentation, and allowing the instrument to capture the more abundant
stratospheric aerosol mode. The POPS is insensitive towards changing bin placement for this size range. There is much more
variability in the dS/dlog(dp) signal for each binning scheme for aerosols with a diameter greater than 250 nm. The 50 and
100 binning schemes (Fig. 10 pink and purple) over sample the aerosol for at least two bins between 300 - 400 nm and 450
- 500 nm. This is the region whee the Mie curve shows non-monotonicity so the amplitudes which correspond to multiple
diameters are being counted in the smaller of the bins, leading to the elevated surface area followed by a depleted consecutive
size bin. Providing the band width is available it could be advantageous to have a larger number of bins as this could allow
oversampling and then the application of different n-values, even for telemetered data. This sensitivity analysis indicates that

greater than 100 bins would be required to do this. The 15 bin telemetered and evenly log spaced binning schemes are more
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Figure 10. The surface area concentration size distribution for between 19 - 21 km altitude was computed for the reprocessed binary files

when different diameter bin edges were used to bin the optical particle diameters.

variable, suggesting that more bins are required, or strategically selected to fully capture the aerosol size distribution. The 15
bin evenly log spaced scheme indicates the presence of larger particles > 1000nm where no other scheme did, so this bin edge
must encompass a Mie oscillation that artificially pulls the median diameter size up. The 20- and 36- bin telemetered schemes
are able to represent the aerosol size distribution well across the full size distribution. Where diameter bin edges were selected
415 to entirely cover the full size range of the non-monotonic regions of the Mie Curve (Fig 10 teal and gold) exhibits a relatively
smooth curve in the size distributions and sit sin the middle of these different binning schemes, providing high confidence that
this is close to the true value and does not over or under sample aerosol in any one size bin, especially within the non-monotonic

region.

21



420

425

Earth System
Science

Data

https://doi.org/10.5194/essd-2026-644
Preprint. Discussion started: 26 August 2026
(© Author(s) 2026. CC BY 4.0 License.

Open Access
suoIssnasIqg

(a) Boulder, USA (b) Lauder, NZ
30
25+ .
— )
E —— GIOSSAC median —— GIOSSAC median
é GLOSSAC 10-90% percentile GLOSSAC 10-90% percentile
) 20— POPS Median 7| — POPS Median
o] POPS 10-90" percentile POPS 10-90!" percentile
>S5
X
ﬁ = -
<<
15- -
10 1 .

10° 10 103 102 105  10% 103 102

Extinction (km1) Extinction (km?)

Figure 11. Median GloSSAC v2.23 aerosol extinction at 525 nm for a) 38.5 - 42.5 °N (Boulder) and b) 42.5 —47.5 °S (Lauder, NZ), between
2019 - 2024 (solid pink line), overlaid with median POPS aerosol extinction at 532 nm from Boulder, CO (40 °N) launches that occurred
between 2019 — 2024 (solid green line). The 10 - 90" percentiles for both GIoSSAC and POPS extinction are shown as pink and green

shaded areas, respectively.

9 Comparison with GloSSAC

The Global Spaced Based Stratospheric Aerosol Climatology (GloSSAC, https://www.earthdata.nasa.gov/data/projects/glossac)
product is a NASA assimilation of direct stratospheric aerosol observations from a variety of satellites and models e.g. Strato-
spheric Aerosol and Gas Experiment III (SAGE-III) to produce a timeline of stratospheric aerosol extinction coefficients from
1970 — December 2024 (version 2.23) for four different wavelengths, 386, 452, 525 and 1020 nm. The GloSSAC extinction
(Fig. 11, purple) at 525 nm, from 01-01-2019 was used to compare with the POPS extinction calculated with a wavelength of
532 nm. The GloSSAC record is a monthly measurement which assumes longitudinal homogeneity. For this comparison the
latitudes +2.5 degrees of Boulder (40 °N) and Lauder, NZ (45°S) were selected, between 10 — 28 km altitude. The POPS-
derived extinction (green) is the median of all the POPS vertical profiles, with the 10-90th percentiles also shown in Fig.
11. The shape and variability of the POPS extinction profiles closely match the GloSSAC observations, especially for alti-

tudes above 17.5 km. GloSSAC observations will have increased uncertainty for lower altitudes due to changing tropopause
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heights. However, there is still very good agreement between the Boulder and Lauder vertical profiles at these altitudes which
is especially promising for the southern hemisphere during a hugely perturbed southern hemisphere stratosphere. The POPS
also has higher vertical resolution for any given launch, which adds to the variability in the Boulder measurements, and the
smoother appearance of the GloSSAC record. The median Lauder (Fig. 11b) POPS extinction was derived from 20 profiles,
rather than the 99 profiles used to calculate the Boulder extinction median, hence the increased variability. The Hunga-Tonga
eruption occurred during this time period (2021) and this perturbed the Southern Hemisphere stratosphere more, and for longer
than the Northern Hemisphere stratosphere. Both the POPS extinction and GloSSAC extinction measured this elevated aerosol

extinction coefficient.

10 Conclusions

This study establishes the B2SAP network as a unique set of stratospheric aerosol observations that are critical for under-
standing both the typical background abundances and variability of the stratospheric aerosol layer. Through a comprehensive
evaluation of the POPS, including its detection theory, instrument baseline and noise characteristics and calibration proce-
dures, it was demonstrated that this instrument is optimal for the optical detection of stratospheric aerosols and hence the
B2SAP network. The strength of using the POPS instrument to calculate aerosol number concentrations and size distributions
is that very few balloon-borne aerosol instruments are able to accurately detect particles as small as 140 nm diameter, capturing
more of the dominant stratospheric aerosol size range and resulting in a more complete picture of aerosol in the stratosphere.
The strategically located launch sites are essential for the assessment of global stratospheric aerosol, with the deep tropical
sites being especially important as there is a historic lack of observations in this region. Since two sites, one in the Northern
and one in the Southern mid-latitudes have had on-going launches since 2019, analysis of the BZSAP network allows both
the spatial and temporal (multi-year and short term) variability in stratospheric aerosol to be quantified. B2ZSAP observations
complement and expand upon existing aerosol measurements made by long term ballooning efforts and aircraft by provid-
ing regular, vertically resolved aerosol size distributions that bridge the gap between intensive field campaigns and reaching
higher into the stratosphere. These observations are a benchmark for constraining aerosol models, improving global radiation
estimates, and validating lidar and satellite-based retrievals. By establishing the natural variability of the background strato-
spheric aerosol layer, the B2SAP dataset improves our ability to detect and quantify natural and anthropogenic perturbations,
including volcanic eruptions, wildfire smoke injections, and future climate intervention scenarios such as stratospheric aerosol
injection. Together with the portability of the POPS instrument and the expanding global observing network, BZSAP provides

a foundation for both long-term monitoring and rapid-response measurements of future stratospheric aerosol events.

11 Data availability

This aerosol data is publicly available from the B2SAP website at https://csl.noaa.gov/projects/b2sap/data.html. The B2SAP
dataset also has an NCEI DOI of : 10.25921/mchy-y552, (Smith et al., 2026)
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The B2SAP/GIO3W payloads are launched from a variety of sites across the globe. Collaborators receive calibrated and pre-

pared instruments to perform some last-minute checks and then launch on our behalf. Sites designated as having frequent

launches aim to have a payload launched every 2 — 3 months (Table S1), other sites are more opportunistic (Table S2).

Table A1. Regular B2SAP launch sites and the number of launches completed as of June 2026.

Code Launch site Latitude (°N)  Longitude (°) Launches
bu Boulder, CO, USA 39.9 -105.2 136
bw Utqgiagvik, AK, USA 71.3 -156.6 11
hh Hilo, HI, USA 19.5 -155.6 20
la Lauder, New Zealand -45.0 169.7 34
par Paramaribo, Suriname 5.9 -55.2 4
po Koror, Palau 7.3 134.5 2
m La Réunion Island, France -21.1 55.4 19
N Amundsen—Scott South Pole, Antarctica -85.0 0.0 6
Table A2. Opportunistic based B2SAP launch sites and the number of launches completed as of June 2026.

Code Launch site Latitude (°N)  Longitude (°) Launches

ri Amundsen Scott Base, Antarctica -77.8 166.8 4

sj San Jose, Costa Rica 9.9 -84.0 1

The main physical components of the POPS instrument are: a brass inlet to sample the air, a laminar flow element (LFE) to

accurately measure the volume of air sampled, an optical chamber containing the laser, a photomultiplier to detect scattered

light, and a pump to pull air through the optical chamber. The POPS is constructed to ensure the sampled air flow moves in

a straight line through the inlet, LFE and optical chamber. The sampled air flow passes through the inlet and nozzle which

transforms the flow of air to a 1 mm diameter jet flow that enters the optical chamber where it is intersected by laser light at a

perpendicular angle to the jet flow direction. This light is generated from a laser diode (405 nm), and has been collimated and

focused by a series of lenses, with apertures used to select the most intense part of the beam and reduce stray light (Fig. B1).

The resulting laser beam has a height of 1.3 mm, fully encompassing the jet flow (1 mm diameter) which contains the particles.
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Figure B1. The POPS optical chamber contains a 405 nm laser diode, and a series of lenses and apertures to focus the light to a 1.3 nm high
region that intersects the sampled air flow containing the particles to be detected. The sampled air flow travels through the optical chamber

and exits from the exit that protrudes on the right hand side. This is connected to a pump that pulls air through the optical chamber.

Individual particles in the jet flow scatter the laser light, and the sideways scattering fraction is reflected by the spherical
mirror towards the photomultiplier tube (PMT) producing an electrical current proportional to the light received. This current
is converted to a digital voltage and the POPS software identifies these changes in voltage as a pulse signal with associated
arrival time, peak height, and peak width.

Appendix C: POPS variables and data products in ICARTT

C1 Equations

The POPS data products of aerosol number concentrations, surface area concentration, volume density, effective radius and

extinction are derived from the following calculations.
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i) total aerosol number concentration between 140 - 2500 nm (TAC, cm 3, C1).
N
TAC=)» — (CH
20

where N is the number of bins, n is the count of aerosol within that bin and Q is the volumetric temperature corrected sample
flow rate (cm™3).

ii) surface area concentration (SAC, um?2em=2), C2
N
SAC =Y —mr? (C2)
2.0

Where r is the aerosol radius in nm, and for this and the following equations that use r, it is the median radius for each
diameter bin.

iii) volume density (VD, um3cm=3), C3)

D_ N ni4 3
1%4 —265777" (C3)
=1

iv) effective radius (ER, pum, C4)

VD
FR=3-—— 4
R=3z77 (C4H

and v) aerosol extinction coefficient (EXT, km ™!, C5) at 532 nm wavelength. The aerosol extinction coefficient is deter-

mined by integrating Mie theory over the particle size distribution and the equation below is applied using the PyMieScatt

python package.
N

Bext(A) =D NiGext(Dy, A,m), (C5)
i=1

where (3., is the extinction coefficient (km~1!), N is the number concentration in bin i, D; is the bin midpoint diameter, m is
the complex refractive index and o, is the Mie extinction cross-section.

The POPS temperature (Tpops) is corrected using ambient temperature from the radiosonde (T'r,4), Equation C6.

Traa +273.15
T — fadT 2209 C6
POPS = rrops +273.15 (€6

The POPS temperature (I'pops) is applied to the POPS sample flow (g) then used to temperature correct the volumetric
sample flow (Q).

Q=q.Tproprs (C7)
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C2 ICARITT data

Variables included in the ICARTT files, with their units and the descriptions. [ICARTTs with 15, 20 or 36 POPS bins will only
contain the relevant number of bins. The bins size range is subject to the configuration file used in telemetry or the selected
bin edges used in data that has been re-binned, so it is crucial to read each file’s header information to obtain the most accurate
conclusions regarding optical particle size. The table below provides information on the variables and their descriptions found
in the ICARTT files, however, please note that the values for bin edges change depending on the bin edges used for that specific
file.

Table C1. Variables and descriptions for ICARTT files used in the B?’SAP dataset.

Variable Unit Description

TIME_START S Start time of 100 m altitude bin in seconds since midnight UTC on day of flight
TIME_STOP S End time of 100 m altitude bin in seconds since midnight UTC on day of flight
TIME_MID S Mid time of 100 m altitude bin in seconds since midnight UTC on day of flight
Alt_km km GPS-reported altitude above sea level

Lon deg GPS-reported longitude

Lat deg GPS-reported latitude

Press_mb mb Ambient atmospheric pressure measured at payload altitude

Temp_C °C Ambient atmospheric temperature measured at payload altitude

Theta_K K Potential temperature of ambient air

Aerosol_concentration cm™? Aerosol number concentration between 140 - 2500 nm

Surface_Area_Conc qu cm™2  Surface area concentration between 140 - 2500 nm

Volume_density pum® cm™  Volume density between 140 - 2500 nm

Effective_radius pm Effective radius

Extinction km™! Aerosol extinction coefficient

15, 20, 36 bin columns  cm ™3 Particle number concentration in size bins

POPS LFE temp °C °C Laminar flow element (LFE) temperature

Appendix D: Sensitivity Analysis

A scattering amplitude of 1000 was used in all scenarios to estimate the optical particle diameter (S1 b, d, f) to emphasize
the impact of changing the assumption of the particle composition (n-value). The largest deviation to the relationship between
scattering amplitude and optical particle diameter occurred when the imaginary part of n was changed to 0.1 (Slc). The
sensitivity of the POPS to different refractive indices, or aerosol composition was investigated by systematically changing the

(a) real, (b) imaginary, or (c) both using n from literature and applying these when 100 binary files were reprocessed. An index
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Table C2. The bin information changes depending on the binning scheme used to archive the data. This is an example of a file that had was

archived under the telemetered 36 bins. These columns would all be inserted into the file in the location of the ’Bins’ column in Table C1.

Binname  Unit Size range for number concentration

Bin01 cm™®  140-146.14 nm
Bin02 em™®  146.14-152.56 nm
Bin03 em™®  152.56-159.25 nm
Bin04 em™3  159.25-166.24 nm
Bin05 cm™®  166.24-173.54 nm
Bin06 em™3  173.54-181.16 nm
Bin07 cm™  181.16-189.11 nm
Bin08 cm™2  189.11-197.41 nm
Bin09 cm™2  197.41-206.07 nm
Binl0 em™3  206.07-215.12 nm
Binl1 em™3  215.12-224.56 nm
Binl2 cm™®  224.56-234.41 nm
Binl3 cm™3  234.41-244.70 nm
Binl4 cm™3  244.70-361.30 nm
Binl5 em™®  361.30-472.80 nm
Binl6 cm™®  472.80-567.00 nm
Binl7 em™®  567.00-610.66 nm
Binl8 cm™2  610.66-657.69 nm
Binl9 cm™3  657.69-708.33 nm
Bin20 cm™3  708.33-762.88 nm
Bin21 cm™2  762.88-821.62 nm
Bin22 cm™®  821.62-884.89 nm
Bin23 cm™®  884.89-953.03 nm
Bin24 cm™  953.03-1026.42 nm
Bin25 em™®  1026.42-1105.46 nm
Bin26 em™®  1105.46-1190.59 nm
Bin27 em™3  1190.59-1282.27 nm
Bin28 cm™®  1282.27-1381.01 nm
Bin29 cm™®  1381.01-1487.36 nm
Bin30 cm™®  1487.36-1601.89 nm
Bin31 em™®  1601.89-1725.25 nm
Bin32 em™3  1725.25-1858.10 nm
Bin33 cm™3  1858.10-2001.18 nm
Bin34 cm™®  2001.18-2155.28 nm
Bin35 cm™3  2155.28-2321.25 nm
Bin36 em™3  2321.25-2500 nm
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of refraction of 1.45 + 0.00¢ for pure sulfuric acid is used for the archived files, and the real component of this was altered
to 1.40 - 1.50 (SD1 a) to investigate the impacts of changing particle composition. Subsequently, the imaginary component
520 was changed from 0.00 to 0.1 (SD1 c) to investigate the impact of changing this part of the n-value. Finally, n-values that are
representative of different aerosol types, sulfate, generic tropospheric aerosol, diluted smoke and dense smoke (SDle) were
applied to the binary files to see how the POPS data products are impacted if there were a large plume of aerosol traveling

through the stratosphere.
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Figure D1. The relationship between the scattering amplitude and the optical particle diameter changes (Mie Curve or Mie scattering

relationship) as the real (a) and imaginary (c) components of the index of refraction are varied. The Mie curves have a different shape when

the relationship was evaluated for n-values associated with different aerosol compositions (e). The different Mie Curves lead to different

optical diameter estimations for a fixed amplitude (e.g. of 1000) across all the n investigated in this study (b,d,f).
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