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The Minamata Convention on Mercury was established to reduce the pressure on the environment caused by
mercury by significantly reducing its emissions from anthropogenic activities. However, knowledge gaps still
exist concerning emission inventories, emission factors and their integration in modelling frameworks. In
addition, tools to facilitate communication between decision-makers and research groups providing measure-
ment and modelling data are still scarce. This work presents the GOS*M Knowledge Hub, a public web appli-
cation that provides an interactive and user friendly experience to access state-of-the-art modelling tools and data
available in the literature. The Knowledge Hub currently integrates a Chemical Transport Model emulator,
HERMES, coupled with a biogeochemical model, although it has been designed to house and deploy any number
of different modelling components. Using the integrated dashboard, non-experts can perturb mercury releases
from different anthropogenic emission sectors, simulating, for example, the application of Best Available
Technologies, and then visualise in real-time the short- and long-term effects of the consequent reductions within
a source-receptor framework. The dashboard also furnishes an estimate of the statistical significance of the
changes in the model results. The analysis of a set of anthropogenic Hg emission reduction scenarios shows how
an internationally coordinated effort would be necessary to achieve significant policy goals. It is important to
note that the GOS*M Knowledge Hub yields the analysis presented here in a matter of seconds, compared to the
days or weeks required by traditional modelling tools.

1. Introduction

The Minamata Convention on Mercury (MCM) (http://www.mercur
yconvention.org/), which came into effect in August 2017, was estab-
lished to reduce mercury (Hg) contamination by anthropogenic activ-
ities. During its implementation through the Conference of Parties,
discussion focused on initialising the operation of the Specific Interna-
tional Programme and providing guidance to the Global Environment
Facility on strategies, policies, programme priorities and eligibility for
access to and utilisation of financial resources (UN-Environment, 2019).

A fundamental activity of the MCM was outlined by the ad hoc
technical expert group for effectiveness evaluation, which proposed a
framework for the implementation assessment, and the need for stand-
ardised global monitoring arrangements. This expert group identified a
list of gaps to be filled, in order to harmonise emission inventories,

redefine emission factors and integrate modelling frameworks. In
addition, the expert group for effectiveness evaluation raised policy-
relevant questions that have been brought to the attention of the sci-
entific community, and that need to be addressed by further research.
Decision-makers require information on changes of Hg levels in the
environment, in biota, and vulnerable populations, so that they can be
attributed to the implementation of the Convention. They also require
an assessment of the actions taken in terms of the changes in Hg supply
and usage, and the resulting variation in Hg emission and release to the
environment. In this context, the integration of modelling capabilities to
assess changes in global mercury levels, within and across environ-
mental media, will aid the effectiveness evaluation and the imple-
mentation of the Convention, if they are made easily available through
information technologies. Definitely, there is a need for a change in
paradigm to bring environmental data (observed, analysed, modelled)

Abbreviations: GOS*M-KH, GOS*M Knowledge Hub; MCM, Minamata Convention on Mercury; CTM, chemical transport model; BGCM, biogeochemical model; ES,
earth system; Hg,nmy, Hg emitted from anthropogenic activities; Hggs, Hg cycling within ES compartments.
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Fig. 1. Left panel: definition of the source regions used. NAM (North America), EUR (Europe), SAS (South Asia), EAS (East Asia), SEA (South East Asia), PAN
(Australia), NAF (North Equatorial Africa), SAF (South Equatorial Africa), MDE (Middle East Asia), MCA (Central America), SAM (South America), CIS (Central Asia),
ARC (Arctic, above 66° N). Right panel: Ocean Basin definition; NAT (North Atlantic), SAT (South Atlantic), NAP (North Pacific), SAP (South Pacific), MED
(Mediterranean Sea) and SOC (Southern Ocean). Note that SOC and ANT are, respectively, the ocean and the Antarctic continent below 60° S. Receptor regions

include both ocean basins and source regions.

to the decision-maker, in the form of knowledge, rather than raw results
(Talia, 2015).

The current workflow for sharing scientific knowledge with policy
makers is rather complex and it can take a significant amount of time for
the latest scientific discoveries to be included in the materials available
to support policy decisions.

This workflow starts with anthropogenic mercury (Hganh) emissions
estimates (AMAP/UNEP, 2013; Muntean et al., 2018; Zhang et al.,
2016b), which are then required to be linked to Hg deposition fields.

Currently, only complex models, referred to as chemical transport
models (CTMs), specifically designed to study the atmospheric cycle of
Hg, are capable of simulating in detail the fate of atmospheric Hganthr
from its release points to the final receptors. A number of Hg-CTMs has
been developed over the last decades, and these include, among others,
GLEMOS (Travnikov and Ilyin, 2009; Travnikov et al., 2009),
GEM-MACH-Hg (Durnford et al., 2012; Kos et al., 2013; Dastoor et al.,
2015), GEOS-CHEM (Holmes et al., 2010; Amos et al., 2012; Song et al.,
2015; Horowitz et al., 2017; Zhang et al., 2019), and ECHMERIT (Jung
et al., 2009; De Simone et al., 2014). See Travnikov et al. (2017) for a
detailed description of these state-of-the-art Hg-CTMs, which have all
been systematically used to study the impacts of natural processes and
anthropogenic activities on the Hg atmospheric cycle (De Simone et al.,
2015, 2017a; Saiz-Lopez et al., 2018; Zhou et al., 2021; Fraser et al.,
2018).

Hg has a biogeochemical cycle (Amos et al., 2013), therefore the
temporal scope of a CTM simulation is generally limited, due to ap-
proximations of the exchange processes between the atmosphere and the
other compartments, in particular the oceans (Kawai et al., 2020). The
integration, or the coupling, of the CTMs with oceanic models (Kawai
et al.,, 2020; Zhang et al., 2019) or biogeochemical models (BGCMs)
(Amos et al., 2013, 2014; Selin, 2014) allows for a more detailed
modelling of Hg exchange between environmental compartments within
the earth system (Hggs), and the compartments’ relative Hg burdens,
with simulations being able to be extended for centuries.

These models require dedicated hardware on which to run, and many
input and output manipulation steps are indispensable to perform sim-
ulations, analyse, and present the results in a meaningful way for third
parties. Numerous runs are necessary to obtain Hg deposition fields
based on current and perturbed emissions for short periods of a few
years. Many further runs are also required to provide an evaluation of
the uncertainty and, given the necessity of a certain level of expertise,
these models are far from being user-friendly and interactive tools,
which may be directly used by policy makers.

Only after all the pre-processing, model execution, and post-
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processing steps, are the scientific results finally shared with policy
makers or other stakeholders by standard publications or other means,
including web applications for customised assessments.

A recent paper describes a statistical emulator built around the
ECHMERIT CTM (Jung et al., 2009; De Simone et al., 2014), referenced
HERMES by authors (De Simone et al., 2020). The model can provide in
real-time the short-term effects (nominally one-year) on anthropogenic
Hganth deposition fluxes resulting from Hgane, emissions perturbations,
within a source-receptor framework.

HERMES makes a number of assumptions, for the purpose of statis-
tical tractability (e.g., by including only the Hganh, in the model) and
therefore its scope is limited in time and application to short-term an-
alyses. Although atmospheric deposition can be considered a good in-
dicator, or proxy, for the level of organic mercury (MeHg) in water and
biota (Chen et al., 2019; Giang and Selin, 2015; Zhang et al., 2016a), the
re-emissions from soils and oceans of previously deposited Hgant, (also
referred to as legacy emissions) are important sources of Hg to the at-
mosphere, that need to be considered explicitly, since these processes
can be modulated by climate changes, that on a longer time-scale, can
play a role in determining Hg deposition fluxes (Giang and Selin, 2015;
Schartup et al., 2019; Schaefer et al., 2020).

HERMES has therefore been coupled to a BGCM, adapted from Selin
(2014), to explicitly simulate the cycling of Hg between Earth System
compartments (hereafter Hggs), for a further 34 years, nonetheless
retaining the real-time experience for users.

Current (and future) computational modules are included in a web
application under the GOS*M Knowledge Hub (GOS*M-KH) https://sdi.
iia.cnr.it (see Section 2.3 for details on the GOS*M-KH developed as
single component of the Spatial Data Infrastructure (SDI) (D’Amore
etal., 2012), the Data Catalogue and the analysis tools). The GOS*M-KH
presented in this study was developed as an effort to bring the latest
scientific results and modelling tools to policy makers and stakeholders,
allowing the easy assessment of Hganmy emission reduction scenarios
and their real-time evaluation.

2. Materials and methods
In this section all the components of the GOS*M-KH, including the

modelling modules, the technological infrastructure, as well as the web
interface are described.

2.1. HERMES CTM emulator

Hganthr emissions perturbation is emulated using HERMES, a
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https://sdi.iia.cnr.it
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Fig. 2. The layers that define the web application: the statistical model developed off line is stored in the DATA LAYER. The BUSINESS LOGIC LAYER layer provides
processes and procedures to manage user interactions triggered in the WEB and User Interface layer.

statistical CTM emulator (De Simone et al., 2020). The emulator uses the
results of a pre-designed set of different source-receptor runs performed
using the global Hg-CTM model ECHMERIT (Jung et al., 2009; De
Simone et al., 2014). HERMES allows for the emulation of the Hg-CTM
model ECHMERIT results regarding Hg deposition over receptor regions
following perturbation of the Hgun¢ emissions in one or more source
regions. It is possible to both reduce Hg,nm, emissions, and to modify the
Hg/Hg" ratio, to simulate the implementation of flue gas treatment
technologies.

The source and receptor regions, as defined in the HTAPv2 experi-
ment (http://www.htap.org/) are shown in Fig. 1.

The HERMES core is represented by the following polynomial
equation:

DEP!ERMES — A%< 4 (100 — INPUTE®') + INPUTS™ % B % (100

— INPUTR) (€))

which permits the calculation of the new deposition DE! , in the

receptor region r resulting from the change in Hganm,, due to either

emission reduction (INPUTfE"), or change of emission speciation
(INPUTSSP”) in the source region s.

INPUTSP represents the ratio between Hg?g> (0 = 100%) and HgR

HERMES
Pr,s

(1 = 100%) specified by the user to perturb Hgauh, emissions. Assfﬁe“

ifec are the coefficients of the linear regression relating speciation
alteration and deposition, whereas INPUT?eﬁl is the Hganhr emission
reduction in the source region s as a percentage (0-100%), as specified

by the user.

and

The new deposition value, DEPFE™®S, is then compared to the
relative bounds at the 95% confidence level, and an indication is re-
ported if it falls outside the bounds.

HERMES is designed to allow the emulation of Hgany deposition
change over one or more receptors, nominally one year after the Hganthr
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emission perturbation in one or more source regions.
2.2. Details of biogeochemical model

To estimate the longer term effects of changing Hg,n, emissions, we
integrated a BGCM, adapted from Selin (2014) that makes use of the
short term Hg deposition change from the HERMES emulator to calcu-
late the cycling of Hggg over the following 34 years, to gain an indication
of the potential impacts, particularly regarding the deposition of Hggg
over oceans and the Hggg burden within ocean.

The BGCM is a simple six-box model based on the present day Hgcg
cycle and reservoirs, where all fluxes are assumed to be first-order
processes. The model simulation is initialised with current data,
regarding the Hggs burden and fluxes (Selin, 2014), except for the new
Hganth emission value, that is passed by HERMES. Moreover, the BGCM
makes use of the Hg,nr deposition flux change over seas and land to
recalculate the relative rates of deposition of Hg over these compart-
ments, i.e., the first order transfer coefficients kammosphere,j from reservoir
atmosphere to reservoir j = sea, land, defined as

F, =k X M, (2)

where Fyumospherej is the flux from reservoir atmosphere to reservoir
j = sea, land and Mymosphere is the burden of Hggs in the atmosphere.

Potential changes in the mobilisation of Hggg from reservoirs due to
meteorology, climate forcing, and alteration in the intensities and pat-
terns of biomass burning, will be included in future versions of the
model.

The model is implemented in python (https://www.python.org/)
and is called by the web platform at each user interaction, as explained
below.
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Fig. 3. Screenshot of the Regional input widget to change Hgan emissions from different source regions.

2.3. The GOS*M-KH Dashboard: backend

The two core elements described above, the HERMES atmospheric
CTM emulator and the BGCM, are included in a web application avail-
able at www.gos4m.org/kh.

The web application was designed using the architecture described
in Fig. 2: the statistical model (MODEL LAYER) of HERMES is created
offline, stored in a database (DATA LAYER) and triggered at each user
interaction. In the DATA LAYER, the matrices A;?*° and B?* used in Eq.
(1), are stored and then provided to the BUSINESS LOGIC LAYER when
needed.

The BUSINESS LOGIC LAYER provides the procedures to retrieve the
HERMES model from the DATA LAYER and manage its data structures.
The BUSINESS LOGIC LAYER uses the HERMES model in order to
simulate different emission scenarios responding to user interactions on
the Web User Interface. This User Interface is designed to be as
responsive as possible, and to enhance its user friendliness.

The Web Dashboard is able to include third-party components, not
developed by the core team working on HERMES: the biogeochemical
model, discussed in Section 2.2, is plugged in the framework in order to
improve the scenarios provided to HERMES's users. The biogeochemical

SOURCE DEFINITION: EASTASIA

=D
STATIONARY COMBUSTION ()

m —
INTENTIONAL USE AND ASGM o

CLOSE

model uses the output of the HERMES core model as input. As can be
seen in Fig. 2, the design is such that third-party components can be
plugged in the BUSINESS LOGIC LAYER, where corresponding data
structures are designed and developed for each software component to
be included.

From a technological point of view, the software layers in Fig. 2 are
developed using Java Enterprise and related third-party libraries. Data is
stored in a PostgreSQL Data Base Management System (DBMS) (https://
www.postgresql.org/), wrapped using MyBatis (https://mybatis.org/),
an Object Relational Mapping (ORM) tool able to define porting be-
tween DATA LAYER and BUSINESS LOGIC LAYER. The BUSINESS
LOGIC LAYER is developed using an Inversion of Control framework
(IoC) in order to define a well containerised logic for each component.

The User Interface is developed using ZKoss (https://www.zkoss.
org/), a Java library to develop fast and interactive web components.
The final product is deployed in a servlet container able to host java ob-
jects (Tomcat 8.5.16). GOS4M-KH, and the related web dashboard, is
one of the components that makes up the Spatial Data Infrastructure
(SDI) of the CNR-IIA (https://sdi.iia.cnr.it) designed to manage data and
processes (D’Amore et al., 2012).

The entire web platform runs in a virtual machine hosted on the

Fig. 4. Screenshot of the Sector input widget for Hg,,, emission sectors reduction for the selected source region.
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institutional cloud infrastructure provided by the CNR as IaaS (Infra-
structure as a Service).

2.4. The GOS*M-KH Dashboard: front-end

The front-end of the GOS*M-KH web application is designed to be as
user-friendly as possible, using a series of separated widgets, dedicated
to the different aspects addressed by the tool, in a sequence recalling the
workflow from the emission perturbation to the intended final endpoint
(s) to be evaluated. A number of cursors and buttons allow simple and
intuitive interaction between the user and the tool(s), whereas a series of
graphics and other elements illustrate in real-time the process results,
which, differently, would take days or more using conventional
modelling.

The first section (Fig. 3), is the Regional Input widget. In this area
there are two sliders to perturb Hg,neh emissions for each of the source
regions. The first allows the user to reduce the emissions (in percentage
terms), whereas the second adjusts the Hg‘(’g) to HgR ratio. A switch to the

left of the source region names allows Hg,n;h, emissions to be increased
rather than decreased.

Finally, a reset button allows the user to clear the Hganyh emission
changes.

A second widget, that refers to the Sector Input, can be expanded by
clicking on the name of the source region (Fig. 4), allowing the reduction
of Hgan release from each of the three emission macro-sectors. In this
case the user can cut the Hg,,¢, emissions in absolute terms (Mg), and
the corresponding overall Hg,n, emission reduction and the speciation
values in the Regional input widget, will change accordingly.

In the illustrated instance we decreased the Hganm INDUSTRIAL
emission sector by 68% (corresponding to a new emission 97.5 Mg/y
from 304.7 Mg/y), and the tool automatically accounted for the overall
reduction of Hgan emissions in the regions (31.69%) and for the cor-
responding new Hg?g) to Hg'R ratio (21.02:88.98 in comparison to

20.6:89.4).

The Atmospheric output widget shows the list of terrestrial and
oceanic receptor regions. When the Hg,,, emissions are changed using
the sliders in either the Regional input or the Sector input widgets, the
percentage change of Hganyh deposition over the receptor regions, is
shown immediately. As explained, these results are to be considered as
nominal annual changes, one year after the Hgan¢hr emission perturba-
tion. These boxes are normally blue, however they become green or red
if the Hganthr deposition decreases or increases in a statistically signifi-
cant manner (95% level of confidence), respectively. The global ocean
cell summarises the total deposition change (as a percentage) over the
oceanic receptors after one year, as calculated by HERMES, and after 10
years, as calculated by the BGCM, see below.

In the same widget, the results are shown graphically, reporting the
Hganthr deposition in (Mg/y) in the new scenario compared to the cur-
rent (Business as Usual) case, for each receptor region.

The widget that follows in the sequence shows the Biogeochemical
output. As before, any user action applied to Regional input or Sector input
widget triggers the execution of the CTM emulator, whose output pro-
vides the input for the BGCM, which in turn calculates the cycling of
Hggs within the compartments of ES for the following 34 years. At the
end of the process, which takes fractions of a second, effectively in real-
time for the user, two plots illustrate the temporal evolution of two
variables of interest, the Hggs deposition over all oceans (in Mg/y) and
the Hggs burden within the intermediate ocean layer (in Mg) the for the
same years. Both plots show the evolution of the relevant variable for
three different scenarios: (a) Business as Usual (in black), Hgant emis-
sions remain constant at today’s levels, (b) Deep Green (in green), rep-
resenting the case where the Hg,n, emissions drop to zero, and (c) the
New Scenario, as calculated by the BGCM following the Hg,n¢, emission
perturbation by the user.
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Table 1

Hganthr emissions released by different sectors in each of the source regions. The
asterisk indicates the source regions that are the six main emitters for the specific
sector.

Source region Sector emissions (Mg/y)

COMB INDU INTW
INDONESIA (SEA) 5.96 18.1 *50.64
ARCTIC (ARC) 0 5.9 0.1
SUB EQ. AFRICA (SAF) *48.1 *37.13 *208.16
MIDDLE EAST ASIA (MDE) 1.26 13.37 6.35
NORTH AMERICA (NAM) *45.13 14.78 7.93
AUSTRALIA (PAN) 2.47 13.88 0.49
NORTH EQ. AFRICA (NAF) 1.08 13.69 *56.88
SOUTH AMERICA (SAM) 1.3 *41.38 *155.5
CENTRAL ASIA (CIS) *19.12 *57.13 35.51
EAST ASIA (EAS) *135.62 *304.7 *213.52
SOUTH ASIA (SAS) *66.03 *61.03 32.52
CENTRAL AMERICA (MCA) 3.71 21.87 *70.81
EUROPA (EUR) 49,08 39,29 15.85

3. Results

The use of the GOS*M-KH as a useful tool to support policy decisions
in accordance with the MCM is illustrated by a series of case studies of
different Hganimy emission reduction scenarios presented in the following
sections. Our purpose is to assess the extent of the short- and long-term
effects of reducing the Hgynmy emissions from a single macro-sector in
the main emission regions.

3.1. Scientific background

In order to provide the context of the scientific process, which led to
the development of the GOS*M-KH, we summarise the key findings of
previously published work, which are also useful in interpreting the
results presented in the following sections.

In De Simone et al. (2016) we compared three Hgan¢,y emission in-
ventories (AMAP/UNEP, 2013; Muntean et al., 2014; Streets et al., 2009.
An ensemble of ECHMERIT-CTM (Jung et al., 2009; De Simone et al.,
2014) sensitivity runs was constructed by varying Hgan, emission in-
ventory, Hganthr Oxidation mechanism, and other relevant parameters.
The analysis of the ensemble showed that the global distribution of
Hganthr deposition is characterised by a notable variability over indus-
trialised regions and remote areas. Moreover, the Arctic and Mediter-
ranean seas appeared to be the basins where the Hg,n emission impact
is proportionally the greatest.

In De Simone et al. (2017b) a regionally tagged version of
ECHMERIT-CTM was used to simulate the fate of Hgynm, in a set of
sensitivity runs, in order to provide an estimate of the uncertainty
associated with the source-receptor matrix of Hgune, deposition. In
almost all receptors the Hganmy emissions, released from remote regions
impacts on deposition more than domestic Hgapnn, emissions, at a 95%
level of confidence. In general, the results clearly indicate that the un-
certainty associated with Hgun, deposition for many source-receptors
pair is so high that it is necessary that it be taken into consideration
by policy makers.

These and other factors have convinced the authors of the need for a
robust modelling tool that could be used by non-expert users in a real-
time fashion. The underlying research has led to the development of
the HERMES-CTM emulator (see (De Simone et al., 2020) and Section
2.1) and its integration in the GOS*M-KH.

3.2. Scenario definition

The AMAP/UNEP 2010 global inventory, prepared for the UNEP
2013 Global Mercury Assessment AMAP/UNEP (2013), was used as
input for scenario simulation in ECHMERIT. It provides global gridded
mercury emissions for 2010 at 0.5° x 0.5° resolution. The inventory
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Table 2
Hganthr emission reduction scenarios evaluated using HERMES.

Source region Sector emissions (Mg/y)

COMB INDU INTW
INDONESIA (SEA) 5.96 18.1 *50.64
ARCTIC (ARC) 0 5.9 0.1
SUB EQ. AFRICA (SAF) *48.1 *37.13 *208.16
MIDDLE EAST ASIA (MDE) 1.26 13.37 6.35
NORTH AMERICA (NAM) *45.13 14.78 7.93
AUSTRALIA (PAN) 2.47 13.88 0.49
NORTH EQ. AFRICA (NAF) 1.08 13.69 *56.88
SOUTH AMERICA (SAM) 1.3 *41.38 *155.5
CENTRAL ASIA (CIS) *19.12 *57.13 35.51
EAST ASIA (EAS) *135.62 *304.7 *213.52
SOUTH ASIA (SAS) *66.03 *61.03 32.52
CENTRAL AMERICA (MCA) 3.71 21.87 *70.81
EUROPA (EUR) *49.08 *39.29 15.85

gives detailed emissions by industrial sectors that in this assessment
have been grouped in macro-sectors. Stationary combustion, power and
heating plants emissions have been grouped into the COMB
macro-sector, stationary combustion for industry into INDU,
Intentional-use/product, waste and artisanal gold-scale mining (ASGM)
emissions into INTW.

Table 1 reports Hganny emissions for each source region.

DEPOSITION CHANGES
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In order to test the web platform, 12 Hgn,y emission reduction
scenarios were assessed. The first 9 scenarios were built selecting the
main 6 regional emitters for each sector and cutting the emissions by
10%, 20% and 50%. The remaining 3 scenarios were built by combining
the main 6 regional source emitters for each sector and cutting the
Hganthr emissions by 10%, 20% and 50%. The details of the tested sce-
narios are summarised in Table 2.

The widgets shown in Figs. 3 and 4 were used to implement the
scenarios defined in Table 2, then the short-term effects on Hganenr
deposition were analysed using the widget illustrated in Fig. 5. Long-
term effects on Hgggs deposition over global oceans and Hggg burden
within the intermediate ocean layer were analysed using the widget
reported in Fig. 6.

3.3. Short-term effects of policy scenarios

Table 3 reports, for each of the analysed scenario, the results of
Hganthr deposition change, in percentage, over the land and ocean
receptors.

The effects of the Hgne, emission reduction in different scenarios on
the resulting short-term deposition can be very different among the re-
ceptors. However, some general outcomes can be identified.

A reduction of any of the three sectors (INTW, INDU and COMB)
alone of less than 50% (Scenarios S1, S2, S4, S5, S7 and S8) results in no
significant deposition reduction over any receptor region.

The inputs are passed in near-real time to the statistical engine that calculates the change (%) on Hg deposition due to the selected emission reductions. I
a reduction is not statistically significant (95% confidence interval) the deposition change is shown in blue. If reduction is significant for a given receptor the

value is displayed in green
(De Simone et al., 2017)
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Fig. 5. Screenshot of the Atmospheric output widget, showing for each of the receptor regions the percentage change for the short term Hgan, deposition (nominally

one year) resulting from Hgane, emission perturbation.
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Fig. 6. Screenshot of the Biogeochemical output widget, which reports the temporal evolution trends of the Hggs deposition over all oceans (in Mg/y) and the Hggs
burden within the intermediate ocean layer (in Mg) for more than 30 years in the future.

A reduction of INTW of 50% (Scenario S9) results in a significant
deposition reduction over all ocean receptor regions and over almost all
terrestrial receptor regions except the Antarctic, Central Asia, East Asia,
Europe, North Eq. Africa and South Asia.

A reduction of INDU of 50% (Scenario S6) results in a significant
deposition reduction only over the Arctic, Central Asia, East Asia,
Middle East Asia, the North Atlantic and the Mediterranean Sea.

A reduction of COMB of 50% (Scenario S3) results in a significant
deposition reduction over only 4 regions: Europe, the Arctic, the Medi-
terranean Sea and the North Atlantic.

When a reductions of 10% (Scenario S10) is applied to the top 6
emitters of the relevant sectors contemporaneously, no one receptor
shows an advantage in terms of significant deposition change, whereas
when the reduction is the 20% (Scenario S11), only the deposition
reduction over Australia, South Asia, the Southern Ocean and the Ant-
arctic is not significant. A reductions of 50% (Scenario S12) applied to
the top 6 emitters leads to a significant deposition reduction over all
receptor regions.

Fig. 7 summarises which regions benefit the most and least from the
emission reductions in the scenarios.

For the Arctic, Mediterranean Sea and North Atlantic the Hgan,
short-term deposition decreases significantly in 5 out 9 scenarios. In
particular these regions benefit from 50% Hg,n¢, emission reduction for
each of the macro-sectors, COMB (S3), INDU (S6) and INTW (S9), and
also for the 20% and 50% emission reduction from all macro-sectors
(S11 and S12). The same applies to Middle East Asia and the North
Pacific, with the exception of 50% reduction from COMB (S3). By
contrast, Hg,n¢, short-term deposition over the Antarctic and South Asia
is significant only in the S12 scenario. It is significant for South Equa-
torial Africa only in the S11 and S12 scenarios, whereas over the
Southern Ocean and Australia the deposition reduction is significant
only in the S9 and S12 scenarios. This range of significance, demon-
strated by the policy scenarios in the different receptors, is due to the
rather broad confidence interval of the Hgune, deposition over some of
the receptors, in particular those reported in the lower panel of Fig. 7
(for details, see De Simone et al. (2017b)).

Fig. 8 summarises the numbers of the receptor regions where the
investigated policy scenarios lead to a significant decrease in Hganm
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short-term deposition, as calculated by CTM emulator module.

As noted previously, only a meaningful (at least 20%) and contem-
poraneous reduction of Hg,nn emissions of all the macro-sectors
considered has a significant effect over most receptors globally (to 17
of 21 and to all 21 receptors for a reduction of 20% and 50%,
respectively).

3.4. Long-term effects of policy scenarios

The BGCM module, integrated in the web application, was then
exploited to evaluate the scenario being investigated in terms of long-
term effects on Hggs deposition over oceans and Hggs burden within
the intermediate ocean layer, the results of which are shown in Figs. 9
and 10, respectively.

No one scenario associated with COMB and INDU macro-sector
Hganth emissions produces significant changes in the BGCM indicators
analysed, although the S6 scenario resembles the lower 95% CI limit of
the current, Business as Usual, scenario. When considering the INTW
macro-sector, only the scenario with a reduction of 50% led to a sig-
nificant change in terms of both Hggs deposition over oceans and the
Hggs burden within oceans. Also, when considering all macro-sectors,
both the reduction of 20% and 50%, scenario S11 and S12, result in
significant change.

4. Discussion
4.1. Challenge for policy implementation

The crucial role of the scientific community to inform policy makers
is being demonstrated during the current (at time of writing) corona-
virus pandemic, European Union, 2020 (https://ec.europa.eu/info/si
tes/info/files/research_and_innovation/contact/documents/factshee
t_sharing-knowledge-informing-policy Ir.pdf). An efficient and timely
cooperation between scientific community and policy makers and
stakeholders may lead to enforce the legislation and evaluate its effec-
tiveness over a given period of time. Science is generally focused on
monitoring our ecosystems using state of the art methodologies and
technologies, understanding chemical and physical processes and how


https://ec.europa.eu/info/sites/info/files/research_and_innovation/contact/documents/factsheet_sharing-knowledge-informing-policy_lr.pdf
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Table 3

Hgantr deposition changes, expressed as a percentage, over the land and ocean receptors for the scenarios evaluated with HERMES. Bold values indicate significant changes.
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they may affect the uncertainty associated to our measurements, vali-
date CTMs against measurements, and disseminating major findings in
scientific peer-reviewed literature. Information Technology can help in
the preparation of tools that “translate” scientific findings into user-
friendly interfaces. The GOS*M-KH is implementing this approach by
providing a tool to analyse long-term (up to decades) Hg deposition
scenarios with changing anthropogenic emission regimes. The over-
arching goal is that monitoring data sets, multi-compartment model
runs, geospatial data analysis and graphical rendering that are usually
research tools, are brought to end-users for customised assessments.

In the policy making context such as that related to a Conference of
Parties (COP), Representatives of Countries, NGOs, and Stakeholders are
called to take decisions that should ensure the achievement of policy
target(s) that may (will) likely have significant implications on various
economic sectors (i.e., industrial and manufacturing sectors) at their
country or regional scale. Therefore, there is a strong need to make
available user-oriented knowledge hubs or systems that allow to analyse
possible links between causes (emission sectors or emission regions) and
effects (i.e., human exposure to Hg bioaccumulated in the food chain)
and identify cost-effective strategies that may allow decision makers to
reduce the risk associated to these Hg exposure patterns. The GOS*M-KH
is an example of a user-friendly platform that may allow decision makers
to evaluate different options for answering specific policy relevant
questions (i.e., what is the reduction of Hg bioaccumulated in fish to a
given reduction of anthropogenic emissions to the atmosphere?) and
choose the most cost-effective strategy that has been proved to be more
suitable for a given country or region.

The challenge in designing and running the GOS*M-KH lies also in
the need for collaborative effort. The GOS*M Flagship has a well-
established Governance and all Members are major experts in the
various fields of mercury science. Scientists that manage monitoring
networks, run regional or global mercury multi-compartment models,
analyse chemical and physical processes affecting Hg dynamics, are part
of this community oriented to support policy implementation. It is well
known that the scientific community has supported since the beginning
(2002) the preparation of the Minamata Convention on Mercury and is
engaged in assisting all interested parties in its implementation. The
possibility to use well validated platforms, which integrate monitoring
data with state of the art multi-compartment models and policy scenario
analysis, may contribute to ensure that policy decisions will be based on
well consolidated scientific evidence.

4.2. Current implementation and future development

The Hgannr tool and the scenario analyses presented and discussed
here, show the potential use of robust and validated scientific modelling
tools by non-expert end-users.

To overcome the temporal scope of the previous published HERMES-
CTM emulator (De Simone et al., 2020), it has been coupled with a
BGCM, adapted from Selin (2014), which is called by the web applica-
tion following the execution of CTM module. At this stage of develop-
ment, however, the BGCM considers a single ocean compartment.
Therefore, currently it is possible to analyse only the overall effects on
oceans, without the possibility to assess the impact on single basins, or
fisheries. In the future development, a more detailed BGCM will be
included, considering explicitly the same ocean basins defined for the
CTM emulator, in order to extend the temporal scope of the scenario
assessment within a source-receptor framework.

The improvement of the application (De Simone et al., 2020) in-
troduces the possibility to act on a single macro-sector, as defined in
AMAP/UNEP (2013). However, at this stage, it is only a support aid in
calculating the corresponding new speciation ratio when the Hganhr
emissions are reduced for a specific (set of) macro-sector(s). The possi-
bility of applying one of a set of available BAT(s) to reduce Hganthr
emissions for each macro-sector will be introduced in a future devel-
opment step, along with the incurred economic and social costs, in order
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Fig. 7. Receptors that benefit the most (upper panel) and the least (lower panel), in terms of the number of scenarios (reported in the legend) where the Hg,n, short-
term deposition reduction as calculated by HERMES is significant. The asterisks above the bars indicate the significance of the Hg,n, short-term deposition reduction.
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Fig. 8. Numbers of receptors (out of a total of 21) where the Hg,n, short-term
deposition reduction calculated by HERMES is significant, for each of
the scenarios.

that the ratio of environmental benefits to economic costs may be
evaluated.

It should be noted that the significance of a policy scenario regarding
the Hganthr deposition over a receptor region, as calculated by HERMES,
is evaluated by comparing the newly calculated value with confidence
intervals (at 95% level) estimated for the current Hgynm, deposition,
considering an ensemble of runs covering a reasonable range of possible
sources of uncertainty, as described in (De Simone et al., 2017b), and
with the limitations detailed in (De Simone et al., 2020).
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In this version, the estimated confidence intervals (at 95% level)
associated with the current Business as Usual BGCM variable is calcu-
lated for different initial conditions, in particular by running the BGCM
also for lower and upper limit of confidence intervals (at 95% level) of
the deposition of Hganmr over oceans, and calculated by CTM (see De
Simone et al. (2017b).

As a natural, further evolution of the GOS*M-KH, the inclusion of a
BIOTA model will permit to calculate the impact of Hganm, emission
perturbations on Hg concentration in biota, following one of the ap-
proaches proposed in literature Schaefer et al. (2020) and Zhang et al.
(2020), or a newly developed method. This element will close the loop
from emissions to marine biota, since human exposure to Hg occurs
primarily via the consumption of food containing methylmercury
(MeHg), the toxic form of Hg (Bellanger et al., 2013). Currently, a
non-tested BIOTA output widget is present in GOS*M-KH, as illustrated in
Appendix A.1. However, at the moment of submission of this manuscript
this widget is for illustrative purpose only.

Both the existing BGCM and the forthcoming biota model will be
modifiable to explicitly account for climate changes in future versions.
Indeed, the final exposure to MeHg depends on a set of interlinking
physical, biological, chemical and geological processes including release
of emission, transport and chemical transformation into atmosphere,
deposition, air-sea exchange, air-land exchange, chemical trans-
formation (in particular Hg methylation) in oceanic compartments, food
web transfers, and human food intake, that are all influenced by climate
change, land-use, ocean circulation, and ecosystem functions (Giang and
Selin, 2015; Schartup et al., 2019; Schaefer et al., 2020).

Additional Hganey emission inventories, including AMAP, EDGAR
tox vl and 2 (Muntean et al., 2014, 2018), WHET (Zhang et al., 2016b),
and STREETS (Streets et al., 2009; Corbitt et al., 2011), is scheduled to
be shortly included in HERMES, as well as the results of other models,
such as GEOS-Chem (Horowitz et al., 2017), either explicitly or inte-
grated in the uncertainty assessment. Therefore, the next versions of the
GOS*M-KH will be more robust in representing the uncertainty arising
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Fig. 9. Hggs deposition over the oceans from the BCGM model for the different scenarios compared with the Business as Usual.

from using emission inventories and CTMs other than currently sup-
ported, as well as in considering the most recent Hganthy emission
estimates.

5. Conclusions

In this study we demonstrated the capabilities of the GOS*M-KH to
analyse Hganr selected anthropogenic emission reduction scenarios in
supporting interested parties to identify cost-effective strategies that
could be more suitable for a given country or region to achieve the
targets of the Minamata Convention on Mercury. The dashboard back-
end is designed to house different computing modules, which are ar-
ranged in such a way to realise a workflow addressed to study the overall
path of Hg, from its atmospheric releases from anthropogenic activities
to its final end points. Currently, the web application includes two
computing modules: HERMES, a Hg-CTM emulator (De Simone et al.,
2020), built on the ECHMERIT runs (Jung et al., 2009; De Simone et al.,
2017b), with the purpose of calculating the short-term fate of Hganehr
emissions over receptor regions, and a Biogeochemical Model, adapted
from (Selin, 2014), to investigate the long-term effect on Hggg cycling.
These two computing modules are designed to be very efficient
regarding computing time in order to give a real-time experience, with
no lags, to the final users. The dashboard interface is designed with a set
of different widgets arranged to be consistent with the workflow of
computing modules of the back-end, providing the final users with the
possibility to follow the entire process in an intuitive and easy experi-
ence. Therefore, the GOS*M-KH provides the possibility to exploit
complex numerical tools available for modelling the Hg cycle in the
atmosphere and other compartments of the ES for users with no specific
formation or training.

The GOS*M-KH’s purpose is to be an important link between the
scientific community and policy makers and other stakeholders to share
the latest scientific discoveries to decision makers. In this regard the
entire web dashboard was designed to be modular to include different
computing modules from other research groups or updated versions
thereof, allowing for new kinds of analysis to be included, or for new
model or simulation ensembles to be accounted for, either explicitly or
in the uncertainty analysis.

From both a scientific and a policy point of view, the set of policy
Hganthr emission reduction scenarios described above, demonstrates that
only internationally coordinated actions on multiple sectors would have
the ability to attain meaningful effects on the environmental pressure of
Hg over either the short- and long-term.

A final consideration pertains to the overall user experience and ef-
ficiency of the GOS*M-KH compared to that provided by traditional
modelling tools. In particular, the analysis of each of the 12 scenarios
assessed in this study would have required a period from days to weeks,
to prepare inputs, run the models and then collect, analyse, and sum-
marise the results. Using GOS*M-KH, this task was performed in
seconds!
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