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Abstract

The massive influx and subsequent anaerobic decomposition of pelagic Sargassum on
Caribbean coasts release toxic gases, including hydrogen sulfide (H2S), and pose a real
public health hazard, as evidenced by thousands of reported acute exposure cases in Mar-
tinique in 2018. To effectively characterize exposure and identify at-risk areas, we utilized
the interactive web-based dispersion modeling system C-PORT, representing Sargassum
accumulation zones as area sources derived from recent aerial and in situ monitoring data.
Inverse modeling, comparing C-PORT output against Madininair observation data from
2024 to 2025, established emission flux rates ranging from 0.45 to 3.58 mg/m2 per second
for H2S, depending on Sargassum density. The resulting modeled concentrations exhibit
a low average fractional bias (approx. 0.04) when compared to observations. This study
demonstrates that C-PORT can be used to estimate spatially resolved concentrations for
H2S, generate health-risk maps for H2S, evaluate options to mitigate exposure from varying
Sargassum intensity levels, and serve as a crucial tool for public health agencies across
vulnerable coastal regions.

Keywords: air quality; Sargassum; Caribbean; hydrogen sulfide; exposure; dispersion
modeling; ammonia

1. Introduction
Areal coverage of free-floating pelagic Sargassum species (Sargassum natans and Sar-

gassum fluitans) across the tropical Atlantic Ocean has increased alarmingly since 2011
compared to 2000–2009 [1]. Previously confined primarily to the North Atlantic in an
area known as the Sargasso Sea, Sargassum was transported to the tropical Atlantic where
seasonal blooms now form an extensive region stretching from the east coast of Brazil to
the west coast of Africa, known as the Great Atlantic Sargassum Belt (GASB) [2]. Driven by
easterly trade winds, Sargassum accumulates in rafts along the Inter-Tropical Convergence
Zone (ITCZ) [3], particularly in the spring and summer months, and subsequently inun-
dates coastlines throughout the Caribbean, the Yucatan peninsula, and West Africa. Fed
primarily by upwelling phosphorus and nitrogen-fixing cyanobacteria [4] and thriving in
warm water, it is reasonable to assume that Sargassum influxes will be an important issue
for the foreseeable future [5], though the growth of certain Sargassum morphotypes may be
limited by higher sea surface temperatures [6–8].

Sargassum rafts are important ecologically, serving as habitat and nursery areas for
fish, sea turtles, and marine invertebrates and are designated as an Essential Fish Habitat
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in the U.S. South Atlantic and Gulf of Mexico [9], but Sargassum inundation events (SIEs)
can have profoundly negative effects on tourism, fisheries, coastal ecosystems, and human
health [10,11]. Sargassum thrives in pelagic conditions characterized by winds, waves,
and water movement but quickly begins to decompose when washed ashore or in the
more stagnant conditions typical of the nearshore environment around Caribbean islands,
where numerous cays, coves, and mangrove areas receive an influx of Sargassum without a
hydrodynamic mechanism for dispersing the accumulated macroalgal biomass. Sargassum
typically begins to decompose after 48 h, and the decomposition process releases hydrogen
sulfide (H2S) and, potentially, ammonia (NH3) gases [12]. When Sargassum mats accumulate
on shorelines or in nearshore waters, beaches can become undesirable due to foul odors
from H2S, and swimming areas can become inaccessible, impacting the tourism industry,
one of the region’s most important economic drivers. Sargassum blooms can entangle boat
propellers and fishing gear, and the decomposition process can lead to anoxic conditions in
nearshore waters, potentially leading to fish kills, coral bleaching, and impacts on seagrass
beds [11,13]. Of particular concern to coastal residents and visitors alike is the potential
acute exposure to high H2S concentrations during the summer months when SIEs are most
common. In 2018, more than 3300 cases in Guadeloupe and over 8000 cases in Martinique
related to H2S exposure were reported by doctors [12], and the recurring nature of SIEs
suggests that some patients may suffer from chronic exposure. A 2021 study by Resiere et al.
explored the health issues stemming from the 2018 SIEs on Martinique and found a wide
range of health complaints including neurological, digestive, and respiratory disorders,
among others, correlated with the patients’ geographical origins. Furthermore, they found
that patients living near areas with recurring stranded and stagnant Sargassum could be
exposed to H2S levels above 5 ppm for 50 days annually [14].

Given the associations between Sargassum and H2S levels, several studies have ex-
amined H2S emissions from the decomposition process. An in situ study conducted on
the Yucatan peninsula in Mexico used low-cost sensors (SENKO SGT-P industrial safety
monitor with a limit of detection of 0.1–100 ppm, 0.1 ppm resolution) to measure H2S
emissions from the decomposition of Sargassum on beaches [15,16]. They found H2S
concentrations often exceeded 5 ppm beneath beached piles of Sargassum, but that H2S
concentrations were much lower at 1.5 m above the piles and dropped off quickly with
distance to below 0.1 ppm 30 m away from the pile. Researchers in Brazil collected a total
of 20 kg of Sargassum from a beach in Brazil along with 6 L of seawater for “hydrating
the Sargassum” and built a “continuous flow chamber” to measure the emissions of H2S,
methane, carbon monoxide (CO), and oxygen from three different masses of Sargassum
(4, 6, and 10 kg) using AKSO®, SP2nd-NH3 and MULTIGAS PRO gas sensors [17]. They
found that H2S emissions typically did not climb for several days and estimated an average
daily emission rate of 192 g/h/m2, and they did not detect NH3 [17]. Kwak et al. used
chamber-based experiments with “high-sensitivity analytical instrumentation” to calculate
“emission factors for total sulfur, hydrogen sulfide, and sulfur dioxide” from the decom-
position of Sargassum [18]. They collected Sargassum and seawater from shoreline areas in
Key Biscayne, FL during summer (April–July) and winter (November–January) to evaluate
the emissions from Sargassum for summer/winter and with and without the presence of
seawater. They noted a distinct difference between summer and winter Sargassum, but they
did not taxonomically identify the Sargassum species [18], and the difference in color could
have been due to varying levels of decay when collected. They estimated emission rates
for H2S to range from 251 to 543 µg/kg-day for summer Sargassum, with higher emissions
from Sargassum with seawater. Winter Sargassum emissions were also higher in the presence
of seawater, but they only ranged from 20 to 20.8 µg/kg-day.
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Situated in the eastern Caribbean Sea, the island of Martinique is geographically
positioned to experience frequent SIEs [19]. Martinique has an irregular coastline with
both exposed areas and sheltered areas containing a mix of beaches, mangrove areas, and
developed areas. Starting in 2011 and expanding in 2015, Martinique’s Madininair, an
air-quality-monitoring association, began installing Cairnet H2S and NH3 sensors from
ENVEA on the eastern and southern coasts, and they provide web-based access to daily
average concentration data at over 15 different sites on Martinique [20]. The Cairnet
networkable air-monitoring station includes H2S Cairsens microsensors with a limit of
detection of 0.01–20 ppm, 0.001 ppm resolution and NH3 Cairsens microsensors with a
limit of detection of 0.5–25 ppm, 0.001 ppm resolution [21]. Data show a large number of
days above 1 ppm at seven monitor locations (142 days at Baie Cayol, 90 days at Pontalery
Nord, 112 days at Four a Chaux, 63 days at Pointe Hyacinthe, 67 days at Chateau Paille,
51 days at Pointe Faula, and two days at Anse Cafard) between 1 November 2024 and
31 October 2025 [20]. Madininair is also a key member of SARG’COOP, a cooperative
program to combat Sargassum, and they are actively helping to install monitoring networks
on other islands [22].

While sensor data is a fantastic resource for quantifying air quality conditions at a
specific location, funding constraints and other technical limitations prevent the installation
of sensors at a sufficient resolution to comprehensively assess the ambient air quality.
Dispersion air quality models that can predict how pollutants like H2S move through the
lower atmosphere are well-suited for local-scale studies and can be used to characterize air
pollution in areas with sparse monitoring. Community Air Quality Tools (C-TOOLS) [23]
is a collection of web-based dispersion models for interactive scenario analysis that uses
custom meteorology inputs and spatially defined emission sources to calculate pollutant
concentrations at regularly spaced receptor locations in a user-defined domain. C-TOOLS
allows the user to calculate annual average concentrations or short-term concentrations
based on representative hourly conditions at one of four time periods: morning, mid-day,
evening, and off-peak. The Community model for near-PORT applications (C-PORT), a
research-grade member of C-TOOLS initially designed to model air quality issues associated
with seaport operations, allows for the modeling of point, line, and area sources [24,25].
Given that Sargassum tends to aggregate in large clusters when floating or when stranded
upon a beach, the emissions from Sargassum can be considered area sources.

Numerous clinically focused studies have shown strong connections between Sargas-
sum, H2S exposure, and acute and chronic health conditions [12,14,26], and several studies
have calculated emission rates for H2S from decaying Sargassum [15,17,18]. However, there
has been little research to demonstrate how emissions from decaying Sargassum can be
modeled using a dispersion model to assess island-scale air quality. Using an inverse
modeling approach with observation data from November 2024 to October 2025, this study
provides estimates of H2S and NH3 emissions from Sargassum polygon area sources and
the resulting H2S and NH3 concentrations to demonstrate how a web-based dispersion
model can predict H2S and NH3 air pollution at three different sub-domains on Martinique
from varying levels of Sargassum accumulation during SIEs. These concentration maps
provide more complete geographic resolution of potentially hazardous H2S exposure at
any location at risk of future SIEs than the existing monitoring network.

2. Materials and Methods
2.1. Modeling Approach

One of the primary goals of this study was to demonstrate that H2S air pollution
from the decomposition of Sargassum could be modeled using the functionality built into
C-PORT. C-PORT provides 24 ready-to-use seaport domains throughout the continental
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United States, but it is possible to use C-PORT to model air pollution anywhere in the world
if the user can provide polygon-based shapes to represent emission sources, meteorological
data, and emissions magnitudes for those sources. C-PORT also allows for scenario analysis
through a comparison of two model runs. Users have the option to compare model runs
with the same pollutant in the same domain by allowing the user to choose the “base”
model run and the “new” model run. C-PORT then calculates the difference in concen-
trations by subtracting the “base” values from the “new” values. C-PORT is currently
limited to eleven pollutants typically associated with traffic-based pollution studies, like
nitrogen oxides (NOx), carbon monoxide (CO), sulfur dioxide (SO2), and fine particulate
matter (PM2.5). However, in a dispersion model like C-PORT, there are no photochemical
reactions, and the dispersion mechanisms are the same no matter the pollutant, so it is
possible to model an inert pollutant like CO as a proxy for H2S or NH3 using C-PORT
and then use unit conversions to calculate the appropriate concentrations. For this study,
we conducted all C-PORT modeling using CO and then converted the C-PORT output
concentrations from CO in parts per million (ppm) to H2S and NH3 using the following
scaling factors: 1.39/1.15 for H2S and 0.70/1.15 for NH3 based on CDC NIOSH conver-
sion factors for H2S (1 ppm = 1.39 mg/m3 using molecular weight (MW) of 34.08 g/mol at
25 ◦C and 1 atmosphere), NH3 (1 ppm = 0.70 mg/m3 using MW = 17.03 g/mol), and CO
(1 ppm = 1.15 mg/m3 using MW = 28.01 g/mol) [27]. For this study, receptor concentra-
tions were clipped by the island boundary to limit the results to land-based receptors.

2.2. Sargassum Shapes

Many approaches have been used to identify and classify Sargassum clusters in coastal
areas, including those based on satellite data [28,29] and aerial photos [13,30], community-
based photos [31] and in situ data collection [32], and approaches that blend imagery with
machine learning [33]. Given the availability of sensor data and the abundance of published
evidence connecting SIEs with negative health outcomes in Martinique [26,34], this study
relied on shapefiles developed by Teyssier et al. [13]. Teyssier used aerial monitoring from
twenty different days between 22 May 2022 and 29 December 2023 to create polygon shapes
representing Sargassum on the eastern and southern coastlines of Martinique. Shapes
distinguished between Sargassum that had washed ashore (stranded), Sargassum stuck
in the water column (stagnant), or leachates and particulate organic matter in the water
column (brown water). Furthermore, Teyssier estimated Sargassum density and derived
a pressure indicator based on the areal extent and density of Sargassum over the domain.
Figure 1, which is a reproduction with permission from the authors of Teyssier et al. [13],
provides context for how Teyssier classified density. The left panel A shows zoomed-in
examples, while the right panel B shows examples at the bay scale. In this study, density
was used to scale the emission rate.

Due to data availability constraints, Madininair sensor data for the 2022–2023 time-
frame were not publicly available or made available to us upon request, ruling out a
temporally matched comparison of C-PORT modeled concentrations with sensor obser-
vations. Instead, the shapes developed by Teyssier et al. [13] for stranded and stagnant
Sargassum from 20 shapefiles from the 20 aerial surveys were combined into a single non-
temporal dataset using GIS software [35,36] to identify overlapping shapes. The number of
overlaps were then counted, and a likelihood score was assigned based on the number of
times the shapes overlapped (Table 1). The more often Sargassum rafts were mapped to the
same spatial area, the more overlaps occurred, and the more likely it was to find Sargassum
in that place during SIEs. The overlapping shapes were dissolved on the likelihood score,
and shapes with an area less than 19 m2 were removed, since these were the smallest shapes
in the original dataset from Teyssier et al. [13].
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Figure 1. Examples of Sargassum with density values (A) zoomed-in and (B) at the bay scale from
Teyssier et al. [13] (reproduced with permission from the author).

Table 1. Methodology for determining likelihood score.

Likelihood Category Likelihood Score Overlap Range

Unlikely 1 0–3
Likely 2 3–7
Typical 3 8–14
Certain 4 15–20

Finally, the dissolved, overlapping shapes were rejoined to the non-temporal dataset to
get a median density for each shape. This geoprocessing resulted in a temporally indepen-
dent dataset that represents Sargassum as polygon shapes with fields representing Sargassum
type (stranded versus stagnant), likelihood score, and density (ranging from 1 to 8) with a
calculated area. Figure A1 depicts the Sargassum polygons in the Le Robert area.

2.3. Meteorological Data

As a research screening model, C-PORT includes pre-loaded meteorological in-
puts to allow the user to conduct online model simulations for selected meteorological
conditions—Stable, Slightly Stable, Neutral, Slightly Convective, and Convective—and
for each season (winter and summer). The pre-loaded meteorological inputs are based
on hourly weather observations from the U.S. National Weather Service (NWS) moni-
toring sites for 2011. The model also allows the user to upload custom meteorological
inputs for other simulation periods and for simulations outside the continental U.S. The
meteorological inputs include wind speed, horizontal and vertical friction velocity (uS-
tar, wStar), convective mixing height, mechanical mixing height, Monin–Obukhov length,
surface roughness, and reference height. In this study, we used historical meteorological
observations from Martinique Aimé Césaire International Airport (ICAO-TFFF, IATA-
FDF) from 2020 to 2025, downloaded from the National Centers for Environmental In-
formation [37]. The data were processed through AERMET [38], a meteorological data
preprocessor for AERMOD.

Wind roses of hourly surface observations from 2020 to 2025 at the Martinique Aimé
Césaire International Airport are shown in Figure 2. As can be seen from the figure, the
winds are predominantly from the east-southeast. During the summer, the wind patterns
are similar for the whole period, and the average wind speed is 4.75 m/s. While the winds
are mostly from the east-southeast during morning hours, the winds become easterly
during the evening (Figure 2). The calmest period is during the night and early morning
hours, as shown in Figure 3b.
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Figure 2. Wind roses of hourly surface observations at the Martinique Aimé Césaire International
Airport from 2020 to 2025: all hours (a); summer (May to August), all hours (b); morning hours, 5 am
to 9 am (c); evening hours, 6 pm to 10 pm (d).

  

Figure 3. Median values of wind direction (a), wind speed (b), and ambient temperature (c) for
all hourly surface observations at the Martinique Aimé Césaire International Airport from 2020 to
2025, and distribution of stability classes for all hours (d), daytime hours (e), and evening hours and
nighttime hours (f).
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One of the most critical parameters affecting the dispersion of pollutants is atmospheric
stability. In this study, we prepared custom meteorological inputs for C-PORT using the
five most recent years of hourly observations at the Martinique Aimé Césaire International
Airport processed through AERMET to determine the stability classes. All valid hourly
observations are separated into Stable (Monin–Obukov Length (L) > 0) and Convective
(L < 0) conditions. These subsets are then ranked by L-value, from smallest to largest. The
“Stable” hour is selected as the 5th-percentile ranked hour, then “Slightly Stable” hour
is selected as the 50th-percentile ranked hour. Likewise, when the convective hours are
ranked from smallest to largest (L is negative in Convective conditions), the “Convective”
hour is selected as the 95th-percentile ranked hour, and the “Slightly Convective” hour is
selected as the 50th-percentile ranked hour. The “Neutral” hour is selected when all hours
are ranked by the absolute value of their L-value and the 99th-percentile ranked hour is
selected. In all cases, the selected hour contains the wind speed, uStar, wStar, convective
mixing height, mechanical mixing height, L, surface roughness, and reference height.

The distribution of stability classes for all hourly observations at the Martinique Aimé
Césaire International Airport from 2020 to 2025 are shown in Figure 3d–f. As can be
seen from the figure, neutral stability occurs most of the time. Stable and slightly stable
conditions are typical for evening and nighttime hours, while unstable conditions occur
during the daytime. The distribution of stability classes during summer months is similar
to the entire year.

2.4. Inverse Modeling to Estimate H2S Emissions

While the release of toxic gas emissions from the decomposition of Sargassum is well
documented [12], separate emission rates for the decomposition of stranded and stagnant
Sargassum were not yet available (Kwak et al. [18] was released after this manuscript went
into review). Average emission rates for H2S from stranded Sargassum as calculated by
Silva et al. [17] were 192 g/h/m2 or 53.4 mg/m2 per second, while Kwak et al. estimated
H2S emissions rates for dry Sargassum (which can be considered a proxy for stranded
Sargassum) to be between 20 and 251 µg/kg-day or 5.08 × 10−6–6.37 × 10−5 mg/m2 per
second (assuming a typical surface area of 0.114 m2 for a 29 L polypropylene container).
Given the wide range in these estimates, the absence of NH3 emission rates from Sargassum
decomposition in the literature, and the predominance of stagnant Sargassum in Martinique,
we used an inverse modeling approach to estimate emission fluxes from observational
data in Martinique using C-PORT rather than relying on previously published emission
rates. Using the polygon shapes and custom meteorology based on hourly observations at
the Martinique Aimé Césaire International Airport in 2025, a suite of C-PORT model runs
was set up to calculate hourly concentrations from four different Sargassum accumulation
scenarios with four different stability classes (neutral, slightly stable, stable, and slightly
convective) at five different wind directions: 45◦, 67◦, 90◦, 112◦, and 135◦. Sargassum shapes
were grouped based on the likelihood score following the methodology outlined in Table 2.
A low Sargassum accumulation scenario has the fewest shapes (1134 polygons island-wide),
while an extreme Sargassum accumulation scenario uses all shapes (2357 polygons island-
wide). Given the complexity of the Sargassum polygons and the computational burden
on C-PORT, which is proportional to the number of vertices in each modeling shape and
the total number of shapes, it was necessary to divide the modeling into three different
domains as shown in Figure 4: an area in Le Robert commune, an area in Le Vauclin
commune, and an area in Le Diamant commune. A composite image showing the C-PORT
modeling domains (23 km x 13 km with receptors placed at 20 m resolution) encompassing
multiple Madininair monitor sites in Martinique is shown in Figure A2.
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Table 2. Likelihood score and Sargassum accumulation scenarios.

Sargassum Accumulation Scenario Likelihood Scores

Low 1
Medium 1, 2

High 1–3
Extreme 1–4

Figure 4. Martinique commune boundaries [39] with the three modeling domains highlighted.

Monitor data from November 2024 to October 2025 were downloaded for all available
sites from Madininair [20], though latitude and longitude locations for the Madininair
sensor locations were not included. This research uses approximate locations based on
the map provided on the Madininair website [20], and monitor locations ranged from 3 m
to 75 m from the closest coastal point, as represented by the island boundary. Given the
uncertainty in exact location and the sensitivity of model concentrations with distance from
the source, land-based receptor concentrations within one hundred meters around each
approximate monitor location were used for statistical comparisons of observed versus
model concentrations. With a receptor spacing of approximately every 40 m, this approach
allowed for comparing monitor locations with up to a maximum of 21 receptor concentra-
tions. However, when concentrations are clipped by the island boundary, receptor counts
per monitor location range from 10 to 19 depending on the proximity of the approximate
monitor location to the island boundary. Model results at these selected receptors were
post-processed to calculate daily average concentrations using the frequency of occurrence
of various stability categories from 2020 to 2025 (60.2% of hours during neutral stability
conditions, 13.5%—slightly stable, 10.1%—stable, and 14.7%—slightly convective) for com-
parison with Madininair observations and health-related exposure guidelines. For each
domain and wind direction, a daily average concentration for H2S and NH3 was calculated
using Equation (1).

Conc24avg = (ConcNeutral × 15 + ConcSStable × 4+ConcStable × 2 + ConcSConv × 3)/24 (1)
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where
Conc24avg = Pollutant Daily Average Concentration (ppm);
ConcNeutral = Pollutant Concentration (ppm) from Neutral conditions;
ConcSStable = Pollutant Concentration (ppm) from Slightly Stable conditions;
ConcStable = Pollutant Concentration (ppm) from Stable conditions;
ConcSConv = Pollutant Concentration (ppm) from Slightly Convective conditions.
The inverse modeling approach included multiple model simulations, starting with

an initial guess for emissions, and then manual adjustment of emissions after comparison
with observations in multiple iterations. For the initial modeling, an emission flux rate of
2.54 [mg/(m2s)] was used for the shapes with the highest density D = 8, and the flux rate
was scaled by density for shapes with lower densities (i.e., 1.91 for D = 6, 1.27 for D = 4, 0.64
for D = 2, and 0.32 for D = 1). The initial range of estimated Sargassum H2S emission fluxes
was informed by several different sources given the presence of both stranded and stagnant
Sargassum in Martinique. Hog lagoon studies, which provided insight into theoretical
upper and lower limits of stagnant Sargassum emissions, estimated H2S flux rates from
0.007 mg/(m2s) [40] to 100 mg/(m2s) [41]. Stranded Sargassum emission flux rates ranged
from a calculated flux rate of 2.50 mg/(m2s), corresponding to the median value of 1 ppm
H2S concentrations measured at the source (right above the Sargassum pile) as reported
by Rodríguez-Martínez et al. [15], to 53.4 mg/m2 per second measured by Silva et al. [17].
Given the wide range of H2S emission flux rates, we decided to start our iterative modeling
near the median value measured in situ by Rodríguez-Martínez et al. [15]. The flux rate
was then multiplied by the shape area to determine an emission rate for each shape.

Model results were then compared with observations, and the Normalized Square
Mean Error (NMSE) [42] was calculated using Equation (2) for distributions of modeled
and observed concentrations at seven monitor locations: Baie Cayol, Pontalery Nord, Four
a Chaux, Pointe Hyacinthe, Chateau Paille, Pointe Faula, and Anse Cafard.

NMSE = 1/N ∑ (CObs − CMod)
2/(ConcObs × ConcMod) (2)

where
CObs = Observed concentrations (ppm);
CMod = Modeled concentrations (ppm);
N = number of observations or model predictions in dataset;
ConcObs = Observed concentration averaged over dataset (ppm);
ConcMod = Modeled concentration averaged over dataset (ppm).
Multiple model iterations were conducted to minimize the NMSE to find the emission

rates for which model concentrations best matched with observations across the modeling
domain. First, the emission inputs were adjusted manually using subjective criteria. Then,
C-PORT simulations were performed with adjusted emissions, and model results were
compared with observations. Since C-PORT is optimized for computational efficiency
and designed for quick diagnostic analyses, it was feasible to conduct multiple model
simulations (in the range of 10–20 iterations) to estimate emission inputs which provide
better agreement with observations (i.e., the lowest value of NMSE).

3. Results
After a series of modeling rounds to minimize the NMSE, a final series of C-PORT

modeling runs was initiated for each of the three domains using the emission flux rates for
H2S and NH3 delineated by Sargassum density and presented in Table 3. The zip archive S1
contains all the files necessary to run C-PORT to recreate the output from this study.
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Table 3. H2S and NH3 emission flux rates (mg/m2 per second) by Sargassum density.

Density H2S NH3

1 0.45 0.25
2 0.89 0.51
3 1.34 0.76
4 1.79 1.02
5 2.23 1.27
6 2.68 1.53
8 3.58 2.03

The estimated flux rates vary within an order of magnitude depending on density—from
0.45 to 3.58 mg/(m2s) for H2S and from 0.25 to 2.03 mg/(m2s) for NH3. It is important to note
that the emissions flux rates did not differentiate by Sargassum type, i.e., stranded or stagnant,
as it was not possible to isolate emissions from a single Sargassum type in this study, and at
the time this study was conducted, there were no published comparisons of emission flux
rates for H2S dry Sargassum (stranded) or Sargassum in the presence of seawater (stagnant).
Emission flux rates were converted to emission rates in terms of tons per year for C-PORT
modeling by multiplying the flux values by the emission source area and then converting
to tons per year. A summary of emission rates for H2S and NH3, respectively, are shown in
Tables A1 and A2.

The resulting raw C-PORT short-term concentrations from the final series of C-PORT
modeling runs were post-processed to calculate the daily average concentrations by Sargas-
sum intensity level and wind direction and evaluated through several statistical methods.
A comparison of distributions of modeled versus observed daily average concentrations for
H2S is shown in Figure 5. For each monitor location, modeled distribution values comprise
daily average concentrations at five different wind directions for model results within 100 m
of the estimated monitor location, while observed distribution values comprise data from
November 2024 to October 2025. Both mean and median values of distributions of model
predictions match the observations at monitoring sites with elevated levels (Pontalery
Nord, Four a Chaux, and Pointe Hyacinthe) and low levels of concentrations (Chateau
Paille, Pointe Faula, and Anse Cafard), indicating that the model can reproduce the spatial
patterns of H2S concentrations due to emissions from Sargassum decomposition.

 

Figure 5. Distributions of observed and modeled daily H2S concentrations.
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Distributions of observed versus modeled daily average concentrations for H2S for
four different Sargassum accumulation scenarios (low, medium, high, and extreme) are
shown in Figure 6. This plot highlights how Sargassum intensity influences the predicted
concentrations, primarily due to the number of Sargassum shapes modeled in each intensity
scenario. Furthermore, it demonstrates that modeled concentrations increase as expected
from low- to extreme-intensity scenarios.

 

Figure 6. Distributions of observed and modeled (differentiated by Sargassum accumulation scenario)
daily H2S concentrations.

A comparison of the distributions of observed versus modeled daily average concen-
trations for NH3 for all scenarios combined, and for four different Sargassum accumulation
scenarios (low, medium, high, and extreme) are shown separately in Figures 7 and 8.

 
Figure 7. Distributions of observed and modeled daily NH3 concentrations.
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Figure 8. Distributions of observed and modeled (differentiated by Sargassum accumulation scenario)
daily NH3 concentrations.

The model does not reliably reproduce the spatial patterns of observed NH3 concen-
trations from stranded and stagnant Sargassum decomposition, though modeled concentra-
tions increase as expected from low- to extreme-intensity scenarios.

3.1. Evaluating Model Performance

Model performance statistics for the final C-PORT daily average concentrations
were calculated for all monitors using distributions of model predictions unpaired in
space and time. These statistics include NMSE (Equation (2)) and Fractional Bias (FB)
(Equation (3)) [42]:

FB = 2((ConcObs − ConcMod)/(ConcObs + ConcMod)) (3)

where
ConcObs = Observed concentration averaged over dataset (ppm);
ConcMod = Modeled concentration averaged over dataset (ppm).
An ideal model performance will be when FB = 0 and NMSE = 0. According to Kumar

et al. [43], the performance of a model can be deemed as acceptable if NMSE is less than or
equal to 0.5 and FB is between −0.5 and 0.5. Model performance metrics FB and NMSE
across seven monitoring sites for H2S and NH3 are summarized in Tables 4 and 5.

Table 4. Model performance metrics: FB for H2S and NH3.

Monitoring Site FB H2S FB NH3

Baie Cayol 0.92 0.77
Pontalery Nord −0.43 −1.62
Four a Chaux 0.23 0.34

Pointe Hyacinthe 0.08 −1.84
Chateau Paille 0.55 0.98
Pointe Faula 1.11 0.62
Anse Cafard −1.65 1.09

All sites 0.042 0.037
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Table 5. Model performance metrics: NMSE for H2S and NH3.

Monitoring Site NMSE H2S NMSE NH3

All sites 0.324 1.50

While FB is often outside of the 0.5 threshold for individual sites, the combined FB
across all sites is less than 0.05 for both H2S and NH3, indicating good overall model
performance for both H2S and NH3. While NMSE for H2S falls within the 0.5 limit, it is
well outside those limits for NH3, indicating that the emission flux rates for NH3 should
be revisited.

3.2. Mapping Health Risks

As mentioned previously, raw short-term C-PORT concentrations were post-processed
to calculate the daily average concentrations by Sargassum intensity level and wind direction,
and model concentrations were clipped by island boundaries to emphasize onshore impacts.
The highest H2S concentrations in all three domains were associated with 90◦ winds
(Table 6).

Table 6. Maximum daily average H2S concentrations from extreme inundation by wind direction.

Domain 45◦ 67◦ 90◦ 112◦ 135◦

Le Robert 1.79 1.69 5.11 1.95 1.89
Le Vauclin 1.28 1.44 4.69 1.33 1.81

Le Diamant 0.89 0.97 3.42 1.24 1.24

Concentration values were binned using guidance developed by the French Agency
for Food, Environmental and Occupational Health & Safety (ANSES) [44] and shown on the
Madininair website to generate health risk maps. Figure 9 shows the health risks associated
with the extreme Sargassum inundation in Le Robert with east-southeast (112◦) winds, the
dominant wind direction. Daily average concentrations of H2S can reach almost 2 ppm in
some locations under these conditions (Figure A3). Similar concentrations and subsequent
health risks were also estimated in the Le Vauclin domain (Figure A4), while slightly lower
concentrations and risks were modeled in the Le Diamant domain (Figure A5). None of
the domains exceeded the 5 ppm H2S daily average threshold when east-southeast (112◦)
winds were modeled.

Figure 9. Health risk map in Le Robert from the extreme Sargassum inundation scenario with
112◦ winds.
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3.3. Scenario Analysis

The functionality built into C-PORT’s scenario analysis capability was used to calcu-
late the potential air quality benefits associated with Sargassum mitigation measures like
deploying booms or netting or collecting Sargassum before it reaches the coastline. For this
analysis, it was assumed that the deployment of Sargassum mitigation measures would
reduce the intensity of SIEs from extreme to low. Table 7 highlights the median modeled
concentration values at the seven monitor locations in the extreme and low accumulation
scenarios and shows how the difference between the scenarios could result in reducing
Sargassum concentrations by 0.47 ppm (93%) for H2S and by 0.27 ppm (93%) for NH3. Note
that median modeled concentrations for extreme Sargassum accumulation scenarios are
all above the 0.07 ppm ANSES “yellow” threshold, too, with the Pontalery Nord monitor
location above the 1 ppm “orange” threshold. Low accumulation scenarios are all below
the 0.07 ANSES “yellow” threshold except at Pontalery Nord, implying that the mitigation
measures could reduce or even eliminate adverse health effects at most sites.

Table 7. Difference between extreme and low accumulation scenarios for H2S and NH3

concentrations (ppm).

Metric Scenario Baie Cayol Pontalery
Nord

Four a
Chaux

Pointe
Hyacinthe

Chateau
Paille

Pointe
Faula

Anse
Cafard

H2S

Low 0.010 0.125 0.008 0.019 0.047 0.004 0.031
Extreme 0.243 1.168 0.817 0.668 0.314 0.098 0.249

Difference 0.233 1.043 0.809 0.649 0.267 0.095 0.218
% Difference 96 89 99 97 85 96 88

NH3

Low 0.006 0.071 0.005 0.011 0.027 0.002 0.018
Extreme 0.138 0.665 0.465 0.380 0.179 0.056 0.142

Difference 0.133 0.594 0.460 0.370 0.152 0.054 0.124
% Difference 96 89 99 97 85 96 88

4. Discussion
Sargassum continues to be a problem for coastal communities from West Africa to the

Caribbean and into the Gulf of Mexico. Overwhelming quantities of Sargassum associated
with SIEs negatively impact coastal ecosystems, tourism, and human health, and estimates
of the economic impacts are in billions of dollars each year in Puerto Rico, the U.S. Virgin
Islands, and coastal Florida alone [45]. Given the scope of the crisis, there is surprisingly
little published research on the air quality concerns associated with Sargassum decompo-
sition, other than the work of Resiere et al. in Martinique [12,14,26]. Published estimates
of H2S emission rates from decaying Sargassum vary significantly with several orders of
magnitude separating the lowest emission flux rates [18] from experimental measurements
for both stranded and stagnant Sargassum from Florida, the in situ estimates of H2S concen-
trations from stranded Sargassum [15] in Mexico, and the experimental average flux rate
of stranded Sargassum from Brazil [17]. This study uses inverse modeling to compare C-
PORT short-term concentrations against Madininair observation data from 2024 to 2025 to
establish blended emission flux rates for H2S and NH3 from the decomposition of stranded
and stagnant Sargassum for varying levels of SIEs. Furthermore, modeled concentrations
for three different domains on Martinique are used to generate health risk maps for H2S
exposure to demonstrate how the C-PORT dispersion model can serve as a valuable tool
for public health agencies during SIEs.

The emission flux rates presented in this study represent a blend of emissions from
stranded Sargassum and stagnant Sargassum, and they are several of orders of magnitude
higher than the rates calculated based on Kwak et al. [18] but an order of magnitude
lower than the rate reported by Silva et al. [17]. The flux rates are slightly higher than
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the median rate calculated from Rodríguez-Martínez et al. [15] at 1 m above stranded
Sargassum piles, which is supported by the higher flux rates for Sargassum in the presence
of seawater presented in Kwak et al. [18], though their findings suggest that stagnant
Sargassum emission flux rates could be twice the level of stranded Sargassum. It is important
to note that this type of inverse modeling to estimate the emission flux rates based on
monitor data propagate throughout the rest of the study and can result in flux rates that
are site-specific and may not be applicable at other sites or in other scenarios. As already
noted, the flux rates used in this study represent an environment with both stranded and
stagnant Sargassum, while other areas that are dominated by stranded Sargassum would
likely use a different, lower emission flux rate.

The model performance in terms of FB for H2S and NH3 predictions was good overall
when considering all seven Madininair monitor locations used in this study, though FB at
individual sites ranged from −1.65 to 1.11 for H2S with similar ranges for NH3. NMSE
for H2S predictions was acceptable when evaluating all locations, though NMSE for NH3

did not meet the 0.5 threshold. Given that Silva et al. [17] did not find any measurable
NH3 in their study, it may be that the decomposition of stranded or stagnant Sargassum
is not a primary contributor to ambient NH3 concentrations at the monitor locations.
If the decomposition of stranded or stagnant Sargassum does not meaningfully impact
NH3 concentrations, it is not surprising that the model performance for NH3 predictions
was poor.

While Rodríguez-Martínez et al. [15] found highly elevated levels of H2S under
stranded Sargassum, the concentrations 1.5 m directly above the piles were much less, and
concentrations quickly dropped below health advisory criteria (1 ppm) at 30 m and beyond.
Accordingly, they found that stranded Sargassum did not pose an acute exposure risk for
nearby tourists or residents. Recent Madininair monitor data showed a large number of
days above 1 ppm at the seven sites [20]. When considered together, these two findings
suggest that some or all Madininair monitor locations with elevated H2S concentrations
are located 10 m or less from the shoreline, and for monitor locations with daily average
concentrations at or above health advisory criteria located more than 10 m away from the
shore, emissions from stagnant Sargassum likely play an important role in nearshore air
quality. This finding is supported by Kwak et al. [18] who reported H2S emission flux rates
for summer Sargassum in the presence of seawater over twice the rate for dry Sargassum.
For islands like Martinique with complex coastlines and varied coastal topography and
hydrodynamics, emissions from stagnant Sargassum are likely a key contributor to air
quality concerns during periods of SIEs.

The methodology employed in this study can be used to model the air quality impacts
associated with Sargassum anywhere in the world. Modeled concentration outputs can help
islands without H2S monitors to identify areas of concern or be paired with in situ obser-
vation networks to provide a more comprehensive assessment of the air quality impacts
of SIEs. Public health officials can leverage existing Sargassum forecasts like those from
CARICOOS [46], NOAA [47], the Sargassum Watch System (SaWS) [48], SAMtool [49], and
others to inform C-PORT model runs to create early-warning systems designed to minimize
human exposure to unhealthy H2S concentrations. Furthermore, the scenario analysis
capabilities built into C-PORT can be used to model the air quality benefits associated with
Sargassum mitigation measures like floating barriers, nets, and booms, harvesting vessels, or
even beach collection and removal [50]. C-PORT can be used to estimate the concentrations
before mitigation and then after mitigation to calculate the difference in concentrations.

In terms of mitigation strategies, U.S. sites face regulatory hurdles associated with
harvesting Sargassum due to its designation as an Essential Fish Habitat [50] and other
federal statutes like the United States Endangered Species Act of 1973 [51]. Many coastal
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areas are protected by regulation, are difficult to access, or have substrates that do not
lend themselves to Sargassum removal after the Sargassum has washed ashore. Existing
regulations may therefore create a situation where Sargassum is allowed to decompose,
creating economic, ecological, and human health concerns. Given the scope of the problems
associated with SIEs, it may be that U.S. federal regulators need to reevaluate the Essential
Fish Habitat designation to increase the number of viable mitigation strategies available to
coastal communities.

There were several important limitations affecting the results of this study. First, this
study was limited by not having the exact locations of the Madininair monitor locations.
Since this study used approximate monitor locations, statistical analyses showing correla-
tions between the distance from the shore and both observed concentrations and modeled
concentrations were not possible, nor could this study definitively rule out the possibility
that monitors with regular H2S concentrations above 1 ppm were located within 10 m of the
shoreline. This, in turn, prevented a conclusive statement about the potential contributions
of stagnant Sargassum emissions. Second, the inverse modeling approach and the diverse
collection of Sargassum input polygons with different Sargassum types at all study locations
did not allow for the calculation of separate emission flux rates for different Sargassum
types. Kwak et al. [18] demonstrated that Sargassum in the presence of seawater has a higher
H2S emission flux rate than dry Sargassum, particularly for what they termed “summer”
Sargassum, and that the emission flux rates change over time while Sargassum decomposes.
However, the emission flux rates calculated in this study were several orders of magnitude
higher than the experimental values recorded by Kwak et al. [18]. The differences in flux
rates could be related to the density of Sargassum in the field compared to the density used
in the lab-based studies. Kwak et al. [18] used small-mass experiments (2.5 g of Sargassum)
while Silva et al. [17] used between 4 and 6 kg of Sargassum in their experiments. Given
that density is a measure of mass per unit volume, it is possible that the Kwak et al. [18] Sar-
gassum was lightly compressed, while the Silva et al. [17] Sargassum was highly compressed
in order to fit into their chamber. If the resulting densities used in both of those lab-based
studies differed from typical in situ densities, this could explain the large differences in H2S
emission flux rates. The inverse modeling approach used in this study, where H2S emis-
sion flux rates are based on matching model predictions with observations, may be more
representative of typical Sargassum densities in Martinique. Additional research to develop
a standardized methodology to assess Sargassum density in the field and identify the age
and vitality of the Sargassum based on its color, particularly if that methodology is based on
aerial or satellite-based estimates, could help provide better context on appropriate flux
rates to use in future dispersion modeling. In addition, having separate emission flux rates
for stranded and stagnant Sargassum used in tandem with real-time Sargassum forecasts
can provide the best available air quality forecasts, as different flux rates over time could
be employed to better capture the decomposition timeframe. Third, the current available
version of C-PORT v5.1 is now over seven years old, and it does not natively calculate H2S
or NH3 daily average concentrations. A new version of C-PORT specifically designed for
modeling Sargassum could improve the usability of the tool and expand the feature set for
Sargassum-based applications. Finally, this study would have benefited from the use of
observed H2S and NH3 concentrations to match the data collection window described in
Teyssier et al. [13]. Matching Sargassum shapes with their original densities and comparing
C-PORT model results with temporally matched observation data would have led to more
refined emission flux rates for both H2S and NH3, though the approach used in this study
with accumulation scenarios based on a likelihood score and a median density value is
more flexible and can be applied to different study locations.
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5. Conclusions
This work demonstrated how C-PORT, a web-based dispersion model, could be used

to characterize H2S concentrations from the decomposition of Sargassum over several
regions of Martinique. The research quantified the blended H2S emission flux rates from
stranded and stagnant Sargassum based on an iterative inverse modeling approach that
compared monitor concentrations with dispersion model receptor concentrations at seven
sites in Martinique and compared the flux rates with other published research. Model
performance for H2S concentrations, as evaluated by FB and NMSE across the seven sites,
was good, though performance for NH3 concentrations did not meet acceptable levels for
NMSE, and it may be that Sargassum decomposition does not meaningfully contribute to
NH3 concentrations.

The findings support the potential utility of C-PORT for modeling SIEs, and the
methodology can serve as a template for modeling the air quality impacts of Sargassum
emissions at locations across the Caribbean or the Gulf of Mexico. The approach also
demonstrates how C-PORT could be used to characterize the air quality benefits of miti-
gation strategies by comparing air quality concentrations from an extreme-intensity SIE
with that of a low-intensity SIE. Future research should work to develop a standardized
approach to identify Sargassum vitality and classify Sargassum density based on aerial
or satellite imagery to ensure that appropriate H2S emission flux rates are used in air
quality modeling.
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ANSES French Agency for Food, Environmental and Occupational Health & Safety
CO Carbon monoxide
C-PORT Community model for near-PORT applications
C-TOOLS Community Air Quality Tools
FB Fractional Bias
GASB Great Atlantic Sargassum Belt
H2S Hydrogen sulfide
IATA International Air Transport Association
ICAO International Civil Aviation Organization
ITCZ Inter-Tropical Convergence Zone
L Monin-Obukov Length
NH3 Ammonia
NMSE Normalized Mean Square Error
NOAA National Oceanic and Atmospheric Administration
NOx Nitrogen oxides
NWS National Weather Service
PM2.5 Fine particulate matter
ppm Parts per million
SaWS Sargassum Watch System
SIEs Sargassum inundation events
SO2 Sulfur dioxide
U.S. United States
uStar horizontal friction velocity
wStar vertical friction velocity

Appendix A

 

Figure A1. Sargassum type (stagnant versus stranded) and density in the Le Robert domain.
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Figure A2. Composite C-PORT image showing the three modeling domains in Martinique on a
Google Maps satellite background with place and road labels [53].

Figure A3. Daily average H2S concentrations (ppm) from the extreme Sargassum inundation scenario
with 112◦ winds.
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Figure A4. Health risk map in Le Vauclin from the extreme Sargassum inundation scenario with
112◦ winds.

Figure A5. Health risk map in Le Diamant from the extreme Sargassum inundation scenario with
112◦ winds.

Table A1. H2S Emissions summary.

Accumulation Type Density Emis. Flux Rate
(mg m−2 s−1) Emissions (kg/day) Area (m2)

Median Min Max Median Min Max

extreme

stagnant 1 0.45 47.76 3.75 494.26 1236.97 97.12 12,800.39
stagnant 2 0.89 46.42 1.49 3505.94 601.06 19.32 45,398.14
stagnant 3 1.34 62.56 4.13 2015.53 540.05 35.62 17,399.27
stagnant 4 1.79 55.31 2.96 14,348.52 358.07 19.16 92,898.89
stagnant 6 2.23 91.17 8.58 2706.97 393.54 37.05 11,684.11
stagnant 8 2.68 117.74 5.89 3665.12 381.13 19.08 11,864.82

stranded 1 0.45 4.57 0.96 339.77 118.38 24.8 8799.39
stranded 2 0.89 11.7 1.83 487.74 151.49 23.74 6315.66
stranded 3 1.34 8.58 3.89 106.58 74.09 33.57 920.03
stranded 4 1.79 16.78 2.96 515.21 108.61 19.16 3335.71
stranded 6 2.23 18.63 4.45 96.6 80.4 19.2 416.96
stranded 8 2.68 35.89 6.1 412.18 116.16 19.73 1334.31
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Table A1. Cont.

Accumulation Type Density Emis. Flux Rate
(mg m−2 s−1) Emissions (kg/day) Area (m2)

Median Min Max Median Min Max

high

stagnant 1 0.45 47.26 3.75 494.26 1223.92 97.12 12,800.39
stagnant 2 0.89 46.42 1.49 3505.94 601.06 19.32 45,398.14
stagnant 3 1.34 58.47 4.13 430.13 504.73 35.62 3713.14
stagnant 4 1.79 98.82 2.96 3397.4 172.64 19.16 21,996.3
stagnant 6 2.23 150.63 8.58 2706.97 650.14 37.05 11,684.11
stagnant 8 2.68 220.06 5.89 3665.12 712.38 19.08 11,864.82

stranded 1 0.45 4.57 0.96 339.77 118.38 24.8 8799.39
stranded 2 0.89 11.7 1.83 487.74 151.49 23.74 6315.66
stranded 3 1.34 8.58 3.89 106.58 74.09 33.57 920.03
stranded 4 1.79 18.85 2.96 515.21 121.99 19.16 3335.71
stranded 6 2.23 32.69 4.57 96.6 141.09 19.72 416.96
stranded 8 2.68 66.38 6.1 412.18 214.88 19.73 1334.31

medium

stagnant 1 0.45 47.26 6.75 463.13 1223.92 174.71 11,994.16
stagnant 2 0.89 27.3 2.58 3505.94 353.48 33.43 45,398.14
stagnant 3 1.34 66.65 4.12 2015.53 575.36 35.62 17,399.27
stagnant 4 1.79 82.59 3.54 3117.79 534.72 22.92 20,186.02
stagnant 6 2.23 150.63 8.58 2706.97 650.14 37.05 11,684.11
stagnant 8 2.68 249.82 5.89 2322.19 808.72 19.08 7517.47

stranded 1 0.45 7.05 1.05 339.77 182.52 27.2 8799.39
stranded 2 0.89 10.48 3.34 487.74 135.63 43.31 6315.66
stranded 3 1.34 4.77 3.89 56.25 41.17 33.57 485.56
stranded 4 1.79 31.87 2.96 515.21 206.37 19.16 3335.71
stranded 6 2.23 4.57 4.57 4.57 19.72 19.72 19.72
stranded 8 2.68 180.68 74.29 412.18 584.89 240.48 1334.31

low

stagnant 1 0.45 124.46 26.09 463.13 3223.17 675.67 11,994.16
stagnant 2 0.89 65.53 9.26 3505.94 848.56 119.93 45,398.14
stagnant 3 1.34 1022.27 29.01 2015.53 8824.87 250.46 17,399.27
stagnant 4 1.79 42.9 3.54 3117.79 277.73 22.92 20,186.02
stagnant 6 2.23 1399.08 91.18 2706.97 6038.83 393.54 11,684.11
stagnant 8 2.68 181.71 16.87 1406.6 588.24 54.6 4553.49

stranded 1 0.45 4.57 1.05 339.77 118.38 27.2 8799.39
stranded 2 0.89 7.69 2.16 487.74 99.58 27.91 6315.66
stranded 3 1.34 4.66 3.89 4.88 40.2 33.57 42.13
stranded 4 1.79 18.18 3.53 515.21 117.73 22.86 3335.71
stranded 8 2.68 180.68 85.39 412.18 584.89 276.41 1334.31

Table A2. NH3 Emissions summary.

Accumulation Type Density Emis. Flux Rate
(mg m−2 s−1) Emissions (kg/day) Area (m2)

Median Min Max Median Min Max

extreme

stagnant 1 0.25 27.18 2.13 281.32 1236.97 97.12 12,800.39
stagnant 2 0.51 26.42 0.85 1995.44 601.06 19.32 45,398.14
stagnant 3 0.76 35.61 2.35 1147.16 540.05 35.62 17,399.27
stagnant 4 1.02 31.48 1.68 8166.59 358.07 19.16 92,898.89
stagnant 6 1.53 51.89 4.89 1540.7 393.54 37.05 11,684.11
stagnant 8 2.03 67.01 3.35 2086.03 381.13 19.08 11,864.82

stranded 1 0.25 2.6 0.55 193.38 118.38 24.8 8799.39
stranded 2 0.51 6.66 1.04 277.6 151.49 23.74 6315.66
stranded 3 0.76 4.88 2.21 60.66 74.09 33.57 920.03
stranded 4 1.02 9.55 1.68 293.24 108.61 19.16 3335.71
stranded 6 1.53 10.6 2.53 54.98 80.4 19.2 416.96
stranded 8 2.03 20.43 3.47 234.59 116.16 19.73 1334.31
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Table A2. Cont.

Accumulation Type Density Emis. Flux Rate
(mg m−2 s−1) Emissions (kg/day) Area (m2)

Median Min Max Median Min Max

high

stagnant 1 0.25 2.13 26.9 281.32 1223.92 97.12 12,800.39
stagnant 2 0.51 0.85 26.42 1995.44 601.06 19.32 45,398.14
stagnant 3 0.76 2.35 33.28 244.81 504.73 35.62 3713.14
stagnant 4 1.02 1.68 56.24 1933.66 172.64 19.16 21,996.3
stagnant 6 1.53 4.89 85.73 1540.7 650.14 37.05 11,684.11
stagnant 8 2.03 3.35 125.25 2086.03 712.38 19.08 11,864.82

stranded 1 0.25 0.54 2.6 193.38 118.38 24.8 8799.39
stranded 2 0.51 1.04 6.66 277.6 151.49 23.74 6315.66
stranded 3 0.76 2.21 4.88 60.66 74.09 33.57 920.03
stranded 4 1.02 1.68 10.73 293.24 121.99 19.16 3335.71
stranded 6 1.53 2.6 18.6 54.98 141.09 19.72 416.96
stranded 8 2.03 3.47 37.78 234.59 214.88 19.73 1334.31

medium

stagnant 1 0.25 26.9 3.84 263.6 1223.92 174.71 11,994.16
stagnant 2 0.51 15.54 1.47 1995.44 353.48 33.43 45,398.14
stagnant 3 0.76 37.93 2.35 1147.16 575.36 35.62 17,399.27
stagnant 4 1.02 47.01 2.01 1774.52 534.72 22.92 20,186.02
stagnant 6 1.53 85.73 4.89 1540.7 650.14 37.05 11,684.11
stagnant 8 2.03 142.19 3.35 1321.7 808.72 19.08 7517.47

stranded 1 0.25 4.01 0.6 193.38 182.52 27.2 8799.39
stranded 2 0.51 5.96 1.9 277.6 135.63 43.31 6315.66
stranded 3 0.76 2.72 2.21 32.01 41.17 33.57 485.56
stranded 4 1.02 18.14 1.68 293.24 206.37 19.16 3335.71
stranded 6 1.53 2.6 2.6 2.6 19.72 19.72 19.72
stranded 8 2.03 102.83 42.28 234.59 584.89 240.48 1334.31

low

stagnant 1 0.25 70.84 14.85 463.13 3223.17 675.67 11,994.16
stagnant 2 0.51 37.3 5.27 3505.94 848.56 119.93 45,398.14
stagnant 3 0.76 581.84 16.51 2015.53 8824.87 250.46 17,399.27
stagnant 4 1.02 24.42 2.01 3117.79 277.73 22.92 20,186.02
stagnant 6 1.53 796.3 51.89 2706.97 6038.83 393.54 11,684.11
stagnant 8 2.03 103.42 9.6 1406.6 588.24 54.6 4553.49

stranded 1 0.25 2.6 0.6 339.77 118.38 27.2 8799.39
stranded 2 0.51 4.38 1.23 487.74 99.58 27.91 6315.66
stranded 3 0.76 2.65 2.21 4.88 40.2 33.57 42.13
stranded 4 1.02 10.35 2.01 515.21 117.73 22.86 3335.71
stranded 8 2.03 102.83 48.6 412.18 584.89 276.41 1334.31
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