Geophysical Research Letters’

RESEARCH LETTER
10.1029/2025GL120749

Key Points:

e Enhanced 10 mixing ratios (maximum
0.58pptv, mean 0.36 = 0.08pptv)
detected in hurricane-processed air in
the mid-latitude upper troposphere

e Hurricane-driven transport lifted
iodine-rich air masses from the tropical
marine boundary layer into the mid-
latitude upper troposphere

e The source region of iodine-rich air
coincides with two hurricanes, sug-
gesting elevated oceanic emissions due
to strong surface winds

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

K. Voss and K. Pfeilsticker,
karolin.voss @uni-heidelberg.de;
Klaus.pfeilsticker @iup.uni-heidelberg.de

Citation:

Voss, K., Vogel, B., Diederich, T., Engel,
A., GrooB, J.-U., Keber, T., et al. (2026).
Tropical cyclones drive enhanced
inorganic iodine in the mid-latitude upper
troposphere. Geophysical Research
Letters, 53, €2025GL120749. https://doi.
org/10.1029/2025GL120749

Received 24 NOV 2025
Accepted 3 MAY 2026

Author Contributions:

Conceptualization: Karolin Voss,
André Butz, Klaus Pfeilsticker
Formal analysis: Karolin Voss
Funding acquisition: André Butz,
Klaus Pfeilsticker

Investigation: Karolin Voss,
Birbel Vogel, Thorsten Diederich,
Andreas Engel, Jens-Uwe GrooS,
Timo Keber, Flora Kluge, Meike
K. Rotermund, Tanja Schuck
Methodology: Karolin Voss
Project administration:

Klaus Pfeilsticker

Supervision: André Butz,

Klaus Pfeilsticker

Visualization: Karolin Voss

© 2026. The Author(s).

This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

'.) Check for updates

A n . l ADVANCING
nu EARTH AND

-~ SPACE SCIENCES

ik

Tropical Cyclones Drive Enhanced Inorganic Iodine in the
Mid-Latitude Upper Troposphere

Karolin Voss! 2, Biirbel Vogel2 , Thorsten Diederich® ©, Andreas Engel3 , Jens-Uwe Groof> ©,
Timo Keber?, Flora Kluge'* (©, Meike K. Rotermund’®, Tanja Schuck® ©©', Benjamin Weyland' ©,
André Butz"*” ©, and Klaus Pfeilsticker®

'Institute of Environmental Physics, Universitit Heidelberg, Heidelberg, Germany, “Institute of Climate and Energy
Systems—Stratosphere (ICE-4), Forschungszentrum Jiilich, Jiilich, Germany, *Institute for Atmospheric and
Environmental Science, Goethe University Frankfurt, Frankfurt, Germany, “Now at: ECMWEF, Bonn, Germany, SNow at:
Department of Physics, University of Toronto, Toronto, ON, Canada, E‘Heidelberg Center for the Environment, Heidelberg
University, Heidelberg, Germany, "Interdisciplinary Center for Scientific Computing, Heidelberg University, Heidelberg,
Germany

Abstract Halogens deplete tropospheric and stratospheric ozone, but the role of iodine is still elusive.
Atmospheric iodine mainly originates from marine inorganic (I,, HOI) and organic (CH;I, CH,l,, CH,IBr, and
CH,ICI) emissions. We report on airborne measurements of atmospheric iodine oxide (I0) concentrations up to
15 km altitude from two flights of the WISE campaign over the mid-Atlantic in September and October 2017. IO
is retrieved from limb scattered skylight in the upper troposphere (UT) using the airborne mini-DOAS
instrument on board the German High Altitude and LOng range research aircraft (HALO). Elevated 10
(maximum 0.58 ppt, mean 0.36 = 0.08 ppt over 2.5 hr) was observed in the UT in air masses processed by
category 5 hurricanes Irma and Maria. Our findings show that enhanced IO mixing ratios are driven by fast
vertical transport through tropical cyclones and potentially enhanced marine iodine emissions due to associated
high surface winds.

Plain Language Summary Halogen gases can destroy ozone. However, the role of iodine in ozone
destruction is not well understood. The main source of iodine is the ocean. Using a research aircraft, we
measured gaseous iodine oxide over the Atlantic Ocean during two flights in the autumn of 2017. Our
observations of elevated amounts of iodine oxide in air masses influenced by hurricanes Irma and Maria in the
mid-latitude upper troposphere show that fast vertical transport lifted iodine-rich air masses to the upper
troposphere, potentially supported by enhanced marine iodine emissions due to strong hurricane surface winds.

1. Introduction

Halogens (Cl, Br, and I) are known to deplete both tropospheric and stratospheric ozone (WMO, 2022).
Compared to chlorine, the ozone depletion potential on a per atom basis is around 60 to 75 times larger for
bromine and 150 to 300 times larger for iodine (Engel et al., 2018; Klobas et al., 2021; Ko et al., 2003; Sinnhuber
etal., 2009). In the troposphere, iodine additionally influences the oxidative capacity by affecting the HO, to NO,
ratio (Bloss et al., 2005) and may form ultra-fine aerosol particles (Finkenzeller et al., 2023; He et al., 2021;
Huang et al., 2022; O’Dowd et al., 2002; Saiz-Lopez et al., 2014).

The dominant source of atmospheric iodine is the ocean. In contrast to oceanic bromine sources, more than half of
the iodine emitted by the ocean is in inorganic form (I, and HOI) with a smaller contribution of organic iodine
emissions, in particular CH;I, with even smaller contributions from other iodinated very short lived substances
(VSLS) (e.g., CH,I,, CH,IBr, and CH,ICI) (WMO, 2022). Non-oceanic sources of atmospheric iodine are
generally episodic and include the release from mineral dust (Koenig et al., 2021; Reza et al., 2024), volcanic
emissions (Aiuppa et al., 2005), the release from sea ice (Atkinson et al., 2012; Saiz-Lopez et al., 2015), terrestrial
biogenic sources (Sive et al., 2007), biomass burning (Schill et al., 2025), and anthropogenic sources (Wu
et al., 2014). An efficient pathway of inorganic iodine emission from the ocean was first described by Carpenter
et al. (2013), and its emission strength has recently been updated by Pound et al. (2024). Inorganic iodine
emissions are driven by the reaction of ozone with iodide (I7) in the sea surface microlayer. They are largely
dependent on wind speed, marine boundary layer (MBL) ozone concentrations, sea surface temperature, salinity,
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and availability of I” in the sea surface micro-layer. Organic iodine emissions mainly originate from marine
biological activity and also depend on wind speed (Quack & Wallace, 2003; Ziska et al., 2013).

I, and HOI photolyze within minutes (Bauer et al., 1998; Saiz-Lopez et al., 2004), releasing iodine atoms (I),
which are then quickly oxidized by O5 to form IO. A steady state between I and IO is reached rapidly during
daytime through the photolysis of IO and the reaction of I with Oj, thus they are often collectively termed active
iodine 10, (Saiz-Lopez et al., 2012). While CH;I has a tropospheric lifetime of 3.5-14 days (WMO, 2022)
dominated by its photolysis rate, other organic iodine source gases have even shorter tropospheric lifetimes.
Gaseous IO, sinks include the reaction with HO, to HOIL NO to INO,, or NO, to IONO,, the reaction to higher
iodine oxides (IO,), or iodine containing oxoacids HIO, (Finkenzeller et al., 2023), the latter two forming par-
ticles. Aerosol uptake of HOI, HI, INO,, IONO, and their reactions with dissolved halide ions and stimulation by
oxidized organics may initiate release of halogens to the gas phase (ICI, IBr, I, and others) (Finkenzeller et al.,
2023; Huang et al., 2022; Koenig et al., 2020; Q. Li et al., 2022; Moon et al., 2025; Reza et al., 2024). Physical loss
processes of gas phase and particulate iodine include wet scavenging of soluble species, and dry or wet aerosol
deposition (Badia et al., 2019; Moon et al., 2025; Saiz-Lopez et al., 2012, 2014; Simpson et al., 2015).

The atmospheric budget of total iodine is still poorly constrained due to the low abundance of iodine outside the
MBL, variable sources in space and time, and its partitioning into several species in the gas and particulate phase.
As discussed by Saiz-Lopez et al. (2012), several organic and inorganic iodinated species have been measured
within the MBL with in situ and remote sensing methods. However, only a handful of species have been suc-
cessfully measured outside the MBL at few locations around the globe. In particular, gaseous inorganic iodine in
the troposphere and stratosphere has been constrained by a few measurements of 10 through differential optical
absorption spectroscopy (DOAS) (e.g., Bosch et al., 2003; Butz et al., 2009; Dix et al., 2013; Koenig et al., 2020,
2021; Pundt et al., 1998; Volkamer et al., 2015; Wittrock et al., 2000). In the free troposphere (FT) and upper
troposphere (UT) over the tropical Eastern Pacific Ocean, Dix et al. (2013) and Volkamer et al. (2015) measured
I0 volume mixing ratios (VMRs) around (0.1 £ 0.1)ppt using airborne DOAS measurements. Koenig
etal. (2020) reported on (0.06 = 0.03) ppt of 10 and particulate iodine I, ,,; from which they concluded that total
iodine I, = (0.77 % 0.10) ppt is present in the lowermost stratosphere (LMS). Further, Schill et al. (2025) re-
ported on the widespread presence of iodine in non-sea-salt aerosols and typically ~0.1ppt in the UT with
increasing VMRs in the LMS over the mid-latitude Atlantic.

The main open issues of current research on atmospheric iodine are its sources and their strengths, its tropospheric
and stratospheric abundance, and its spatiotemporal variability as well as its transport pathways into the UT and
stratosphere. This information is still limited due to sparse coverage of measurements outside the MBL (Lee
et al., 2024), specifically in extratropical regions. Thus, the global and regional impact of atmospheric iodine is
uncertain and, at present, only a few chemical transport models (CTMs) consider its atmospheric photochemistry
(e.g., CAM-Chem (Saiz-Lopez et al., 2023)).

Tegtmeier et al. (2013) discussed the potential for iodine-rich air masses to be transported into the UT/LMS by
tropical cyclones based on MBL CH;I measurements and forward air mass trajectories. Here, we report on
elevated IO concentrations with respect to the UT background detected during two flights of the WISE (Wave-
driven ISentropic Exchange) campaign over the mid-Atlantic in autumn of 2017. The enhancements can be traced
back to the influence of the hurricanes Maria and Irma in the tropical Atlantic using the Chemical Lagrangian
Model of the Stratosphere (CLaMS) (McKenna, Konopka, et al., 2002; McKenna, GrooB, et al., 2002; Pommrich
et al., 2014, and references therein). IO abundances are retrieved from limb scattered skylight collected by the
mini-DOAS instrument (Hiineke et al., 2017) from aboard the German High Altitude and LOng range research
aircraft (HALO). Rotermund et al. (2021) and Lauther et al. (2022) previously discussed the influence of vertical
transport by these hurricanes on concentrations of brominated gases and chlorocarbons in the UT/LMS during the
WISE campaign.

2. Data and Methods

The present study reports on limb scattered skylight measurements analyzed by the mini-DOAS instrument
(Hiineke et al., 2017), which was deployed aboard the HALO aircraft during the WISE campaign in autumn of
2017. The WISE campaign was based in Shannon, Ireland, and research flights led into the European sector of the
mid-Atlantic. The main interest of the campaign was to probe extratropical air to investigate transport processes
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around the UT/LMS. During the campaign, remnant air masses of the category 5 hurricanes Irma and Maria were
transported toward Europe and investigated during some flights. More details on the campaign and discussed
flights are described in Schifler et al. (2021), Rotermund et al. (2021), Lauther et al. (2022), and others within the
special issue (https://acp.copernicus.org/articles/special_issue1061.html).

2.1. Aircraft Observations

The mini-DOAS remote sensing instrument is an assembly of six optical spectrometers for the UV, VIS, and NIR
spectral ranges operating in nadir and limb view (Hiineke, 2016; Hiineke et al., 2017). Here, we use the UV
(310 — 440 nm) and VIS (425 — 640 nm) spectrometers pointing starboard from the HALO aircraft, collecting
limb-scattered skylight. The retrieval of IO VMRs at flight altitude follows three critical steps: (a) retrieve slant
column densities (SCDs) of IO from the absorption spectra using the DOAS (Differential Optical Absorption
Spectroscopy) technique (Stutz & Platt, 1996); (b) reference the IO SCDs to those of a gas with known abundance
and vertical distribution, in our case O, (collisional oxygen complex), and rescale by the known concentration of
the reference to account for the length of the light path to first order (Hiineke et al., 2017; Stutz et al., 2017); (c)
correct higher order light path effects such as those caused by differences in vertical distribution of the target and
reference gases and by spectrally variable scattering properties using a radiative transfer model, in our case
McArtim (Monte Carlo atmospheric radiative transfer model) (Deutschmann et al., 2011). The details of these
steps are outlined in the Supporting Information S1. The procedure has been validated for various gases against
independent measurements and models (Hiineke, 2016; Hiineke et al., 2017; Kluge et al., 2020, 2023; Rotermund
et al., 2021; Weyland et al., 2025).

Our remote sensing measurements are sensitive to a large volume of air since the collected photons travel through
the atmosphere along various paths and the observed absorption stems from a composite of these light paths.
Typical mean limb photon path lengths within the IO spectral window range from about 20 km when the aircraft
flies in the lower troposphere to about 80 km in the UT. To estimate the averaging volume for each observation,
we calculate the photon paths through the vertical layers of the atmosphere using McArtim and convolve these
photon paths with the instrument's field-of-view and the horizontal distance traveled by the aircraft during spectra
acquisition (see Supporting Information S1 for details).

As supportive data sets, we use in situ O; measurements by the FAIRO instrument (Zahn et al., 2012) and
bromocarbon measurements by the GhOST (Gas chromatograph for Observational Studies using Tracers, Keber
et al. (2020)) instrument aboard the HALO aircraft.

2.2. Chemical Lagrangian Model of the Stratosphere (CLaMS)

For the interpretation of our measurements the Lagrangian CTM CLaMS is used (McKenna, Konopka,
et al., 2002; McKenna, Groo8, et al., 2002; Pommrich et al., 2014, and references therein) which was developed
with the aim of studying transport and chemical processes in the UT/LMS. In general, it includes stratospheric
chlorine and bromine chemistry (Groof et al., 2025), but lacks iodine chemistry. In our study, CLaMS is used to
analyze the origin of the sampled air masses using back trajectories as well as 3-dimensional global CLaMS
simulations using the concept of surface-origin tracers (Vogel et al., 2019, 2026). Furthermore, forward-trajec-
tories are calculated to infer a possible later entry of enhanced I, into the LMS.

CLaMS diabatic back- and forward trajectories driven by ERAS reanalysis data (Hersbach et al., 2020) with high
resolution (0.3° latitude X 0.3° longitude and 1 hr) were initiated for the research flights on 27 September 2017
and 1 October 2017 (Clemens et al., 2024; Vogel et al., 2024). For each 10 observation, 20 start positions for the
trajectory calculations were distributed within the averaging volume of the observation. Back trajectories were
calculated until 30 days prior to the IO observations or until they reached the CLaMS boundary layer. From the
same start positions, 14-d forward-trajectories were also calculated.

Three-dimensional CLaMS simulations which include irreversible mixing (Konopka et al., 2007) provide a very
good representation of observed tracer gradients in the UT/LMS. Here, we use global CLaMS simulations with
different regional surface-origin tracers that are released in the CLaMS boundary layer (approximately 2—-3 km
above the surface, accounting for orography) every 24 hr and are subsequently transported into the free atmo-
sphere over the course of the simulation (Vogel et al., 2019, 2026). This simulation was started on 1 May 2017 and
was driven by ERAS reanalysis data with a 1.0° X 1.0° horizontal resolution and a 6-hr time resolution (Ploeger
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Figure 1. Overview of (a) retrieved IO VMRs and detection limits, (b) flight and tropopause altitude, (c) potential
temperatures © at flight level and the tropopause, (d) potential vorticity (PV) and O, and (e) surface-origin tracer fractions
along the flight track for the flight on 1 October 2017. The timeseries is subdivided into four sections depending on the probed
altitude relative to the tropopause: FT (I), tropopause (II), LMS (IIT), and UT (IV). For a definition of the surface-origin tracers
refer to Figure S2 in Supporting Information S1.

et al., 2021). The results of the simulation as well as the local tropopause, calculated from ERAS reanalysis data
based on the WMO definition according to Hoffmann and Spang (2022), are interpolated in space and time along
the HALO aircraft flight tracks.

3. Results

IO VMRs are retrieved for all sunlit flight sections of the WISE campaign. For most flights, the detected 10
spectral signals are below or around the detection limit, which is generally around 0.1 ppt. However, the flight on
1 October 2017 yields enhanced and robust 10 SCDs between 15:16 and 17:46 UTC (peak:
SCD;p = (4.4 + 0.7)-10"3 moleccm™ at 17:42 UTC). In this time span, inferred I0 SCDs translate into an
average 10 VMR of (0.36 + 0.08) ppt with a range between (0.22 £ 0.06) ppt and (0.58 + 0.13) ppt in the UT
(flight section IV) as shown in Figure 1, panel (a). The UT flight section IV is characterized by a high local
thermal tropopause for mid-latitudinal conditions (above 15km). Here, IO VMRs correlate well with low po-
tential vorticity (PV) of the probed air masses as derived from ERAS. Surface-origin tracers from CLaMS indicate
a large contribution of surface air from Central America and adjacent oceans to the IO-rich air in the UT.

Using ERA-Interim, Lauther et al. (2022) showed that air masses transported and uplifted by category 5 hurricane
Maria were probed during this flight on 1 October 2017. Our back trajectory calculations indicate that the iodine-
rich air masses were not only uplifted by hurricane Maria, but also that their last contact with the MBL (trajectory
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Figure 2. Panel (a) shows a heat map of back trajectory end points over 2° X 2° cells and the flight track of the research flight
on 1 October 2017 (blue). Additionally, the track of hurricane Maria according to Pasch et al. (2019) is shown in red with the
transparency indicating the maximum sustained surface wind speed. Panel (b) shows the percentage of “Maria-matching
back trajectories” (out of 20 total back trajectories started within the averaging volume of each IO observation) along the
flight track. If the distance between the hurricane and the trajectory endpoint is smaller than 200 km, the trajectory is
classified as “Maria-matching back trajectory.” The IO concentration along the flight track is shown in panel (c).

endpoints) has a distance of less than 200 km to the center of hurricane Maria at that time as shown in Figure 2. All
back trajectories, whose endpoint fulfills this criterion are further called “Maria-matching back trajectories.”
These “Maria-matching back trajectories” thus are connected to an oceanic source region that was directly
influenced by the hurricane, that is, high wind speeds and large scale updrafts (Cangialosi et al., 2021; Pasch
etal., 2019) (see Figure 3 below). The percentage of trajectories (out of 20 back trajectories calculated within the
averaging volume of each IO observation) matching with Maria is used to quantify the contribution of “Maria-
matching back trajectories” to the probed air masses of each IO observation. Figures 2b and 2¢ show a remarkably
strong correlation of the retrieved IO VMRs with the fraction of “Maria-matching back trajectories” (up to 100%
for some observations).

Similar signatures of enhanced IO were detected in air masses probed on a flight that headed south from Ireland
toward the Azores on 27 September 2017. For this flight, elevated IO ranged between (0.14 + 0.06) ppt and
(0.22 + 0.06) ppt (mean: (0.18 £ 0.02) ppt) at flight altitudes between 11 and 14 km as shown in Figure S3 of
Supporting Information S1 (later half of flight section II). Similar to the flight on 1 October 2017, the elevated IO
coincides with the flight sections of low PV (below 3 PVU) and high local tropopause (around 15.5 km). For 27
September 2017, several dozen of the calculated back trajectory endpoints match temporally and spatially with
the track of category 5 hurricane Irma, when it was located between Cuba and Florida, USA during the first half of
September 2017. Again, we find a coincidence of iodine-rich air masses and “Irma-matching back trajectories”,
however, at most 45% of the back trajectories per IO observation match within 200 km distance to Irma (Figure S4
in Supporting Information S1). Furthermore, the transport time from the MBL to our measurement location was
several days longer than for the iodine-rich air masses detected on 1 October 2017. The lower 1O observed in
Irma-influenced air masses is likely related to the smaller contribution of hurricane-processed air to the probed air
masses. In addition, the several-days-longer transport time allows for increased air-mass mixing and a reduction
of 10 if inorganic iodine sinks exceed sources from iodocarbon destruction and iodine release from aerosol in
the UT.
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4. Discussion

Our observations provide compelling evidence that enhanced IO can be traced back to hurricane-processed air
masses. Our retrieved background IO VMRs are consistent with previous studies in the marine FT, which
attributed the widespread presence of IO to inorganic iodine recycling on aerosols (Dix et al., 2013; Koenig
etal., 2020; Volkamer et al., 2015). Several studies have also reported on variable IO in the FT: Wang et al. (2015)
reported on ~0.04 to 0.28 ppt in the Eastern Pacific FT with the highest IO VMRs found in air influenced by
marine deep convection; Lee et al. (2024) observed varying 10 up to 0.15 ppt over the central continental US with
the highest 10 signals attributed to air masses originating from the subtropical Pacific with transport times lower
than 24 h. Further, Schill et al. (2025) showed a strong variability in non-sea-salt aerosol iodine abundance over
the mid-latitude Atlantic, with UT abundances ranging between ~0.04 and ~0.2 ppt.

Remarkably, IO found in aged hurricane-processed air masses on 1 October 2017 is up to a factor of 2-3 more
than previously observed in air masses transported by marine deep convection into the tropical and subtropical FT
(Dix et al., 2013; Wang et al., 2015). The level of 10 observed on 27 September 2017 is consistent with that
reported by Wang et al. (2015). More 10 in the FT, up to ~2 ppt, has only been observed inside lofted dust layers
up to 6 km altitude (Koenig et al., 2021).

Three processes may contribute to the elevated IO observed in aged hurricane-influenced air masses: (a) strong
emissions of iodinated compounds from the ocean, (b) fast vertical transport of these iodine-rich air masses into
the UT, possibly involving little mixing with iodine-poor air, (c) physicochemical processing along the transport
pathway, including recycling of iodine via aerosol-mediated photochemistry and wet removal.

Strong emissions of inorganic and organic iodine (a) can be motivated by the extreme surface wind speeds and
gusts caused by hurricanes, which imply high friction velocities and thus enhanced air-sea gas exchange (see Text
S3 in Supporting Information S1 for details on air—sea exchange at high wind speeds). For hurricanes Maria and
Irma, reported maximum wind speeds reach ~70-80ms~! (Cangialosi et al., 2021; Pasch et al., 2019). Since
inorganic iodine emissions depend on the atmospheric O5 deposition to the water, which increases with increasing
wind speed (Helmig et al., 2012; Loades et al., 2020; Pound et al., 2024), enhanced production of I, and HOI in the
surface waters is evident in hurricanes. The transport of these inorganic iodine products into the atmosphere
competes with their transport into bulk oceanic water. At high wind speeds, the relative velocities of both transfers
are currently uncertain resulting in an unquantified marine emission strength of inorganic iodine.

For lower winds (several ms™!), Quack and Wallace (2003), Ziska et al. (2013), Tegtmeier et al. (2012), and
Tegtmeier et al. (2013) argued that emissions of marine halocarbons (i.e., bromocarbons and CH,l) increase with
increasing wind speeds. Biogenic halocarbon emissions are also enhanced in biologically active ocean regions
(e.g., coastal and upwelling areas), where algae and plankton are major sources. According to Ziska et al. (2013)
and Booge et al. (2024), the Central American Atlantic is a source region of atmospheric CH;I, but not a global
hotspot.

In addition, the study of Troitskaya et al. (2017) indicates largely elevated generation of sea spray for fast winds,
which may support efficient halogen recycling in hurricane-processed air masses but likely its relative contri-
bution to the total iodine source strength is small (Moon et al., 2025).

Fast vertical transport (b) is demonstrated by the CLaMS back trajectories (Figure 3). Hurricane-processed air
masses first experienced a rapid vertical uplift into the tropical UT within a few hours and then performed a
several-week-long journey within the UT to mid-latitudes. The majority of air masses were uplifted by Maria,
with smaller contributions of air masses uplifted by either hurricane Irma or category 4 hurricane Jose. An
analysis of meteorological and transport parameters suggests a correlation of elevated IO with both, high 10 m
wind gusts and high updraft velocities. Notably, both strong surface wind gusts and rapid vertical transport from
the sea surface to the UT are favorable, but not sufficient for high IO found later in the UT. Similar results are
obtained for the flight on 27 September 2017 (Figure S5 in Supporting Information S1). Further, the subsequent
UT transport likely involved little mixing with background iodine-poor air, evidenced by sharp PV and 6 gra-
dients relative to surrounding air (Figure 1) (Konopka et al., 2007; Ploeger et al., 2015).

Additionally, the combined contribution of processes (a) and (b) is supported by the observation that several
organic bromocarbons with primarily marine sources (CHBr;, CH,Br,, CH,BrCl, CHBrCl,, and CHBr1,Cl) as

tot

well as total bromine (Br,” were elevated in coincidence with elevated 10 (Figure S6 in Supporting
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Figure 3. Analyzed meteorological and transport parameters for the flight on 1 October 2017 using ERA-5 reanalysis: panel
(a) shows mean instantaneous 10 m wind gusts at the trajectories' MBL contact location and time as a function of inferred IO.
Panel (b) shows mean maximum hourly averaged updraft velocities as a function of inferred I0. The data shows the mean and
standard deviation of the respective velocities for all trajectories reaching the MBL within the 30 days prior to the measurements
for each I0 measurement. Panel (c) shows the trajectories' altitudes as function of time. Out of those trajectories with maximum
hourly updrafts velocities > 0.5 ms~!, 81% match with hurricane Maria (blue) within 300 km distance, another 6% match with
hurricane Irma (red) and 5% with category 4 hurricane Jose (orange) (Berg, 2018). All other trajectories which did not match
with one of those hurricanes are shown in gray.

Information S1) (Keber et al., 2020; Rotermund et al., 2021). Over the 2-3 weeks transport from the MBL, most
CHsl is expected to be photolyzed, although a small fraction may persist. This is consistent with elevated CHBr;
and its comparable lifetime to CH;I. Because bromocarbon enhancements are much smaller than the IO en-
hancements, we speculate that observed 10O is dominated by inorganic iodine sources, with organic precursors
playing a secondary role.

As pointed out by earlier studies, physicochemical processing (c), in particular aerosol-mediated recycling, is
relevant to explain IO abundances in the FT (Dix et al., 2013; Koenig et al., 2020; Moon et al., 2025). MBL air
masses experiencing high wind speeds should not be limited in sea salt aerosol providing surfaces for hetero-
geneous iodine reactions (Troitskaya et al., 2017; Li et al., 2022) which may prolong iodine lifetimes (Moon
et al., 2025). Further, intermediately oxidized organics may also stimulate the release of iodine from aerosols
(Huang et al., 2022; Reza et al., 2024).

During convective updraft, fractional wet removal of soluble iodinated gases (i.e., HOIL, 10, OIO) and iodinated
aerosols is also likely, since hurricane-induced upwelling produces strong precipitation (Guzman & Jiang, 2021).
At higher altitudes, as the rising air strongly cools, soluble gases may be released back into the gas phase from
freezing hydrometeors (Crutzen & Lawrence, 2000; Salzmann et al., 2007). Less soluble gases (e.g., CH;1, L, L,
INO,, bromocarbons) and aerosols may survive the rapid vertical transport within the hurricane (Saiz-Lopez
et al., 2014; Salzmann et al., 2007; Sander, 2023). Further, released and remaining gases undergo ice-recycling,
which has been demonstrated to be necessary to reproduce measured FT IO abundances by models (Koenig
et al., 2020; Moon et al., 2025).

During the subsequent week-long transport within the UT, photochemistry of the remaining iodinated gases and
aerosols needs to establish the observed 10. The full physicochemical evolution of iodinated compounds along the
trajectories can only be addressed by detailed modeling along the transport path, taking into account the complex
meteorological conditions around hurricanes. Such a modeling framework is presently unavailable.

Within these iodine loaded air masses, conversion between gaseous inorganic iodine species is generally rapid
and its speciation is largely dependent on O; concentrations. Using the speciation presented by Koenig

VOSS ET AL.

7 of 12

85U8017 SUOWILLIOD 8AIIERID 3|qedtjdde 3y} Aq paupAob a8 S8olLe YO 8SN J0 SaINJ 10} ARIgIT8UIIUO AB]IM UO (SUOIIPUOD-pUR-SLLBI WD A3 1M A1 1 [pulUO//Sd1Y) SUORIPUOD PUe SWLB | 38U} 89S *[9202/50/22] Uo ArigITauIuO A8]IM ‘eILa) yoiessay HAWS yo!ine winnuezsbunyasiod Aq 672021 195202/620T 0T/10p/wodAe|im Areiq1eutjuosqndnbe//sdny wou papeojumoq ‘0T ‘9202 ‘2008176T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2025GL120749

et al. (2020) at similar ozone concentrations, we infer a maximum total gaseous inorganic iodine
Iy_gasi“"rg = (1.7 £ 0.6) ppt (mean: Iyygasi“"rg = (1.0 £ 0.6) ppt) from our IO observations on 1 October 2017.
However, Moon et al. (2025) demonstrate that modeled iodine speciation depends strongly on the inclusion of

heterogeneous recycling processes, implying that robust I, ™" cannot be inferred from our measured IO.

y.gas

Our observation of elevated 10 in the UT does not provide sufficient information on the relative contribution of
the discussed processes (a) to (b), because they lack information on the various relevant processes along the
transport path and observations of different iodine species.

In comparison to previous iodine studies in recent (< 7 d) marine convective outflow (Dix et al., 2013; Wang
et al., 2015), we observed significantly more IO in aged (> 8 d) hurricane outflow on 1 October 2017. Certainly,
longer transport times allow higher fractional destruction of initial CH;I. However, Koenig et al. (2020) argued
that in their study the contribution of organic source gases to UT/LMS Iy,gasinorg was minor. Since updraft ve-
locities in marine deep convection and tropical cyclones are similar (Heymsfield et al., 2010) while precipitation
is likely stronger in tropical cyclones, we assume a similar (or even higher) efficiency of process (c) during
convective updrafts in hurricanes compared to marine deep convection. In this respect, it is remarkable that we
observed higher IO VMRs than in previous studies. Consequently, marine emission strengths of iodinated species
(process (a)) may be higher under hurricane conditions than under marine deep convection, owing to stronger
surface winds.

Furthermore, if the iodine- and bromine-rich air masses are transported into the stratosphere, for example, by
isentropic transport across the tropical tropopause layer (TTL)/the mid-latitude LMS barrier (Birner &
Bonisch, 2011; Levine et al., 2007) or by stratospheric-tropospheric exchange (STE) in the mid-latitudes, the
iodine and bromine is readily available for stratospheric ozone depletion. The potential of tropical cyclones to
transport tropospheric air masses into the LMS was previously discussed (Jordan et al., 2003; Li et al., 2021;
Vogel et al., 2014). Indeed, some of the CLaMS modeled 14-d forward trajectories eventually lead into the LMS
(see Figures S7 and S8 in Supporting Information S1), though we did not probe air masses rich in IO anywhere in
the LMS. The latter could be due to wind-shear across the tropopause or that most of the gaseous iodine was
already taken-up by aerosols (Koenig et al., 2020).

5. Conclusion

The present study reports on IO measurements of the mini-DOAS instrument aboard HALO during two flights of
the WISE campaign over the North-Atlantic in autumn of 2017. On 1 October 2017, elevated 10 (maximum
0.58 ppt, mean 0.36 £ 0.08 ppt) was detected in stretches of air masses characterized by a low PV and a high local
tropopause (around 15 km) off-coast southwestern Ireland between 12 and 13 km altitude. During another flight
on 27 September 2017, (0.18 + 0.02) ppt mean IO was detected in air masses with similar characteristics north of
the Azores Islands between 11 and 14 km altitude. Backward trajectories calculated with CLaMS indicated that
these iodine-rich air masses originated from the MBL within a circle of 200 km radius from the center of the
category 5 hurricanes Irma and Maria. Simultaneously with elevated 10, bromocarbons with marine sources
(CH,Br,, CHBr;, CH,BrCl, CHBrCl,, and CHBr1,Cl) were also elevated above the tropospheric “background”
(Keber et al., 2020; Rotermund et al., 2021).

Our study provides compelling evidence that tropical cyclones, in particular hurricanes in the tropical Atlantic,
drive enhanced halogen gas abundances in the UT, with 10 levels exceeding those previously reported for marine
deep convection (Wang et al., 2015). The longer lifetime of hurricanes compared to marine deep convection
supports a prolonged influence on halogen transport into the UT and subsequent transport into the extratropics.
Elevated IO in hurricane outflow is thus likely a result of strong iodine emission sources in the hurricane-
influenced MBL, efficient and fast vertical transport, and physicochemical processing of iodinated gases and
aerosols along the transport path, including aerosol-mediated photochemistry and wet removal. The UT abun-
dance of other oceanic source gases (e.g., organic halogen gases, dimethyl sulfide, ...) are likely also influenced
by the proposed processes as demonstrated for dimethyl sulfide by Jiao et al. (2026). It is uncertain if the fre-
quency of tropical cyclones will increase with climate change, however there is evidence that their intensity will
increase globally (Bhatia et al., 2019, 2022; Knutson et al., 2020). Thus, category 5 hurricanes, such as Irma and
Maria, as well as tropical storms over the oceans and their combined effect on the atmospheric halogen abundance
may become more relevant in the future.
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For a better understanding of tropical cyclone—driven gas exchange and vertical transport, and to better assess the
global impact on atmospheric halogens and thus photochemistry, additional measurement and modeling studies
are required. Comprehensive measurements of iodinated and brominated gases, both organic and inorganic, as
well as particulate iodine and bromine in air masses influenced by tropical cyclones at different stages of their life
cycle are essential for quantifying the contributions of individual source gases to the total burdens of atmospheric
iodine and bromine. These studies should characterize air-sea gas exchange, the chemical evolution of the air
masses, including wet scavenging and aerosol mediated-recycling processes and ultimately their impact on the
atmospheric oxidation capacity.
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