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Abstract. Atmospheric iodine has significant impacts on air quality, climate and human health. Its primary atmospheric source
is a reaction on the sea surface between ozone and aqueous iodide (I7), which is naturally present in the ocean alongside iodate
(I05") and organic iodine species. Here we describe a new global biogeochemical model of the marine iodine cycle, I-CYCLE,
which predicts the distribution and cycling of iodide, iodate, phytoplankton associated iodine, detrital iodine and benthic
iodine. I-CYCLE is embedded within the UKESM 1.0 ocean framework and driven by the MEDUSA biogeochemical model.
In the model, the reduction of iodate to iodide is driven by uptake to plankton and subsequent release from particulate iodine
reservoirs. lodide is returned to iodate via two processes: biological oxidation coupled to ammonia oxidation, and a slow
background reaction which may be abiotic. Below a specified oxygen threshold, iodate is reduced to iodide and the release of
benthic and detrital iodine as iodide is amplified. Model parameters were tuned against observed iodide and iodate fields; the
best-fit parameters are in good agreement with empirical estimates. The model replicates observed present day latitudinal and
vertical trends in dissolved iodine speciation, as well as the impacts of oxygen minimum zones. Future iodine fields predicted

for 2100 under the SSP585 scenario are presented.

1 Introduction

The marine iodine cycle impacts key processes that affect both air quality and climate. The reaction of iodide (I") at the ocean
surface is a major sink for tropospheric ozone (O3), an air pollutant which harms health and ecosystems and is also a potent
greenhouse gas (Carpenter et al., 2021). This reaction in turn releases reactive iodine gases to the atmosphere, which remove
further ozone and contribute to both new particle formation and aerosol mass (O’Dowd et al., 2002; Baccarini et al., 2020;
Gomez-Martin et al 2022). Todine is also an essential nutrient for humans and deficiency causes congenital hypothyroidism
and goitre (Zimmerman et al., 2008). Sea-to-air transport of iodine and subsequent deposition onto land is a route by which
marine iodine can enter the food chain (Fuge and Johnson, 2015); these fluxes are poorly constrained but may have increased
in the twentieth century (Legrand et at., 2018). Numerical predictions of marine iodine speciation, and especially sea surface
iodide concentrations, are therefore required for both modelling of global and regional air quality and climate (e.g. Gantt et
al., 2017; Pound et al., 2024), and for holistic assessment of dietary iodine sources. In addition, as marine iodine speciation is
related to dissolved oxygen concentration and only iodate (IO3°) is incorporated into calcium carbonate, I/Ca ratios in the
calcareous sediment record have been used for the reconstruction of paleo-ocean oxygenation (e.g. Lu et al., 2018).
Quantitative application and refinement of the I/Ca tracer requires a numerical mechanistic model of the marine iodine cycle

(Cheng et al., 2024).

The marine iodine cycle is dominated by interconversion of the two main iodine species, iodide and iodate, which in the
modern ocean are present in the dissolved phase with a summed concentration of 450-500 nM (Wong, 1991). lodate is reduced
to iodide in the euphotic zone via a biologically mediated process (Luther et al., 2023) and slowly oxidised back again.

Reduction of iodate to iodide at depth also takes place in oxygen deficient zones (ODZs; e.g. Wong and Brewer, 1977;
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Moriyasu et al., 2020). Some iodine is taken up by phytoplankton, resulting in a small (<0.25% or < 1 nM, typically much
less) particulate iodine reservoir (Wong et al., 1976; Jickells et al., 1990; Satoh et al., 2023). Iodine fluxes in and out of the
ocean are small relative to the overall iodine budget: sediments have been identified as a source of iodide, especially under
low oxygen conditions (Farrenkopf and Luther, 2002; Cutter et al., 2018), while volatilisation to the atmosphere is a very small

sink (Carpenter et al., 2021).

To the best of our knowledge only two models of the marine iodine cycle exist (Wadley et al., 2020; Cheng et al 2024). Wadley
et al. (2020) developed a three-layer model for predicting iodide and iodate concentrations in the upper ocean (to 500 m depth
or the sea floor). In this model the reduction of iodate to iodide was driven by primary production and iodide oxidation was
linked to nitrification. While the model gave good agreement with observations available at the time of development (Wadley
et al., 2020), subsequent reports from the Pacific (Cutter et al., 2018; Moriyasu et al., 2020; Moriyasu et al., 2023) suggest it
may underestimate iodide in this basin. The original Wadley et al. (2020) model did not incorporate processes taking place in
low oxygen environments or sediment interactions and so is of limited use for linking iodine speciation to oxygenation, as
required for paleo-oceanographic applications. Furthermore, recent observations suggest that iodide arising from sediments
and ODZs can result in concentrations far in excess of the global average (> 550 nM, so called “excess iodine”) and these may
persist for long enough to reach the ocean surface (Cutter et al., 2018; Chance & Tinel et al., 2020). To evaluate the regional
impact of iodide arising from low oxygen environments on the air-sea exchange of iodine and ozone, a marine iodine cycling

model which includes low oxygen processes and sedimentary fluxes is required.

An alternative model of marine iodine cycling embedded in the cGENIE Earth System Model was introduced by Lu et al.
(2018) and substantially developed by Cheng et al. (2024). In addition to iodide and iodate reservoirs, this model also includes
an organic iodine reservoir. As in Wadley et al., iodide is reduced in association with primary productivity and returned by
oxidation. In addition, iodide is reduced in low oxygen conditions. This model was developed for paleoceanographic studies,
for which ¢cGENIE has the advantage of being readily able to run with ancient environmental conditions, including different
continental configurations (see Cheng et al., 2024). However, it has a much lower spatial resolution than the model of Wadley
et al., a more simplified representation of ocean physics, and also excludes sedimentary fluxes. It replicates large scale trends

in present day iodine speciation, but over-estimates iodide concentrations at low latitudes by a factor of ~2 (Cheng et al., 2024).

Here we present a new ocean iodine cycling model, “I-CYCLE”. Although informed by our earlier work (Wadley et al., 2020),
this model is a complete rebuild. In addition to iodide and iodate, new iodine reservoirs associated with plankton, detritus and
sediments have been introduced. The interconversion of iodide and iodate has been re-parameterised, and key new suboxic
transformations added. This improved representation of the marine iodine cycle is driven by physical ocean circulation and
mixing and biogeochemistry from the UKESM 1.0 Earth System Model (Sellar et al., 2019), which enables past, present and

future climate scenarios to be simulated. In this manuscript we provide a full description of the new model including key
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questions addressed during its development (Sect. 2). We then present simulated global iodine fields for the present day and
future scenarios (Sect. 3). We believe “I-CYCLE” is the fullest representation of the marine iodine cycle to-date, and the
highest resolution and complexity model able to predict iodine speciation throughout the water column under past, present and

future climate scenarios.
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Figure 1: Schematic diagram of I-CYCLE model scheme, showing state variables, key processes and model parameters. Dissolved
iodine reservoirs are shown on the left, and particulate reservoirs on the right. See Table 1 for description of model variables and
Table 2 for model parameters. Brown arrows indicate nitrogen fluxes that certain iodine transformations are coupled to.
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2 Model description

The iodine reservoirs and transformations in the I-CYCLE model, along with the processes they are coupled to are summarised
in Fig. 1 and described in the following sections. The iodine cycling model is driven by the offline physical and biogeochemical
forcing fields obtained from UKESM 1.0, as listed in Table 1 (Sect. 2.1 and 2.2). State variables are introduced in Sect. 2.3
and the tendency terms that act on them are described in Sect. 2.4. The functional form and parameterisation of the terms
within the equations is then described in Sect. 2.5, and their reasons for inclusion and development discussed. Optimised model
parameters under the final model configuration are listed in Table 2. The I-CYCLE model is written in Matlab and the final

version of the model code is available via Zenodo (Chance et al., 2026).

2.1 The physical ocean framework

The I-CYCLE model is a global model and, unlike that of Wadley et al. (2020), extends through the entire water column. It
uses a nominally 1° tri-polar grid in the horizontal with enhanced equatorial resolution (¢€ORCAL1), as used in UKESM 1.0
(Kulbrodt et al., 2018; Sellar et al., 2019). This facilitates the use of forcing fields obtained from UKESM 1.0. The 75 depth
levels available in UKESM 1.0 are combined into 15 bundles of five levels each (Table S1). This constitutes a significant

increase in depth resolution compared to the three-layer model of Wadley et al. (2020).

Physical forcing fields describing advection and mixing (Table 1) are obtained from UKESM 1.0 (Sellar et al., 2019). These
use the Nucleus for European Modelling of the Ocean framework (NEMO; Madec et al., 2016), which incorporates an ocean
general circulation model and a separate sea-ice model. Use of these forcing fields allows for spatial variation in vertical and
horizontal mixing to be accounted for, whereas in the previous model (Wadley et al., 2020) advection was governed by

horizontal currents (with fixed diffusivity co-efficients) taken from the OCCAM general circulation model.

2.2 Biogeochemical forcing fields

UKESM 1.0 incorporates the Model of Ecosystem Dynamics, nutrient Utilisation, Sequestration and Acidification (MEDUSA -
2.1) biogeochemical model (Yool et al., 2013), and we use components of this to drive iodine transformations. This represents
a substantial change from our previous model (Wadley et al., 2020), which used a satellite derived primary productivity
climatology and an off-line model derived nitrification rate to drive iodide formation and loss respectively. MEDUSA includes
two types of phytoplankton (diatoms and non-diatoms), two types of zooplankton (micro- and meso-), together with sinking
detritus and sediment reservoirs, and the oceans are treated as a closed, conservative system without riverine inputs. The base
currency of the MEDUSA model is nitrogen; the input variables and rates used to drive iodine transformations in [-CYCLE
are listed in Table 1. lodine fluxes are coupled to nitrogen fluxes using I:N ratios (see Sect. 2.4), whereas the previous model

linked fluxes using a spatially variable, sea surface temperature dependent I:C ratio (extended to an I:N ratio by assuming
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Redfield C:N stoichiometry of 106:16 for nitrification linked processes). The use of biogeochemical forcing fields from
MEDUSA 2.1 rather than satellite products avoids the need to make simplistic assumptions about primary productivity where

observational data is not available.

While the [-CYCLE model is embedded within the UKESM framework, it is not interactive and does not feed back to the
UKESM. As iodine is not a limiting micronutrient in the oceans and is not known to significantly impact the biogeochemical
cycles of other major elements, and the UKESM atmospheric module does not include iodine chemistry, this lack of feedback

is expected to have a negligible effect on ocean iodine.

2.3 State variables in I-CYCLE

The prognostic variables in the I-CYCLE model are listed in Table 1. As in Wadley et al. (2020), these include concentrations
of the two major dissolved forms of iodine (I" and 1037). These two ions make up the majority of the marine iodine inventory,
with a total concentration of around 450 to 500 nM in most regions of the ocean, and their interconversion is the dominant
feature of the marine iodine cycle (Wong, 1991; Elderfield and Truesdale, 1980). In oxygenated waters, iodide is elevated in
the mixed layer, with highest concentrations observed at lower latitudes and in coastal waters, reaching up to ~50% of total
dissolved inorganic iodine (Wong, 1991; Chance et al., 2014). Below the mixed layer, iodide concentrations tend to be very
low (<10 nM). In anoxic basins and strong ODZs, all dissolved iodine may be present as iodide. Trends in iodate concentrations
are broadly the inverse of those in iodide (Chance et al., 2014). Dissolved organic iodine (DOI) is typically a minor dissolved
iodine fraction in seawater (< 5-10%; Wong and Cheng, 1998; Huang et al., 2005; Jones et al., 2024; Streanga et al., 2024)
and is not included explicitly in the I-CYCLE model. As it is a reduced form of iodine, DOI can be considered to be accounted

for within the iodide reservoir of the model.

Particulate iodine reservoirs were absent from our earlier model Wadley et al. (2020) but are now included. These are iodine
associated with phytoplankton (/p), sinking detritus (/p) and the benthic layer (/). Observations of particulate iodine
(equivalent to /p and /p combined) indicate it is typically present at concentrations of less than 1 nM (<0.2% of total iodine),
with highest concentrations found in the euphotic zone (Wong et al., 1976; Jickells et al., 1990; Satoh et al., 2023). As well as
acting as an iodine store, the detrital iodine reservoir provides a route by which iodine may be transported from the near surface
to depth and potentially be incorporated into sediments on the sea floor. Sediments can be an iodine source (Tsunogai, 1971;
Ullman and Aller, 1985; Wong and Zhang, 2003; Cutter et al., 2018) and inclusion of the benthic iodine reservoir allows these

fluxes to be simulated.

In addition to iodine reservoirs, the model formulation requires the speciation of nutrient nitrogen to be estimated. Therefore,
a tracer (‘Fnusa’) Which specifies the fraction of dissolved nitrogen present as ammonium is also calculated by I-CYCLE (see

Sect. 2.5.8).
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Table 1: State variables in the I-CYCLE model and input variables and rates taken from UKESM 1.0

Symbol Variable Unit Dimensionality
Variables in I-CYCLE

I Todide concentration mol [ m™ 3D

105 Iodate concentration mol I m™ 3D

Ip Iodine in (Phyto)plankton concentration mol [ m™ 3D

Ip Detrital iodine concentration mol I m* 3D

Iy Benthic iodine concentration mol I m™ 2D

Famg Ammonium fraction of nutrient nitrogen n/a 3D

Input variables and rates from UKESM 1.0

N Nutrient nitrogen mol N m™ 3D
Np Nitrogen in sinking detritus mol Nm™ 3D
Ns Benthic nitrogen mol N m™ 2D
PRODN Sum of diatom and non-diatom primary production, mol Nm™ s’ 3D

expressed as phytoplankton nitrogen uptake rate

REMINN Nitrogen remineralisation rate mol Nm™ 57! 3D
BENTHIC FLUXx Nitrogen flux out of sediment mol Nm2s! 2D
0, Dissolved oxygen pmol kg™! 3D
MLD Mixed layer depth m 2D
uo, vo Horizontal velocities ms’! 3D
wfo Freshwater flux into the ocean ms! 2D




155

160

165

170

175

180

https://doi.org/10.5194/egusphere-2026-4580
Preprint. Discussion started: 7 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

2.4 Differential equations

Concentrations of iodine species at a given point in space and time are a function of both physical advection and mixing
(grouped together as * TRANSPORT here), and production and loss by various biogeochemical processes (Eq.s 1 to 5). These
equations combine the processes shown in Fig. 1 for each variable. Dissolved iodine species are taken up by phytoplankton
(‘UPTAKFE) and either released again as iodide (‘ RELEASEphytopiankton’) or transferred to the detrital reservoir (‘ EXPORT).
Note uptake of iodide to phytoplankton (‘ UPTAKE’; Eq. 1 and Eq. 3) was an optional process that was evaluated during
method development, but was set to zero in the final, optimised version of the model and only iodate uptake was allowed (see
Sect. 2.5.2). The detrital reservoir sinks through the water column (‘SINKING’), releasing iodide as it does so via
remineralisation (‘ RELEASEuenitar’). Any detrital iodine reaching the sea floor is incorporated into the benthic reservoir, which
itself supplies iodide to the ocean (‘ BENTHIC FLUX). lodide is converted to iodate by oxidation, either in parallel with
biologically mediated ammonium (NH4") oxidation (‘OXIDATIONpioti’) and/or by an independent process
(“ OXIDATIONpackground’). Some terms only operate in suboxic waters, defined by a set oxygen threshold. These are direct
reduction of iodate to iodide (* REDUCTIONsuboxic’), and release from detritus and benthic sediments under reducing conditions
(‘ RELEASF suboxic detrital and * BENTHIC FLUXsuboxic’ respectively). The equations are stepped forward in time using a leapfrog

scheme with a timestep of 45 minutes and the physical and biogeochemical forcing fields are updated monthly.

[~
% = TRANSPORT — (UPTAKE,_) + RELEASE ppyopianiton + RELEASE gorrivar
+ BENTHIC FLUX — OXIDATIONyosic — OXIDATION gk ground
+ REDUCTIONypoxic + RELEASEyponic aetritat + BENTHIC FLUX ypoxic 1)
allos]
5~ = TRANSPORT — UPTAKE g5 + OXIDATIONoic + OXIDATIONyackgrouna
— REDUCTIONypoic 2)
allp]
5. = TRANSPORT + (UPTAKE,_) + UPTAKE 03— — RELEASEpnytopiankton — EXPORT 3)
allp]
5. = TRANSPORT + SINKING + EXPORT — RELEASEqetricar = RELEASEqupoxic aetritat (4)
9[lg]
5c = SINKING — BENTHIC FLUX — BENTHIC FLUXupoxic (5)
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2.5. Interaction functional forms

In this section we describe the functional form of the terms within equations 1 to 5 above and discuss their development and
rationale. The model was developed iteratively, with different approaches to the representation of iodine transformations
evaluated at each stage by comparison with available observations. Observations were taken from an augmented version of
the sea surface iodide database (Chance et al., 2019; see Table S2 for details). Note the number of iodide observations used to
constrain I-CYCLE was more than three times higher than used for development of Wadley et al., 2020 (n = 4774 vs 1342
previously) and in addition, iodate observations (n = 5130) were also used. Model development particularly focused on two

key points of uncertainty:

1. Whether dissolved iodine is taken up by phytoplankton “accidentally” in parallel with nitrogen, or whether it behaves
like a nutrient and is taken up at a biologically “preferred” ratio to nitrogen. Evaluation of these options is discussed
in Sect. 2.5.2.

2. How best to represent iodide oxidation and the extent to which it is coupled to biological ammonium oxidation.

Approaches used to simulate iodide oxidation are discussed in Sect. 2.5.6.

In addition, new representations of suboxic processes have been implemented (Sect. 2.5.7). Once the final model configuration
was decided, ensemble runs were undertaken to optimise parameter choices (Sect. 2.5.9); values that yielded closest agreement

between observations and model output are listed in Table 2.

2.5.1 Transport and mixing

For each prognostic variable (represented here by 7), ‘ TRANSPORT’ is the sum of the advective and diffusive transports in

vertical and horizontal directions (Eq. (6)), expressed in Cartesian form here for clarity,

TRANSPORT = — (%D 1 20D 20D

(BZT aZT) a%T
ox ady 0z

K, 922"’ (6)

where u, v, w are the zonal, meridional and vertical velocities, 4 is the horizontal diffusivity and K is the vertical diffusivity.
Advection uses monthly mean UKESM 1.0 velocities. The variables within the mixed layer are instantaneously mixed over

the UKESM 1.0 monthly mixed layer depth (MLD) at each time step. Detritus is also subject to vertical sinking (Sect. 2.5.4).

2.5.2  Dissolved iodine uptake to phytoplankton

In I-CYCLE, the action of phytoplankton on dissolved iodine species is initiated by uptake to the phytoplankton reservoir (/p).
While it is not yet confirmed whether biologically mediated iodate reduction is assimilatory or dissimilatory, iodine is

considered to be a biophilic element and the small depletion of total dissolved iodine in the euphotic zone suggests uptake

9
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occurs (Elderfield and Truesdale, 1980; Wong, 1991). Laboratory culture studies using radiotracers have demonstrated iodine
assimilation by phytoplankton (Moisan et al., 1994; de la Questa and Manley, 2009), and other studies have reported a lag
between decreases in iodate concentrations and increases in iodide, consistent with either uptake to phytoplankton cells or
transformation via some other intermediate reservoir such as DOI (Chance et al., 2007; Bluhm et al., 2010). The I-CYCLE
approach contrasts with our earlier model (Wadley et al., 2020), in which dissolved iodate was directly converted to dissolved

iodide at a rate that was proportional to primary productivity, but explicit uptake of iodine was not included.

To parameterise this process, iodine uptake is coupled to nitrogen uptake (‘PRODN’) using an L:N ratio R (Eq.s (7) and (8)).
As field and laboratory observations show biologically mediated iodate depletion from the dissolved phase (e.g. Campos et
al., 1996; Chance et al., 2007; Chance et al., 2010; Bluhm et al., 2010) we assume that iodate is the species taken up, and that
- as proposed by Wong (Wong 2001; Wong and Hung, 2001) - this uptake is coupled to nitrate (NO3") uptake (‘PRODnos-’;
Eq. (7)). Given the similarities in structure and redox state between iodate and nitrate ions, it is biochemically plausible that
these ions are taken up in parallel. Similarly, Cheng et al. (2024) include the assimilation of iodate by phytoplankton in
association with photosynthesis in their model. Despite the widely observed iodate depletion in the euphotic zone associated
with primary production, it has been suggested that iodide is the biologically preferred form of iodide for phytoplankton to
take up (de la Questa and Manley, 2009). Therefore, during model development stages, also allowing iodide uptake was
explored. Consistent with the redox states of the two species, iodide uptake was assumed to be linked to ammonium uptake
(PRODnns+’; Eq. (8)). However, developmental ensemble members allowing iodide uptake had lower skill (with regard to
simulating observations) than those with only iodate uptake, and so iodide uptake is excluded from the final model formulation

(i.e. Eq. (8) is set to zero).

10
UPTAKE, 55 = PRODyys_ - min <%,Rma,€> -a (7)
3
UPTAKE,_ = PROD S L o P (8)
I- NH4+ [NH4]’ ox 1

The derivation of speciated nitrogen uptake required to drive Eq.s (7) and (8) is described in Sect. 2.5.8. Where the total iodine
uptake (Eq.s (7) and (8) summed) over a given time step (Af) is greater than the available iodate, uptake is scaled by that ratio
(ai; Eq. (9)). In practice, with only iodate uptake allowed, this prevents uptake of iodate exceeding the total amount available.

If iodide uptake is also allowed, this has the effect of slowing all iodine uptake as iodate becomes depleted.

a; = min 10 1 9
! (UPTAKE g5 + UPTAKE,_) - 2At’

10
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As noted earlier, a key question addressed during model development was whether dissolved iodine is taken up by
phytoplankton “accidentally” in parallel with nitrogen (i.e. at the ambient seawater I:N ratio), or whether it behaves like a trace
nutrient and is taken up at a biologically “preferred” ratio to nitrogen. It has not been confirmed whether phytoplankton require
iodine as a micronutrient. Given the sufficiency of iodine in the marine environment, it is not thought to limit growth in the
oceans, and although some algae species have been found to grow in nominally iodine-free culture media, the presence of trace
concentrations of iodine species as contaminants of other salts cannot be ruled out (van Bergeijk et al., 2016). Iodine has been
implicated in the oxidative stress response and defence mechanisms of macroalgae (Kupper et al., 2008) and may serve a
similar role in phytoplankton. Thus, it remains an open question as to whether iodine is assimilated by phytoplankton as a
micro-nutrient, or it just passively cycles with other elements. This has a profound impact on how iodine might behave in
relation to nitrogen: if it is a micronutrient, its uptake is expected to be linked to carbon fixation, and by extension (using a
Redfield ratio approach) to nitrogen uptake, at a biologically preferred I:C:N ratio, while if it is taken up passively the I:N
uptake ratio will be dictated by the relative concentrations of dissolved iodine and nitrogen species in the surrounding seawater.
The iodine cycling model of Wadley et al. (2020) used a prescribed I:C (and hence I:N) ratio, consistent with iodine being a
micro-nutrient. However, it was necessary to vary this ratio with SST to obtain a fit between observed and model iodine
speciation and the reasons for this variation could not be elucidated. Hence the previous model does not enlighten us as to

which iodine uptake scenario is most plausible, and they are explored here.

Mathematically, “accidental” uptake can be represented by simply multiplying the N uptake rate by the seawater concentration
ratio (i.e. replacing the min term in Eq.s (7) and (8) with the seawater concentration ratio alone), while uptake at a “preferred”
ratio can be represented by use of the minimum term in equations (7) and (8) and specifying a maximum I:N uptake ratio.
Initial iterations of the model used the former approach. However, this yielded implausibly high iodate to nitrate uptake ratios
(approaching 10) in regions with strong nitrate depletion such as the Atlantic that were associated with excessively low iodate
and high surface iodide concentrations. This suggests that the concept of ‘accidental’ uptake of iodate may only be valid for
‘low’ ambient I:N ratios (around 0.01 to 0.1). Where ambient seawater I:N ratios exceed such values, it may be necessary to
constrain them to simulate realistic iodine uptake rates. Therefore, in the second model formulation, new parameters were
introduced which limit the I:N ratios for iodine uptake by phytoplankton (and also the coupling of ammonium and iodide
oxidation; Sect. 2.5.6). This approach is more similar to that taken in Wadley et al., 2020. However, we now use a globally
universal preferred I:N ratio, rather than one that varies as a function of temperature as was used previously. We assume that
where dissolved iodine is depleted and the seawater I:N ratio drops below the preferred value, uptake will take place at the
lower, environmentally determined ratio. Over the course of model development, a wide range of maximum I:N values (0.001
to 0.33, equivalent to 1 x 10 to 0.05 I:C assuming Redfield stoichiometry) were explored, with the parameter space of
subsequent model iterations converging around values at the lower end. The optimised I:N ratio under the final model

configuration was 0.002 (Table 2), which is in good agreement with previous empirical and model estimates (Sect. 3.1).

11
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2.5.3  Fate of phytoplankton iodine

Iodine is lost from the phytoplankton reservoir by two processes: some is released back to seawater as iodide
(‘RELEASE phyiopiankion”; Eq. (10)) through processes such as exudation, cell lysis and sloppy feeding, while the remaining
fraction (aq) is converted to detrital iodine (/p) through processes such as cell death and incorporation into faecal pellets via
zooplankton grazing and egestion (Eq. (11)). The overall rate of iodine loss from the planktonic pool is defined by a fixed

lifetime, Tpiankion.

(1 —ag) - [lp]
RELEASEphytoplankton = T (10)
plankton
EXPORT = -—2allpl (11)
Tplanktun

These processes are a more explicit representation of the conversion of iodate to iodide in conjunction with primary production
than implemented in Wadley et al., 2020. Release of iodide from the plankton reservoir (Eq. (10)) simulates the biologically
mediated reduction of iodate to iodide in the surface ocean and allows for a proportion of iodide release to be decoupled from
the nitrogen remineralisation, as is thought to be the case in the water column (Truesdale, 1994). This approach differs from

that in Cheng et al. (2024), where all iodide release from particulate organic matter is coupled to remineralisation.

2.54 Iodine loss from detritus to seawater

The inclusion of a detrital iodine reservoir allows for iodine to be transported via sinking as well as by advection and mixing.
This process provides a route for iodide release at greater depths, and can also supply iodine to the sedimentary reservoir, both
of which were absent from the earlier model (Wadley et al., 2020). The sinking of /Ip through the water column is described

by Eq. (12), where the velocity (wginy) is 2.5 m day™! (Yool et al., 2013).

SINKING = g - 28] (12)

As detritus sinks, it breaks down and iodine is released back to the dissolved phase as iodide. This release is quantified as the
nitrogen flux from detrital remineralisation (‘REMINN’) multiplied by the ratio of iodine to nitrogen within the detritus (Eq.
(13)). This mechanism of iodide formation is analogous to the reduction of iodate to iodide via the biological pump in Cheng

et al., 2024.

[Ip]
[Np]’

[ID]> (13)

RELEASE goiritus = min (REMINN : min( o

Rmax)

12



310

315

320

325

330

335

https://doi.org/10.5194/egusphere-2026-4580
Preprint. Discussion started: 7 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

As for iodine uptake, a min term allows the detrital I:N ratio to be capped at a set maximum ratio, which is taken to be the
same as that used for iodate uptake to phytoplankton (Rmax). The amount of iodine released from detritus is limited to that
available for a given timestep. Any remaining detrital iodine that reaches the sea floor is incorporated into the benthic (i.e.

sediment) iodine reservoir (/g).

2.5.5 Benthic iodine fluxes

Observations of elevated iodide concentrations in proximity to the sea floor suggest iodide may be released from sediments,
especially under reducing conditions (Tsunogai, 1971; Ullman and Aller, 1985; Wong and Zhang, 2003). This flux is simulated
in [-CYCLE by scaling the benthic nitrogen outbound flux (BENTHIC FLUXy) by an I:N ratio (Eq. (14)).

I
BENTHIC FLUX = BENTHIC FLUXy - min (% Rmax> (14)

As elsewhere, min terms are used to specify the I:N ratio to be used. This is the smaller of the environmental I:N ratio (i.e. the
iodine:nitrogen ratio in the benthic layer), or a preset maximum ratio which is taken to be the same as that for iodate uptake
(Rmax)- The 2D benthic iodide flux is divided by the thickness of the deepest ocean layer to convert it into a concentration

change. To the best of our knowledge, sedimentary iodine fluxes were not included in either of the previous iodine models.

2.5.6 Todide oxidation

To maintain the apparent steady state in iodide and iodate concentrations, iodide must be oxidised to iodate in the water column.
Rates of this process are not well constrained: mass balance based estimates range from ~8 to 560 nM yr-!, while recent
incubation studies suggest rates of up to 189 nM yr'! (Campos et al., 1996; He et al., 2013; Hardisty et al., 2020; Schnur et al.,
2024). The mechanism is unknown but presumed to be biologically mediated. Water column observations have suggested
iodide oxidation may be related to nitrification processes (Truesdale et al., 2001; Zic et al., 2013) and a study using laboratory
cultures demonstrated it could be brought about by ammonium oxidising bacteria (Hughes et al., 2020). Consequently, iodide
oxidation was explicitly linked to nitrification in the earlier model of Wadley et al., 2020. However, further evidence linking
iodide oxidation and nitrification has not yet emerged and a recent laboratory study suggests that ammonium oxidising archaea,
which are widespread and abundant nitrifiers, may not oxidise iodide (Webb et al., 2025). Therefore, approaches to

parameterising iodide oxidation were revisited during development of the I-CYCLE model.

Specifically, iodide oxidation was either directly coupled to ammonium oxidation (‘OXIDATIONxus+"; Eq. (15)), and/or took
place independently via first order kinetics according to a defined lifetime (i.e. 1/k, referred to as Toxidaion; Eq. (16)). For

simplicity, the former is referred to as ‘biotic’ oxidation (OXIDATIONyioic), and the latter as ‘abiotic’ or ‘background’ oxidation

13



340

345

350

355

360

365

370

https://doi.org/10.5194/egusphere-2026-4580
Preprint. Discussion started: 7 September 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

(OXIDATIONyackground), though it is acknowledged that the latter may be influenced by unknown biological processes (Luther,
2023). As for iodine uptake, the ratio used to scale biotic iodide and ammonium oxidation rates is the lesser of the ambient
iodide:ammonium seawater ratio and a predetermined upper limit (Rox). The rate of ammonium oxidation itself is given in

Sect. 2.5.8 (Eq. (22)). Both iodide oxidation pathways are assumed to only occur in oxic waters (i.e. Oz > threshold).

-
OXIDATION,;pric = OXIDATIONy a4 (2) - min (%,Rox) (15)
4
_
OXIDATIONbackground - T— (16)
oxidation

During early stages of model development, iodide oxidation was restricted to a single process. At first, only biotic iodide
oxidation (Eq. (15) was included, as this approach gave the best agreement between modelled and observed iodine fields in
our earlier model (Wadley et al., 2020). However, when this was allowed to occur at seawater I:N ratios in [-CYCLE, iodide
oxidation was rapid and simulated iodide concentrations were too low, even when using parameter options that maximise
iodide concentrations. It was concluded that assuming iodide oxidation takes place in conjunction with ammonium oxidation
at an environmentally determined I:N ratio is not tenable. We next explored implementing abiotic iodide oxidation (Eq. (16))
alone, with lifetimes between 0.5 and 8 years. However, this also gave unsatisfactory results. Specifically, all lifetimes resulted
in surface (< 100 m depth) iodide concentrations being too high, indicating insufficient oxidation, but the shortest lifetime also
oxidised too much iodide at depth, resulting in lower concentrations than observed below 100 m. Cheng et al. (2024) also
compared schemes in which iodide oxidation is linked to assumed rates of ammonia oxidation (indirectly via the impact of
bacterial activity on oxygen levels) with a first order iodide oxidation scheme similar to that in Eq. (16). They found that both
approaches yielded comparable results, which is consistent with our finding that neither single representation of iodide

oxidation gave notably better performance than the other.

As neither oxidation mechanism alone yielded good agreement with observations, subsequent iterations of the model allowed
iodide oxidation to take place by both biotic (Eq. (15)) and abiotic (Eq. (16)) pathways operating in parallel. In addition, a
maximum ‘preferred’ I:N ratio was specified for the biotic pathway. Development ensembles explored under this formulation
indicated that to both reproduce the observed vertical distribution of iodide and allow extensive ODZ derived iodide plumes
such as those reported in the Pacific, oxidation rates must decrease with depth. This is consistent with rates of carbon turnover
and associated bacterial activity generally being higher in the surface ocean than at depth. It was achieved in the model by
varying ammonia oxidation rates in a manner consistent with observations (see Sect. 2.5.8). Meanwhile, it is assumed that the
rate of background iodide oxidation is constant throughout the ocean. In the final model configuration, slow background iodide

oxidation (lifetime 160 years; Sect. 2.5.9) is combined with biotic iodide oxidation driven by a depth dependent ammonium
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oxidation rate (Fig. S1; Sect. 2.5.8). The maximum [:N ratio for the latter (Rox)was set to be the same as that for iodine uptake;
in practice this must be approximately the case for production and loss fluxes of iodide to be balanced in the ocean interior.

Total iodide oxidation is the sum of these two processes.

2.5.7 Suboxic iodine transformations

A major disadvantage of our earlier model (Wadley et al., 2020) was the exclusion of processes impacting iodine speciation
and abundance in suboxic regions of the oceans. Elevated iodide and low iodate concentrations are observed in ODZs,
especially the Arabian Sea (Farrenkopf and Luther, 2002), the Eastern Tropical North Pacific (ETNP; Moriyasu et al., 2020)
and the Eastern Tropical South Pacific (ETSP; Cutter et al., 2018), and anoxic basins (Wong and Brewer, 1977) and are
primarily attributed to in situ iodate reduction. In ODZs the main driver of this reaction is likely to be the use of iodate as a
terminal electron acceptor in anaerobic bacterial respiration (dissimilatory reduction; Farrenkopf et al., 1997; Amachi et al.,
2007; Reyes-Umana et al., 2022). Abiotic reactions with reducing metals (Mn2*, Fe*") may also take place (Councell et al.,
1997; Luther, 2023). Under euxinic conditions, iodate is rapidly reduced by sulfide (Zhang and Whitfield, 1986; Luther, 2023).
Sedimentary iodide fluxes leading to total dissolved iodine concentrations well above the global baseline level of 450 to
500 nM (referred to as ‘excess iodine’) have also been reported in these environments (Cutter et al., 2018; Farrenkopf and
Luther, 2002; Moriyasu et al., 2020). As well as having a profound impact on iodine speciation locally, this iodide formation
and sedimentary release may impact dissolved iodine speciation beyond low oxygen zones as a result of the long lifetime of
iodide with respect to oxidation. Observations suggest elevated iodide concentrations arising from low oxygen waters at depth
may even reach the ocean surface (Cutter et al., 2018; Chance and Tinel et al., 2020) and thus have potential to impact air-sea
exchange processes. Therefore, in a substantial advance from the previous model of Wadley et al. (2020), the I-CYCLE model

includes key suboxic processes, namely water column iodate reduction and detrital and benthic iodide release.

We define a universal dissolved oxygen threshold (8o02) below which these suboxic processes take place. During model
development, a range of values informed by the literature were explored leading to a final optimised threshold of 7 pmol kg ™!
(Table 2). A similar threshold approach was taken in iodine models using cGENIE (Lu et al. 2018; Cheng et al., 2024).
However, we acknowledge that in reality the relationship between iodate depletion and oxygen level in suboxic waters is

complex and spatially variable (Hardisty et al., 2021).

Suboxic iodate reduction in the water column is represented using a defined lifetime ( 7educrion = 1/k; Equation 17). Following
the findings of Farrenkopf et al. (1997), first order kinetics are assumed. Within ODZs, iodide maxima are often coincident
with secondary nitrite maxima, suggesting iodate reduction may be associated with the reduction of nitrate (denitrification)
and consistent with their comparable ability to act as an electron acceptor i.e. similar redox potentials. (Farrenkopf and Luther,
2002; Moriyasu et al., 2020). Consequently, we use the same lifetime for suboxic nitrate reduction as for iodate reduction (see

later, Equation 23).
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__[os]
REDUCTIONsuboxic - = (17)

Treduction

In suboxic waters, detrital iodine (/p) is also converted to dissolved iodide. The suboxic release of iodine from detritus in the
model occurs simultaneously and instantaneously (over a timestep), whereby all iodine in Ip at a given timestep is transferred

to iodide (Eq. (18)):

Ip

RELEASEspoxic detrital = Z_At

(18)

Enhanced release of iodide from sediments under suboxic conditions is thought to be responsible for large plumes of ‘excess’
iodide associated with some ODZs, especially the ETSP (Farrenkopf and Luther, 2002; Cutter et al., 2018). Iodate is known
to be retained in sediments more strongly than iodide (Price and Calvert, 1973; Ullman and Aller, 1985; Wong and Zhang,
2003), so reduction of benthic iodine in suboxic conditions may be responsible for these higher fluxes. To account for this
phenomenon in the model, where dissolved oxygen concentrations fall below the suboxic threshold, an additional benthic
iodine flux is included. This is simulated by reducing the benthic iodine reservoir using the same lifetime as for water column
reduction, and transferring all iodine reduced by this to the overlying water (Eq. (19)).

(1] 1

BENTHIC FLUXypoxic = N - min (— R ) :

[NB] »itmax (19)

Treduction

As previously (Sect. 2.5.5), the benthic iodide flux is multiplied by an extra factor of level thickness to convert the 2D flux

into a concentration.

2.5.8 Introducing nitrogen speciation

In order to explicitly link iodate and nitrate uptake (Eq. (7)), and when used iodide and ammonium uptake (Eq. (8)), as well as
to couple iodide oxidation to ammonium oxidation (Eq. (15)), separate tracers for nitrate and ammonium are required. UKESM
1.0 (MEDUSA) output does not include speciation of dissolved nitrogen (only total nutrient nitrogen), therefore we introduce
a simplistic scheme to separate dissolved nitrogen into nitrate and ammonium. The ammonium concentration ([NH4']) is

calculated from dissolved nitrogen concentration ([N]) from UKESM using the variable Fus (Table 1) according to Eq. 20:

[NHI] = Fypas - [N] (20)
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The tendency term for Fyguy is given in Eq. (21) below:

oF PROD — OXIDATION, + REDUCTIONyo3- + REMIN,
gItizH — TRANSPORT — NH4+ NH4-|[-N] NO3 N 1)

It is presumed that all nitrogen remineralised from organic matter (‘ REMINY’) is as ammonium (Yool et al., 2007). Loss of
ammonium by oxidation to nitrite (‘OXIDATIONNuas+’) is described by Eq. (22) and is considered to only take place in
oxygenated waters. In order to evaluate Eq. (21) and parameterise ammonium uptake (see below), a scenario was assumed in

which ammonium oxidation occurs at a prescribed lifetime (7nu4+ oxidarion) 0f 5 days (Yool et al., 2007).

[NH4]

OXIDATION 44 (2) = (22)

TNHa+ oxidation(Z)

Nitrate reduction (‘REDUCTIONNwo3.’; Eq. (23)) is assumed to only take place in suboxic waters and to have the same lifetime

as for suboxic iodate reduction (Sect. 2.5.7).

[NO3]

REDUCTIONyps_ = (23)

Treduction

We initially assumed that all nitrogen uptake is as ammonium where it is available, with nitrate uptake only taking place once
ammonium has been depleted to zero. However, simulations using this assumption resulted in the complete removal of
ammonium in parts of the upper ocean, and a theoretical f-ratio (the fraction of primary productivity driven by nitrate)
distribution that was inconsistent with observations (Laws et al 2000). We therefore implemented a somewhat more realistic
scheme where as ammonium is depleted, an increasing proportion of nitrogen uptake is as nitrate. To describe this, a weighting
factor (W) is applied to the seawater concentrations of ammonium and nitrate to estimate the fraction of nitrogen uptake that

is as ammonium (Eq. (24)):

PRODyysy W - [NH{] 24
PRODy ~ (W -[NH}]+[NO;]) @

This fraction is multiplied by PRODx to obtain PRODnus+ by phytoplankton (Eq. (25)). The remainder of productivity is
assumed to be driven by nitrate (Eq. (26)). A limit function is applied to both equations to restrict nutrient uptake to that

available for a given time step.
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ROD.... — oo (PRODy - [NH4]- W [NH4] -
NHa+ = U\ INHA) - W + [NO3] 24t (25)

| [NO3]
PRODN03— =min (PRODN - PRODNH4_+, W) (26)

A value of W=0 gives no ammonium uptake while W=infinity gives only ammonium uptake. Where W ~ [NOs] / [NH4], there
is a smooth transition between ammonium and nitrate uptake as ammonium becomes depleted. It was found that for #=8000
this transition resulted in an f-ratio distribution that broadly reflects that observed in the ocean (Laws et al 2000), with a value

of around 0.4 in the Southern Ocean and North Atlantic, and 0.1 in the subtropical gyres.

During early stages of I-CYCLE model development, an ammonium oxidation lifetime (7nw4 oxidasion) Of 5 years was retained,
but in later development a wider range of ammonium oxidation lifetimes were explored. Specifically, it appeared that improved
parameterisation of iodide oxidation could be achieved by allowing ammonium oxidation lifetime to increase with depth (Sect.
2.5.6). This is consistent with observations of decreasing ammonium oxidation rate with depth, which has been identified as a
trend in a recent global compilation of nitrification rates (Tang et al., 2023). To parameterise this depth dependence, an
ensemble of 512 model runs was configured with eight different ammonium oxidation lifetimes for the surface, eight lifetimes
for deep waters, and eight depth scales for the transition between the surface and deep. For each model level (Table S1) the
ammonium oxidation lifetime that yielded iodide concentrations closest to observations was determined. This is found to
increase from 140 days at 20 m to ~1000 years in the deep ocean. Results were used to create an optimal vertical profile for

ammonium oxidation lifetime which is used to drive I-CYCLE (Fig. S1).

2.5.9. Optimised parameters under final configuration

Once the final configuration of [-CYCLE was decided, two model ensembles were used to determine optimum parameter
values. These developmental model runs were initialised using quasi-observational iodide and iodate fields, which were created
by binning observed concentrations (Table S2) into the biogeochemical provinces defined by Longhurst et al. (1998). All other
variables, including other iodine reservoirs (/p, Ip and /) and the ammonium fraction (Fnms+) were set to zero initially. Each

ensemble was run for 100 years.

As the suboxic parameters (o2, Treauciion) are subject to considerable uncertainty and have the greatest impact in the Pacific
Ocean, we first evaluated parameters that are not exclusive to suboxic processes in an ensemble that excluded the Pacific.
Specifically, these runs used a range of values for Rmax, Tpiankion, ad, Rox and Toxidasion, and the values that gave best fit between

observed and modelled iodide and iodate fields were identified. An ensemble of global runs with a range of values for the
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495 dissolved oxygen threshold (6o2) and suboxic reduction lifetime (7 cduction) Was then used to determine the best-fit values for
these two remaining parameters. Final best-fit parameters are shown in Table 2 and their plausibility with regard to

observations is discussed in Sect. 3.1.2.

Table 2: Optimised final model parameters found to give best fit to observations and consistent with values in the literature.

Symbol Parameter Eq.(s) Value Section

w Weighting for ammonium uptake 24,25 8000 2.5.8

UPTAKE. Uptake of iodide to phytoplankton in parallel with 8 OFF 252
ammonium

Rinax Maximum [:N ratio for iodate uptake, and detrital and 7, 13, 14 0.002 252

benthic iodide release

aq Plankton to detritus iodide fraction, 10, 11 0.03 253
Tptankion Plankton iodine loss lifetime 10, 11 7 days 253
N4+ oxidation  Ammonium oxidation lifetime 15,22 Vertical profile 2.5.6,

(Fig. S1) 258
Rox Maximum I:N ratio for biotic iodide oxidation ratio (also 15, (8) 0.002 2.5.6

used for iodide uptake when allowed)
Toxidation Background iodide oxidation lifetime, 16 160 years 2.5.6

T reduction Iodate reduction and benthic release lifetime where 17,23 8 years 2.5.7
suboxic; also used as nitrate reduction lifetime where

suboxic

002 Dissolved oxygen threshold for suboxia Condition 7 umol kg ™! 2.5.7

500

2.6 Model simulations

For production runs, the I-CYCLE model was initialised using variable fields taken from the end (year 100, month 12) of the

optimisation ensemble run that contained the best-fit parameters (Sect. 2.5.9). This is equivalent to a 100-year pre-industrial
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spin-up. It was run for a further 150 years (1850 to 2099) using the best fit parameters (Table 2) under (1) pre-industrial control
conditions, and (2) a changing climate, using scenarios taken from UKESM 1.0 (Tang et al., 2019; Good et al., 2019). The
changing climate run (2) ran from historical (1850-2014) through to future (2015-2099) under the SSP585 scenario. The control
run (1) confirmed that model drift was minimal and resulted in negligible changes compared to those under a changing climate
(2). To smooth out inter-annual fluctuations such as El Nifio events, iodine fields are represented by 20-year climatologies for

the time periods of interest.

3. Results and Discussion

In this section we present iodide and iodate fields generated by the I-CYCLE model in its final, optimised configuration and
consider model credibility and performance. The model is first evaluated in terms of the plausibility of the best-fit parameter
values (Sect. 3.1), and then by comparison of present-day fields with observations (Sect. 3.2). Present day output is also
compared to that from the earlier model (Wadley et al., 2020) and the most widely used sea surface iodide parameterisations

(Sect. 3.3). Finally, we present simulated iodide and iodate fields for 2100 (Sect. 3.4).

3.1 Plausibility of model parameters

In addition to reproducing observations, the credibility of [-CYCLE as a representation of the marine iodine cycle can be
evaluated by considering the plausibility of the best-fit parameter values that were determined through tuning the model to

best fit observations (Rmax, ad, TPlankton, Toxidation, 902, Treductiun)-

The best-fit I:N value (Rmax) was 0.002 mol mol!, with the same ratio applied to both iodine uptake and iodide oxidation (Table
2). Assuming Redfield stoichiometry (i.e. C:N ratio of 106:16), this corresponds to an I:C uptake ratio of 3 x 10-*. This is very
similar to observation-based estimates of the I:C ratio of biologically mediated iodate removal (and/or iodide formation) to
carbon fixation, which range from 1.6 x 10 to 6.4 x 103 (Campos et al., 1996; Chance et al., 2010). It is slightly higher than
measurements of the I:C content of particulate organic matter (1 x 10; Elderfield and Truesdale, 1980; 1 to 5 x 107, Satoh et
al., 2023), which is reasonable given that a portion of the iodine taken up is rapidly released back to the dissolved phase. It is
also very similar to the model best-fit value of 1.5 x 10 reported by Cheng et al. (2024). In contrast, in the earlier model of
Wadley et al., model best fit was achieved by decreasing the I:C ratio from 3 x 10 to 3.8 x 10 (equivalent to I:N ratios from
0.002 to 0.0003) going from low to high sea surface temperatures. That the I:C ratios required by the two models should only
agree in low temperature waters is consistent with the difference in the formulation of iodate uptake, which is associated with
all nitrogen uptake in Wadley et al. (2020) but only nitrate uptake in I-CYCLE. In colder waters, nitrate tends to be the
dominant driver of primary production, meaning iodine uptake is coupled to a similar nitrogen flux under both model
formulations and so might reasonably be governed by a similar I:N ratio. Meanwhile in warmer waters, ammonium is the

dominant form of nitrogen taken up - as this is not associated with iodine uptake in I-CYCLE, this results in lower iodine
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uptake without changing the I:N ratio, whereas in the earlier model the I:N uptake ratio must be decreased to achieve the same

effect.

The best-fit value for the proportion of phytoplankton iodine transferred to sinking detritus (aq) was 0.03 (Table 2). Significant
deviations from this value were found to produce excessive or insufficient iodide at mid depths in the model. The value is
strikingly similar to the percentage of assimilated iodine that observations suggest reach the ocean interior (3%; Wong et al.

1976).

The best-fit lifetime for the release of iodine from plankton (7punkon) Was found to be 7 days, but the difference in performance
was small and the model was essentially insensitive to values ranging from 7 to 120 days. The existence of a lag supports the
involvement of an intermediate iodine reservoir (in this case phytoplankton cells) in the reduction of iodate to iodide. Given
that individual phytoplankton lifetimes are of the order of a few days (Marba et al., 2007), a 7-day lifetime is broadly consistent
with evidence from laboratory cultures which suggests iodide release is associated with cell senescence (Bluhm et al., 2010;

Hepach et al., 2020).

There is considerable uncertainty over the rate of iodide oxidation ( Tovidarion) in the oceans, with lifetime estimates ranging from
~70 days to 50 years (Campos et al., 1996; Hardisty et al., 2020; Cheng et al., 2024). Observations suggest rates may be more
rapid above the mixed layer than below, with additional mechanisms operating in surface waters (Campos et al., 1996;
Moriyasu et al., 2023). This is conceptually similar to the way oxidation rates are represented in [-CYCLE. Our best-fit
background iodide oxidation lifetime of 160 years is longer than the slowest literature estimates (40 to 50 years; Tsunogai,
1971; Lu et al., 2018; Cheng et al., 2024). However, these estimates are for total iodide oxidation, whereas in our model
‘background’ iodide oxidation is in addition to ‘biotic’ oxidation, and so the overall lifetime with respect to oxidation will be
considerably shorter. The formulation for ‘biotic’ oxidation implies a very wide range of rates; in eutrophic surface waters
where ammonium is extremely high, iodide lifetimes with respect to ‘biotic’ oxidation may be less than a year, but elsewhere

they will range from tens to 1000s of years dependent on relative ammonium and iodide concentrations.

The oxygen threshold (6o2) below which suboxic iodate reduction takes place has been estimated as 20 to 70 umol kg™! from
measurements of foraminiferal iodine:calcium ratios (Lu et al., 2016). Initial estimates of this value made using the cGENIE
model were within this range, at 30 umol kg™! but were lowered in the most recent iteration of that model to 10 pmol kg™ (Lu
etal., 2018; Cheng et al., 2024). In the modern ocean, a universal oxygen threshold below which iodate is consistently depleted
has not been identified, but iodate depletion (< 150 nM) in ODZs typically only occurs where oxygen is below 7 umol kg™!
(Hardisty et al., 2021). In I-CYCLE the optimal value for the oxygen threshold below which suboxic transformations are
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initiated was 7 pmol kg*! (Table 2). Given the very good agreement with the lower thresholds identified by Cheng et al. and

Hardisty et al., and the uncertainty in observational constraints, we consider our value to be reasonable.

Our best-fit lifetime for suboxic iodate reduction (7reducion) Was 8 years (Table 2), which is equivalent to a first order rate
constant (as per Eq. 17) of 0.34 x 10~ day"!. This is much slower than early observations of extremely rapid iodate reduction
(lifetimes of ~0.15 days or less) in samples collected from the Arabian Sea ODZ (Farrenkopf et al., 1997). However subsequent
observations suggest rates of suboxic iodate reduction are highly heterogeneous through the water column and between ODZ
regions. In incubation experiments conducted in the ETNP, iodate reduction was only detectable in samples collected from the
upper oxycline, where the first order rate constant was reported as >0.56 d-!, corresponding to a lifetime of <1.78 days (Hardisty
etal., 2021). This is much faster than our value, but at other depths including the ODZ core, iodate reduction was not detectable
and minimum lifetimes with respect to oxidation were at least 7 to 16 days (Hardisty et al., 2021). Rates may be even slower
in other locations such as the ETSP, where iodate concentrations greater than 150 nM persist despite oxygen being undetectable
(Cutter et al., 2018; Hardisty et al., 2021). As we apply a universal reduction lifetime across all suboxic waters, our longer
lifetime may reflect averaging across a small volume of waters with rapid reduction and larger volumes with much slower

reduction.

3.2 Present day ocean iodine distribution

3.2.1 Sea surface iodide and iodate

Simulated annual average iodide and iodate concentrations for the ocean surface layer (2.9 + 2.9 m depth) are shown in Fig.
2, and latitudinally averaged values are shown alongside observations in Fig. 3. Across most latitudes, simulated values fall
within the envelope of concentrations observed globally at that parallel (Fig. 3a). I-CYCLE replicates key features of the
observed sea surface iodide distribution that have been identified previously (Chance et al., 2014), most notably the large-scale
trend of increasing iodide with decreasing latitude across the sub-tropics with a dip around the equator (Fig. 3a). In general,
the distribution of iodate is the opposite to that of iodide (Fig. 2), congruent with transformations between these two species

being the dominant feature of the marine iodine cycle.
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Figure 2: Present day (2000-2019) annual mean iodide (a,c,e) and iodate (b,d,f) concentrations simulated by the I-CYCLE model
with optimised parameters run under the ‘historical-SSP585 scenario’ from 1850 after 100 years of model spin-up, for (a,b) surface
(2.9 £2.9 m), (b,d) 253 + 63.5 m, and (e,f) 426 + 109.5 m depth layers.
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600 The overall performance of the I-CYCLE model may be quantified by comparison of simulated iodide and iodate
concentrations with observations. Considering only sea surface concentrations (model surface layer vs. observations from
<25 m depth), this yields root mean square errors (RMSEs) of 119 (Table 3) and 101 nM for iodide and iodate respectively.
The model has a moderate positive bias for surface iodide (normalised mean bias (NMB) of 0.2; Table 3), but not for iodate
(NMB of 0.0004). Although the model has been tuned against observations, these overall average errors are large relative to

605 typical ambient concentrations (<250 nM). Model error will arise not only from limitations in our representation of the iodine
cycle, but also from the skill of UKESM to simulate accurate physical and biogeochemical forcing fields. In addition, these
errors likely reflect the scarcity observations (n = 1351 for iodide and 1201 for iodate) combined with their large range (2.5 to

2039 nM for iodide, 0 to 582 nM for iodate) and known interannual variability (e.g. Chance et al., 2010).
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Figure 3: Variation of sea surface iodide concentrations with latitude for the global ocean (a), and the Atlantic, Arctic and Southern
Oceans (b), the Indian Ocean (c), and the Pacific Ocean (d). Observations are shown as dots, with grey indicating coastal locations
and black for the open ocean. Continuous lines show simulated concentrations generated by I-CYCLE (blue), Wadley et al., 2020
(red), Sherwen et al., 2019 (magenta), MacDonald et al., 2014 (yellow), and Chance et al., 2014 (green).

Model performance varies geographically, with best performance (i.e. smallest difference between observed and modelled

values) for sea surface iodide found in the Atlantic, Indian and Southern Oceans, as well as the Mediterranean and central
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Pacific (Fig. 4b). Simulated concentrations in the Atlantic follow latitudinal trends in observations (Fig. 3b). There is a small
asymmetry, with slightly higher concentrations in the southern subtropical Atlantic than the north (Fig. 3b), likely arising from
the influence of African eastern boundary upwelling systems (EBUS). A pronounced concentration gradient is simulated at
the boundary of the Southern Ocean (Fig. 2a; Fig. 3a and 3b), in agreement with observations of very low sea surface iodide
concentrations at high southern latitudes and distinct shifts as ocean fronts are crossed (Fig. 4; Campos et al., 1999; Bluhm et

al., 2011; Chance and Tinel et al., 2020).

High iodide concentrations (>250 nM) are simulated in Pacific EBUS and plumes of elevated iodide extend westwards across
the Pacific from these regions (Fig. 2a), broadly consistent with reports of high surface iodide associated with these systems
(Fig. 4; Cutter et al., 2018; Moriyasu et al., 2020). Similarly, relatively high sea surface iodide concentrations are predicted in
the northern Indian Ocean (Arabian Sea and the Bay of Bengal; Fig. 2a; Fig. 3d), where high iodide concentrations have been
observed (Fig. 3d & 4; Farrenkopf and Luther, 2002; Chance and Tinel et al., 2020; Shaikh et al., 2024). The eastern Pacific
and Arabian Sea have very high biological productivity (Antoine et al., 1996) and exhibit particularly strong correlations
between modelled iodide and primary productivity (Fig. S4), suggesting this is a key driver of elevated iodide in these regions.
Strong stratification in areas such as the Bay of Bengal (Prasanna Kumar et al., 2002) may further contribute to high iodide at
the ocean surface. However, the plumes of elevated iodide that stretch across the sub-tropical north and south Pacific do not
correspond with the more equatorial plume in primary production (Antoine et al., 1996) or areas of shallower mixed layer
depth (Montegut et al., 2004), indicating an additional cause. As the high values emanate from the ODZ regions, this may be

iodide supplied to the surface from subsurface iodide maxima, discussed further in Sect. 3.2.3.

The positive bias in predicted iodide concentrations is largely driven by over-prediction in the northern and western Pacific
(Fig. 3c; Fig. 4b). The reasons for this have not yet been ascertained. Mixed layer depth tends to be underestimated by UKESM
1.0 in the North Pacific (Kuhlbrodt et al., 2018), which could contribute to artificially high surface iodide concentrations.
UKESM 1.0 also simulates bands of dissolved oxygen below the threshold of 7 umol kg™! along the northern Pacific coast
(Fig. S3) which will drive iodide accumulation in I-CYCLE but may not be realistic: UKESM 1.0 underpredicts oxygen in the
North Pacific (Lee et al., 2022) and observations from the region indicate conditions that are hypoxic but above the iodate
reduction threshold (Evans et al., 2024). As there is not an overall equivalent negative bias in iodate, the positive iodide bias
may result from over-estimating external (i.e. benthic) iodide inputs, which are enhanced under low oxygen conditions in

I-CYCLE.

26



650

655

660

665

670

https://doi.org/10.5194/egusphere-2026-4580
Preprint. Discussion started: 7 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

L0000
0 50 100 150 200 250 300 -200 -100 0 100 200
Surface lodide [nM] Difference in Surface lodide [nM]

Figure 4: (a) Sea surface (< 25 m) iodide observations from the augmented Chance et al. (2019) data set, and (b) difference between
annual average present day sea surface iodide concentrations simulated by I-CYCLE and these observations.

The model may also over-predict iodide in the Arctic. In contrast to the Southern Ocean and Antarctic coastal waters, [-CYCLE
predicts relatively high annual surface iodide concentrations in the Arctic (Fig. 2a, Fig. 3b). This difference may be driven by
the Arctic having weaker vertical mixing and higher biological productivity than the Southern Ocean. In previous attempts to
model iodine speciation, Arctic predictions were subject to particularly high uncertainty due to an almost complete lack of
available observations at the time (Sherwen et al., 2019; Wadley et al., 2020). Arctic observations reported since then suggest
iodide may indeed be relatively high in northern polar waters, with sea surface iodide concentrations of 76 to 113 nM measured
in the high Arctic in late summer (Zhang et al., 2023). However, I-CYCLE predictions are higher still than this (Fig. 4b).
Marine iodine emissions may be especially important in the Arctic, as iodine has been implicated in new particle formation in
the clean Arctic atmosphere (Baccarini et al., 2020). Further observations are urgently needed to better understand the

distribution and controls on iodine speciation in this climate critical and rapidly changing region.

3.2.2 Iodide and iodate in the oxygenated ocean interior

In oxygenated waters, iodate is the dominant species below the mixed layer (Chance et al., 2014). The I-CYCLE model broadly
replicates expected depth distributions of iodide and iodate, with lower iodide and higher iodate concentrations at depth
compared to the surface across most of the oceans (Fig. 2). To further explore the ability of [-CYLE to replicate iodine

speciation with depth, we consider selected locations where iodine speciation has been well studied.

At the Bermuda Atlantic Time Series Station in the subtropical Atlantic, a time series study was conducted in the 1990s

(Campos et al., 1996) and the site was revisited in 2018 (Schnur et al., 2024). Surface iodide concentrations are consistently
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high (100-150 nM) and drop off steeply to a few tens of nM through the upper 200 m, while iodate does the opposite (Fig. 5a).
I-CYCLE replicates the surface values well but mean deep water iodide concentrations are over-estimated by ~10 - 20 nM and
iodate under-estimated by ~50 - 80 nM. In the model output, elevated iodide concentrations also persist to greater depths (~500
- 600 m) than observed. This may be due to positive biases in UKESM 1.0 estimates of monthly MLD at this location
(Kuhlbrodt et al., 2018). As this excessive downward mixing does not also result in underestimated surface iodide

concentrations, by implication either iodide production must also be too high, and/or iodide loss rates too slow.

In the South Atlantic near the Antarctic convergence, sea surface iodide concentrations are much lower (~20-30 nM) but also
decline with depth (Fig. 5b; Campos et al., 1999). Very similar depth profiles have been reported at comparable latitudes
elsewhere (Bluhm et al., 2011). I-CYCLE replicates these profiles, but with a less pronounced vertical gradient and a slight
under-estimation of iodate at depth (Fig. 5b). The under-estimation of iodate at depth here and in the subtropical Atlantic again
suggests the iodide oxidation rate below the mixed layer may be too slow at these sites, which could also contribute to over-
estimation of iodide at the surface (Sect. 3.2.1). This possibility is consistent with I-CYCLE iodide oxidation rates being slower

than those reported in the literature (Sect. 3.1).

At a third site, near the eastern Australian continental shelf break, surface iodide concentrations are high and iodate low, as is
commonly observed in coastal waters (McTaggart et al., 1994; Fig. 5c). [-CYCLE broadly replicates this, though it
overestimates surface iodide by up to ~50 nM. However, as in the subtropical Atlantic, the strong concentration gradients
through the upper 200 m are not replicated and iodide is over-estimated down to 500 m (Fig. 5c). As above, this may reflect

over-estimation of mixed layer depth combined with iodide over-production and/or sluggish oxidation.

On a global scale, comparison of I-CYCLE output and observations below 25 m depth yields RMSE values of 161 and 104 nM
for iodide and iodate respectively. The greater iodide error at depth compared to the surface (Sect. 3.2.1) likely reflects the
wider concentration ranges encountered (0 to 8100 nM). The magnitude of the iodide error is greater than suggested by the
differences between observed and simulated concentrations discussed above (Fig. 5). Furthermore, in the above examples
iodide at depth is over-estimated, while overall I-CYCLE iodide concentrations below 25 m depth have a negative bias overall
(NMB of -0.17). This implies regions of different ocean regimes are likely driving the overall negative bias in iodide
predictions. Iodate at depth does not have an equivalent positive bias (NMB of -0.05), suggesting that the cause might be an
under-estimation of the rate of iodide release from another reservoir, which could be sinking detrital matter or the benthic

layer.
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Figure 5: Present day iodide (left) and iodate (right) depth profiles simulated by I-CYCLE (continuous shading), alongside available
observations (asterisks), for (a) the Bermuda Atlantic Time Series station (32°N, 64°W), (b) the South Atlantic (54°S, 35°W, (c)
eastern Australian coast (24°S, 153°E), and (d) the Vertex III station in the ETNP (15°N, 107°W). Model data shows 250 years output
from the control run in light grey, 20 years present day (2000-2019) in darker grey and the mean in black. Observational data taken
from (a) Campos et al., 1996 and Schnur et al., 2024; (b) Campos et al., 1999; (c¢) McTaggart et al., 1994; (d) Rue et al., 1997 and
Moriyasu et al., 2020.

3.2.3 Iodine speciation in oxygen depletion zones (ODZs)

As outlined earlier, strongly elevated iodide and depleted iodate concentrations have been observed in association with ODZs
(Cutter et al., 2018; Rapp et al., 2020; Moriyasu et al., 2020; Sect. 2.5.7). Consistent with this, I-CYCLE simulates severe sub-
surface iodate depletion and iodide enhancement in the eastern tropical Pacific where intense ODZs are encountered (Fig. 2¢

& 2d). The model output suggests these are more intense in the ETNP than the ETSP, as has been reported previously (Cutter
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et al., 2018; Moriyasu et al., 2020). At the VERTEX III site in the ETNP, which was first studied in 1982 and revisited in 2018
(Rue et al., 1997; Moriyasu et al., 2020), observed iodide and iodate depth profiles are well replicated by the I-CYCLE model
(Fig. 5d).

Elevated sub-surface iodide is also simulated in the Arabian Sea where the other major ODZ occurs (Fig. 2c), in general
agreement with observations (Farrenkopf & Luther, 2002; Shaikh et al., 2023). The spatial extent of elevated iodide at 253 and
426 m in the Pacific and Arabian Sea closely agrees with areas where dissolved oxygen is predicted to be below the reduction
threshold of 7 pmol kg™! by UKESM 1.0 (Fig. S3). The Bay of Bengal is also a major ODZ, with a subsurface iodide maxima
observed in the upper part (100-300 m; Shaikh et al., 2024). Here I-CYCLE predicts elevated iodide at 253 m but not 426 m
(Fig. 2¢ & 2e), mirroring the depths at which UKESM 1.0 predicts low oxygen (Fig. S3). In the Atlantic, the Mauritanian and
Benguela upwelling systems are not associated with such strong oxygen depletion or pronounced shifts in iodine speciation
(Chapman 1983; Rapp et al., 2019; Winkelbauer et al., 2023). This is reflected in the I-CYCLE output, which simulates only

modest iodide subsurface maxima at 253 m and no elevation at 426 m in the Atlantic EBUSs.

As noted earlier (Sect. 3.2.1), I-CYCLE also simulates very high surface iodide plumes that emanate from the ODZs (Fig. 2a).
Observational studies suggest surface plumes of iodide arise from the subsurface ODZ and associated sedimentary sources
(Cutter et al., 2018; Farrenkopf and Luther, 2002; Moriyasu et al., 2020), indicating a potential link between subsurface
biogeochemical processes and atmospheric chemistry. By integrating suboxic iodine transformations with ocean transport and

a plausible representation of iodide oxidation, the [-CYCLE model provides a framework to test this link.

3.3 Comparison with previous sea surface iodide models

Due to the impact of sea surface iodide on atmospheric composition (Carpenter et al., 2021), most efforts to predict marine
iodine speciation have focused on iodide at the ocean surface. The earlier three layer ocean biogeochemical model of Wadley
et al. (2020) only considered the upper ocean, and empirical parameterisations used by the atmospheric modelling community
(MacDonald et al., 2014; Sherwen et al., 2019) are derived from iodide observations from 15 m depth or less. Here we compare

I-CYCLE output for sea surface iodide (<25 m) with these previous parameterisations.

3.3.1 Comparison with previous ocean biogeochemical model

Annual average surface iodide fields from Wadley et al. (2020) were obtained from the authors and compared to the same
observational data set as used to calculate RMSE for I-CYCLE. The resulting error estimate is slightly lower than achieved by
the I-CYCLE model (RMSE of 112 vs 119 nM respectively; Table 3), and subject to less bias (NMB of -0.03 vs 0.20
respectively; Table 3). This indicates that the expanded depth scale, complexity and predictive power of I-CYCLE has come

with a small cost to model performance.
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Table 3: Diagnostic statistics and error estimates (root mean square error (RMSE) and normalised mean bias (NMB)) for present
day (2000-2019) sea surface (<25 m) iodide fields generated using the I-CYCLE model and the climatology and parameterisations
typically used to model iodide driven air-sea exchange processes. Errors are calculated against the augmented sea surface iodide
database of Chance et al., 2019 (see Table S2). Sea surface temperature values used in the MacDonald et al. and Chance et al.
parameterisations are taken from the same present day UKESM 1.0 fields as used to force the I-CYCLE model. *Values are for
monthly data, except for Wadley et al., 2020 for which only annual average iodide fields were available and equivalent statistics for
I-CYCLE.

Predictor [Iodide], nM Iodide errors
Area weighted 25th - 75th Maximum RMSE, NMB
mean percentile nM
This study 140.7 35.7- 184.8 427.0 119.0 0.2
118.8%* 0.2*
Wadley et al. 2020 118.9 38.40 - 150.5 720.3 112.4%* -0.03*
Sherwen et al. 2019 100.8 43.0-135.4 2443 111.3 -0.2
MacDonald et al. 2014 53.3 39-71.1 237.2 136.3 -0.6
Chance et al. 2014 116.1 19.8 -159.9 4277.5 159.1 -0.09

(Eq. 1 from Table 2)

Although both models broadly replicate the key features of the sea surface iodide distribution (Fig.s 2, 3 and 6a), comparison
of these fields reveals some notable differences. I-CYCLE predicts higher concentrations in the Pacific than the earlier model
(Fig. 6b), likely due to the inclusion of low oxygen processes, leading to a higher global area weighted mean concentration
(Table 3). The earlier model had been revealed to under-estimate iodide in this ocean basin by observations reported after its
development. Conversely, [-CYCLE predicts lower iodide than the earlier model in the Atlantic EBUS, which were previously
over-estimated (Wadley et al., 2020), and also the northern Indian Ocean (Fig.s 3 and 6). Overall, there is a more pronounced
difference between the Atlantic and Pacific basins in the newer model, consistent with observations. Both I-CYCLE and the
earlier model predict high iodide concentrations in the Arctic relative to Antarctic waters (Fig. 3b). However, the distribution
and magnitude of predicted Arctic iodide has changed such that [-CYCLE predicts higher levels across much (but not all) of
the Arctic (Fig. 6b). Both models predict very similar iodide concentrations at subarctic latitudes, whereas Wadley et al. (2020)

predicts lower values in the high Arctic and is in closer agreement with the few observations made there (Fig. 3b).
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770  Figure 6: Comparison of annual average present day sea surface iodide concentrations simulated by I-CYCLE compared to (a,b)
simulated fields from Wadley et al. 2019, (c,d) Sherwen et al., 2020, and (e,f) MacDonald et al., 2014. Left panels (a,c,e) show the
comparison data set used, right panels (b,d,f) show I-CYCLE output minus the comparison data set.
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3.3.2 Comparison with empirical parameterisations

I-CYCLE has a lower RMSE than the two sea surface temperature (SST) driven parameterisations (MacDonald et al., 2014
and Chance et al., 2014) commonly used by the atmospheric modelling community, but a higher RMSE than the more recent
machine learning generated climatology (Sherwen et al., 2019) (Table 3). It predicts a higher global area-weighted mean iodide
concentration than all the empirical iodide parameterisations (Table 3). Whereas the I-CYCLE model has a moderate positive
bias, the MacDonald, Sherwen and Chance parameterisations have a negative bias (Table 3). In particular, the MacDonald et
al. (2014) parameterisation has a strong negative bias (NMB of 0.6; Table 3) and predicts much lower iodide concentrations
than other approaches (Fig. 3), possibly because of the smaller data set it was derived from. The negative bias in the Sherwen
et al. climatology likely arises because high iodide observations (>309.5 nM) were excluded from its development (Sherwen
etal., 2019). The Sherwen et al. (2019) climatology has the most skill at predicting present day sea surface iodide fields (lowest
RMSE), albeit with a comparable (but opposite) bias to [-CYCLE. However, as this was generated using a data driven, random
forest regression rather than a mechanistic model, it is unable to simulate iodine fields below the surface and lacks predictive

power for the future ocean.

The I-CYCLE model allows us to investigate the relationship between sea surface iodide concentration and SST that underpins
two of the parameterisations discussed above (MacDonald et al., 2014; Chance et al., 2014). These parameterisations are based
on large scale empirical correlations between iodide and SST, but such analyses are limited by availability of observations and
mask smaller scale spatial and temporal variability in the relationship between these two parameters. Interrogation of I-CYCLE
iodide fields finds that while a positive correlation with SST is observed in many regions of the ocean, it is not ubiquitous and
in other regions a strong negative correlation occurs (Fig. S5). Strong positive correlations are particularly evident in the
Southern Ocean (presumably due to high amplitude seasonal cycles in SST, mixed layer depth and biological activity), while
strong negative correlations are particularly evident in the North Atlantic. This highlights the limitations of using SST driven

parameterisations to predict local scale variations in sea surface iodide.

3.4 The impact of global change on marine iodine speciation
3.4.1 Future projections of marine iodine speciation

Global change is manifesting in various ways in the ocean. Warming results in physical changes in ocean circulation and
mixing, as well as loss of sea-ice, which all in turn impact patterns of biological productivity. Dissolved oxygen concentrations
are declining, and areas of low oxygen are predicted to expand (Schmidko et al., 2017; Kwiatkowski et al., 2020). By linking
the iodine cycle to forcing fields from an Earth System Model, the I-CYCLE model is capable of predicting the impact of such

changes on marine iodine cycling.
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Figure 6 shows predicted iodine speciation for 2100 generated by running I-CYCLE using forcing fields from the UKESM 1.0
under the Shared Socio-economic Pathway SSP585 scenario (see earlier for details). Under this scenario, UKESM 1.0 predicts
global average SST to increase by ~5.5 °C, global average mixed layer depth to decrease by ~12 m, and global average ocean
primary productivity to decline by ~15%. Meanwhile, the overall percentage of ocean water categorised as suboxic in
I-CYCLE (i.e. dissolved O, <7 umol kg™") does not change significantly. Driven by these changes, I-CYCLE predicts global
average surface iodide concentrations to rise by only ~2 nM to 143 nM (Table 4). This overall increase is substantially smaller
than that predicted by other parameterisations (MacDonald et al., 2014; Chance et al., 2014), which suggest average iodide
increases of 27 nM or more (Table 4); the difference in predictions arises because other parametrisations are based solely on

SST changes and do not take account of accompanying shifts in biogeochemical processes and ocean circulation.

Table 4: Projected sea surface iodide concentrations for 1880-1899 from historical forcings and for 2080-2099 under SSP58S5,
generated using I-CYCLE and parameterisations from the literature. Sea surface temperature values used in the MacDonald et al.
and Chance et al. parameterisations are taken from the same SST projections as the I-CYCLE iodide fields.

Predictor [Todide], nM
Historical (1880-1899) Future (2088-2099 under SSP585)
Area 25th - 75th  Change from Area 25th - 75th  Change from
weighted percentile present weighted percentile present
mean mean
This study 139.6 36.8-184.8 -1.1 142.7 42.0-181.6 +2.0
MacDonald et al. 49.7 3.7-66.6 -3.6 80.6 7.3-109.7 +27.3
2014
Chance et al. 2014 110.8 19.8-152.9 -5.3 153.1 23.5-212.2 +37.0

The distribution of predicted changes in iodine speciation is not homogenous, and the direction of change varies with location.
Surface iodide concentrations are predicted to increase (and iodate concentrations decrease) in the Southern Ocean, the North
Pacific and northern sub-tropical Pacific, the North Atlantic, the Mediterranean, and lower latitude regions of the Arctic (Fig.
6a). Increased iodide in the Southern Ocean and northern Pacific may arise from intensification of primary production and
remineralisation in these regions, which will increase the reduction of iodate to iodide via the biological pump. Superimposed
on this, shoaling of the mixed layer in parts of these regions will enhance iodide accumulation at the ocean surface. Meanwhile,

in the North Atlantic, decreases in mixed layer depth may be the dominant driver of increased surface iodide concentrations.
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825 In the subsurface (426 m), similar but less pronounced changes are predicted, and in addition there are areas of intense iodide
increase in the ETSP and the Bay of Bengal, but not the ETNP or Arabian Sea, where subsurface concentrations may even
decline (Fig. 6b). This is broadly consistent with simulated changes in dissolved oxygen concentrations - although a global
decline in subsurface concentrations is predicted by UKESM, it is not located in ODZ regions (Kwiatkowski et al., 2020)
whereas iodine cycling in [-CYCLE will only be impacted where concentrations drop below the threshold value of 7 pmol kg™

830 Future changes to ODZs are uncertain, with some studies suggesting expansion (e.g. Stramma et al., 2008) and others
suggesting redistribution of hypoxic and suboxic waters (e.g. Busecke et al., 2022), but are likely to have a profound impact
on marine iodine speciation. A substantial increase in sub-surface iodide concentrations is also predicted in the Arctic (Fig.

6b), reflecting rapid and pronounced shifts in biogeochemical cycling and ocean dynamics in this basin.

(a) (b)

Surface iodide 2080-2099 minus 2000-2019 (nM) Surface iodate 2080-2099 minus 2000-2019 (nM)
-80 -40 0 40 80

-80 -40 0 40 80

Iodide difference at 426m 2080-2099 minus 2000-2019 (nM)  Iodate difference at 426m 2080-2099 minus 2000-2019 (nM)

-80 -40 0 40 80 -80 -40 0 40 80

835

Figure 7: Changes in annual mean predicted iodide (left; a, c) and iodate (right; b, d) concentrations between present day (2000-
2019) and 2080-2099 under scenario SSP58S at (a,b) surface (3 m) and (c, d) 426 m depths.
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The previous model (Wadley et al., 2020) explored the impact on iodine speciation of ocean acidification, which may affect
biological ammonium oxidation and thus iodide oxidation, by using future nitrification scenarios provided by Yool et al., 2007.
The current formulation of I-CYCLE means that ocean acidification will not impact iodine cycling via changes to iodide
oxidation rate in the same way. However, it would be possible to conduct sensitivity tests for this process by implementing
different rates of ammonium oxidation in the model. Coastal eutrophication driven by terrestrial run-off is also changing the
ocean and may impact iodine speciation. Currently such changes will not be simulated, as the oceans in UKESM 1.0 are treated
as a closed system. Should perturbations in marine biogeochemical cycles caused by terrestrial run-off be included in future

versions of the UKESM, I-CYCLE could capture the impacts on iodine speciation.

3.4.2 Impact of large-scale ocean oscillations

The I-CYCLE model allows the impact on iodine speciation of large-scale ocean oscillations such as El Nifio—Southern
Oscillation (ENSO) to be predicted. Considering December to February, when El Nifio is typically most intense, sea surface
iodide concentrations in the equatorial Pacific and Indian Oceans are higher by ~40 nM in EI Nifio years compared to La Nifia
years (Fig. S2). Meanwhile, iodide concentrations in the ETNP and ETSP are lower by ~ 40 nM, likely the result of enhanced
upwelling of oxygen rich waters with a lower iodide signature, as was observed on the Peruvian shelf during the strong 2015

El Nifio event (Rapp et al. 2020).

3.4.3 Historical sea surface iodide distributions

The I-CYCLE model may also be used to simulate historical marine iodine distributions. Marine iodine emissions are thought
to have increased two- to three-fold since the pre-industrial era, largely due to increases in anthropogenic ozone (Prados-
Roman et al., 2015; Cuevas et al., 2018; Legrand et al., 2018). Fully understanding these changes requires knowledge of how
sea surface iodide fields have also evolved. Results from [-CYCLE suggest global average sea surface iodide concentrations
were only very slightly lower (1.7 nM) at the start of the industrial period (1880-1899) than the present day (Table 4), implying
that changes in iodide abundance are unlikely to have been an important driver of historical changes in iodine emissions and
its subsequent deposition. Other sea surface iodide parameterisations generate similar, but slightly larger, differences between
present day and pre-industrial average sea surface iodide concentrations, though the average concentrations themselves differ

more markedly between approaches (Table 4).
In principle I-CYCLE could also be used to model iodine cycling in the ancient ocean, provided UKESM has been run over

the relevant time period to provide appropriate forcing fields. For example, a range of paleo-experiments are being co-ordinated

under the Paleoclimate Modelling Intercomparison Project, PMIP.
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4. Concluding remarks

A new model of the marine biogeochemical iodine cycle is presented which is capable of reproducing present day global iodide
and iodate distributions. While the model builds upon our previous iodine cycling model (Wadley et al., 2020), it provides a
more comprehensive description of the ocean iodine cycle and a more sophisticated representation of iodine transformations.
Specifically, it includes three new iodine reservoirs (phytoplankton, detrital and benthic iodine), a new approach to
parameterising biological iodine uptake, and incorporates suboxic iodine transformations and sediment interactions. The
inclusion of suboxic processes in the [-CYCLE model allows better representation of iodine speciation in low oxygen regions

compared to the model of Wadley et al., 2020.

I-CYCLE replicates key features of the marine iodine distribution, and the optimised model parameters are consistent with
values obtained in other studies. Model performance is geographically variable, and there appears to be a tendency to over-
estimate iodide in some regions. In the oxygenated ocean, this may arise from under-estimation of iodide oxidation rates.
Overestimation of benthic iodide inputs may also contribute to the positive iodide bias. As both these processes are poorly

constrained, future refinements to their representation in [-CYCLE would benefit from more observations.

As a process-based model, [-CYCLE may be used to explore the controls on marine iodine cycling. A key question addressed
during method development was whether phytoplankton take up iodine as a nutrient (i.e. at a ‘preferred’ ratio to nitrogen) or
passively; results imply uptake behaviour between these two extremes. A second question was how best to represent iodide
oxidation. In contrast to our previous work, we find that this is best done through a combination of processes, rather than
assuming all iodide oxidation is directly associated with ammonium oxidation. In future work, I-CYCLE may be used to
further probe the marine iodine cycle via sensitivity tests. In particular, it could be used to test the extent to which iodide
arising from ODZs can reach the ocean surface (and so impact ocean chemistry) and evaluate how this may change under

different ocean deoxygenation scenarios.

The I-CYCLE model is driven by outputs from UKESM 1.0, a full complexity ESM, and so can provide high resolution ocean
iodine distributions for past and future climate scenarios (notwithstanding the limitations of ESMs to accurately capture Earth’s
climate). I-CYCLE outputs such as sea surface iodide fields are suitable for forcing atmospheric chemistry and transport
models (e.g. GEOS-Chem) and so allow the impact of marine iodine cycling on atmospheric composition, and especially ozone
mixing ratios, to be explored. The 2100 iodide fields generated by I-CYCLE under SSP585 have been used to assess the impact
of global change on iodine driven atmospheric chemistry (Pound et al., 2026). Refinements and advances in the representation
of ocean biogeochemistry and physics in the UKESM should improve the skill of I-CYCLE. For instance, implementation of
speciated marine nitrogen in UKESM is likely to be an improvement on our current approach. More ambitiously, the [-CYCLE

model could also be embedded within a next generation Earth System Model, with iodine species being prognostic variables.

37



https://doi.org/10.5194/egusphere-2026-4580
Preprint. Discussion started: 7 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

38



905

910

915

920

https://doi.org/10.5194/egusphere-2026-4580
Preprint. Discussion started: 7 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Code and data availability

The final version of the model code and initialisation fields used in this work are available via the Zenodo repository (Chance
et al., 2026; doi: 10.5281/zenodo.19697878). UKESM 1.0 data were provided by the CEDA archive (Tang et al., 2019; doi:
10.22033/ESGF/CMIP6.6298; Good et al., 2019; doi: 10.22033/ESGF/CMIP6.6405) and accessed through JASMIN
(https://www jasmin.ac.uk; Lawrence et al., 2013). Climatological I-CYCLE outputs of monthly iodide and iodate
concentrations under past, present and future (SSP585) scenarios are archived at the British Oceanographic Data Centre

(Wadley et al., 2026; doi: 10.5285/561a6d79-2192-7b77-e063-7086abc0Oecb5)
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