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a b s t r a c t
There has been in recent years an increase in interest and concerns about natural disasters, both in 
the scientific community and the society, in relation to their frequency and intensity, the associa-
tion to global warming, and cyclones (hurricanes and medicanes). In this work, two environmental 
hydrodynamics models are presented. The first model is built for Hurricane Irma that took place in 
2017 in the Caribbean and the second for medicane Zorba that took place in 2018 in the Mediterranean 
Sea. The models were developed using downscaling techniques on the MOHID platform (a free 
open model developed for hydrodynamic solution). Water surface currents results are presented 
for regions of interest together with water level variations in Virtual Maregraphic Stations, “Isabella 
de Sagua” at Sagua de la Grande in Cuba, Key West in USA, Katacolon and “Kalamai” in Greece, 
all of them located in the trajectory of both cyclones. Promising results on the modeling of the 
interaction between water and the atmosphere aligned with available open-source data demonstrate 
the accuracy of inverse problem-based solutions for natural disaster modeling and its potential for 
drift simulation of floating objects in future studies.
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1. Introduction

The Intergovernmental Panel on Climate Change IPCC 
claims the existence of scientific evidence about global 
warming and human-caused greenhouse gas emissions [1]. 
Additionally, a strong scientific interest in natural disasters, 
such as hurricanes and medicanes [2–4], is observed in the 
literature with the aim to understand their relationship with 

global warming and the possible increment of their fre-
quency and intensity [2–4]. Hurricanes are extreme natural 
events with potentially devastating effects on society, both 
in terms of property damage and loss of human life. In the 
Caribbean countries, hurricanes are particularly frequent 
phenomena, and, therefore, the great scientific effort is 
devoted to modeling and forecasting such events. According 
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to the National Oceanic and Atmospheric Administration 
(NOAA-USA), Hurricanes Harvey, Irma, and María have 
inflicted severe damage with costs estimated at U$265 bil-
lion [5]. On the other hand, medicanes are cyclones over 
the Mediterranean Sea, and are rare, smaller in size than 
tropical hurricanes, but with a similar structure. Even 
though at present such events are infrequent, they may 
become more frequent in the future as an effect of climate 
change [6]. Medicanes combine intense winds and heavy 
precipitation, and, therefore, can also produce significant 
damage [7]. In this work, the environmental hydro dynamics 
in the Caribbean and Mediterranean Seas are modeled using 
downscaling techniques on the MOHID platform [8,9]. 
The first critical extreme event of interest was Hurricane 
Irma (2017), with a significant impact on Caribbean coun-
tries, such as Barbuda, Puerto Rico, and Cuba, while 
the second one was the medicane Zorba, with significant 
impact on Greece (2018).

The objective of the present work is to compare water 
level measurements and model results for those two extreme 
events, using open free data and modeling tools, to be 
used in the near future in the formulation and solution of 
Inverse Problems for drift simulation of floating objects 
with relevant applications such as plastic, oil, or pollutants 
transport.

2. Methods

The MOHID (MOdelagem HIDrodinâmica – Hydrodynamic 
Modeling) Platform is a computational tool for hydro-
dynamic simulation, that is capable of simulating the 
transport of components in suspension and solution. The 
tool has been used to simulate complex features present in 
outflows observed in several coastal and estuarine areas 
[8–12]. MOHID’s source code can be downloaded from the 
website www.mohid.com.

In MOHID’s geometry module the vertical spatial dis-
cretization uses different coordinate systems which can 
be Sigma, Cartesian, or both combined. The sigma coordi-
nate system applied alone at the first level, allows a more 

convenient representation of the ocean/sea bottom near 
the coast. In the present work, a combination of these two 
coordinate systems (Sigma and Cartesian) is adopted for 
the second level, while sigma is adopted as the top domain 
and Cartesian is used to represent the bottom. Fig. 1 pres-
ents the Sigma and Cartesian coordinate systems used in 
the second level.

The three-dimensional hydrodynamic model available 
in the MOHID water solves the Navier–Stokes equations 
[Eqs. (1)–(4)] considering the Boussinesq and hydrostatic 
approaches [9].
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where ui are the velocity components in the Cartesian direc-
tions xi, η is the elevation of free surface, f is the Coriolis 
parameter, vh is the turbulent viscosity, ps is the atmospheric 
pressure, and ρ is the reference density, ρ′ is the specific 
mass anomaly, and ρη is the density at the free surface.

The equation obtained for free surface is derived by the 
integration of the equation of continuity in the water column:
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Fig. 1. Representation example of the spatial discretization and MOHID’s coordinate systems.
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where η is the free surface elevation and –h is the bottom 
depth.

The model also solves the transport equation for any 
properties (θ), like salinity and temperature (Eq. (6)).
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where K is the diffusivities of θ and F are the possible 
sinks or sources.

Fig. 2 presents the 1st and the 2nd levels of down-
scaled bathymetric maps considered for the Northeastern 
Mediterranean region (a, b) and for the Western Caribbean 
Sea (c, d). Both models use a horizontal 0.12° grid discret-
ization in the first level (a, c). For the second level, the 
Northeastern Mediterranean model uses a 0.04° grid dis-
cretization (b) and the Caribbean model keeps the 0.12° 
grid discretization, as used in the first level.

The Caribbean and Mediterranean Hydrodynamic 
Models described in this work used bathymetric informa-
tion from GEBCO [13], atmospheric data from GFS [14], 
tidal components from FES2012 [15], and oceanographic 
data from the Copernicus Project [16]. The GOTM (General 
Ocean Turbulence Model), with the k-ε model for the tur-
bulent kinetic energy, is used to calculate the viscosity and 
diffusivity coefficients [17]. The downscaling technique 
was used for both models (Caribbean and Mediterranean) 
with two levels. In the first level, tidal data are forced (baro-
tropic model) to compute values that are imposed on the 
subsequent level that constitute the downscaled baroclinic 
model. This approach is often applied to simulate oceanic 
hydrodynamics, where the flow is influenced by den-
sity variations. The Open Boundary Conditions (OBC) 
in both nested downscaling models are set according to 
each domain [9].

3. Results and discussion

3.1. Caribbean model

For the evaluation of the effects caused by the Hurricane 
Irma two Virtual Maregraphic Stations, “Isabela de Sagua” 
(Longitude = –80.02°; Latitude = 22.93°) in Cuba and “Key 
West” (Longitude = –80.02°; Latitude = 22.93°) in the USA 
were positioned in the model to capture the water level 
variation [18,19]. In Fig. 3, their locations are shown using 
the same bathymetric map already presented in Fig. 2d, 
zoomed in the area of interest.

Figs. 4a and b show the velocity modulus for the wind 
in the atmosphere (top figures) and the water surface cur-
rents (bottom figures), calculated with the Caribbean model 
for the time period from September 6th to 8th, 2017 and 
September 9th to 11th 2017, respectively.

It is important to note in Figs. 4a and b that the hurricane 
Irma appeared in the atmosphere at a large distance from 
the hydrodynamic domain in September 6th and 7th, and 
then it approached Cuba between September 9th and 10th. 
The effects of the high wind velocities are seen in the water 
surface currents, particularly on September 10th when it hit 
Cuba along the coastline. After that time period, hurricane 
Irma hit the USA on September 11th before vanishing.

Fig. 5 shows the water level variation at the “Key West” 
Maregraphic Station, located in Florida, USA, for a time 
period that includes the passage of Hurricane Irma for both 
MOHID modeled results and measurements from Sea Level 
Station Monitoring Facility [19]. It is possible to observe 
an unexpected rising of water level that coincides with the 
passage of the hurricane, even during a period of moderate 
astronomic tides (neap tides), between September 8th and 
11th 2017.

In Fig. 6, the water level variation is shown at the Virtual 
Maregraphic Station “Isabela de Sagua” [18], located in 
Sagua la Grande, Cuba for a time period that includes the 
passage of Hurricane Irma, experimental measurements 
were not available for “Isabela de Sagua” Station. It is pos-
sible to observe an unexpected rising of water level that 
coincides with the passage of the hurricane, even during a 
period of moderate astronomic tides (neap tides), between 
September 8th and 11th 2017. The effects caused by the 
Hurricane Irma are more intense than what is observed 
for Key West Station, but experimental measurements are 
not available for comparison.

3.2. Mediterranean model

The evaluation of the effects caused by the medicane 
Zorba was performed using two Virtual Maregraphic 
Stations, “Kalamai” located in Kalamata (Longitude = 22.12°; 
Latitude = 37.02°) and “Katacolo” (Longitude = 21.32°; 
Latitude = 37.64°), both positioned in the model to capture 
the water level variation [20,21]. In Fig. 7, it is shown their 
locations in Greece using the same bathymetric map already 
presented in Fig. 2b, but now with a zoom in the area of 
interest.

Figs. 8a and b show the velocity moduli for the wind in 
the atmosphere (top figures) and the water surface currents 
calculated with the Mediterranean model (bottom figures) 
are represented for the time period between September 27th 
and 29th 2018, and September 30th to October 2nd, 2018, 
respectively.

It is important to note in Fig. 8a that the hurricane Zorba 
is formed in the atmosphere between September 27th and 
28th and then it hit Greece on September 29th. Again, as 
it was observed in the Caribbean model, the effects of the 
high wind velocities are seen in the water surface currents. 

Fig. 3. Representation of the Virtual Maregraphic Stations 
“Isabela de Sagua” in Sagua la Grande (Cuba) and “Key West” 
in Florida (USA).
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In Fig. 8b the hurricane Zorba is shown to pass throughout 
the Greek territory and dissipate between September 30th to 
October 2nd.

Fig. 9 shows the water level variation at the Maregraphic 
Station “Katacolo” in Greece, for a time period that includes 
the passage of the medicane Zorba nearby, both MOHID 
modeled results and measurements from Sea Level Station 
Monitoring Facility [21] are plotted. It is possible to 
observe that the model was able to capture the rising of 
water level that coincides with the passage of the medi-
cane Zorba and that afterwards this effect vanishes and the 
water level comes back to usual astronomic tidal variation.

In Fig. 10, it is shown the water level variation at the 
Virtual Maregraphic Station “Kalamai” [20], also in Greece, 
for the same period, measurements were not available for 
the “Kalamai” Station. The same unexpected rising of water 
level is observed with the passage of the medicane, something 
that cannot be attributed to the astronomic tides, given the 
acyclic behavior of this level variation. The effects caused by 

Fig. 5. Water Level (partial data available) measurements and model results for the Key West Station in Florida (USA). Hurricane Irma.

Fig. 6. Water Level Results Calculated for a Virtual Station located at Isabela de Sagua, Cuba. Hurricane Irma.

Fig. 7. Representation of the Virtual Maregraphic Stations “Kala-
mai” in Kalamata and “Katacolo” in Katakolon, Greece. Medi-
cane Zorba.
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the medicane Zorba are even more intense at Kalamai Station 
than at Katakolo Station, but no experimental measurements 
are available.

Using a notebook with an Intel® CORE® i5 5200U CPU 
2.22 GHz processor with 8GB RAM, the Caribbean model 
required 166 h to compute the solution for the time period 
of 20 d, that corresponds to a performance of 0.346 model/
reality coefficient, while the Mediterranean model needed 
77 h to compute 8 d, with a performance of 0.388 model/
reality.

4. Conclusions

The downscaling models developed for the Caribbean 
and Mediterranean Seas allowed the simulation of the inter-
action between the water and the atmosphere, resulting in 
the computation of the variation of the sea surface height, 
currents, salinity, and temperature fields. Measurements 

for the water level variation at two Maregraphic Stations, 
one positioned along the Irma Hurricane trajectory and 
the other along the medicane trajectory, were compared to 
model results with good agreement. The results obtained 
are compatible with the available data from open data-
bases and encourage the use of MOHID’s platform in nat-
ural disaster modeling. The results open the possibility of 
using formulation and solution of inverse problems [22] 
for future applications that include environmental parame-
ters estimation and drift simulation of floating objects with 
deterministic [23], stochastic, and hybrid methods [24,25].
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Symbols

ui — Velocity components in the Cartesian directions xi
η — Elevation of free surface
f — Coriolis parameter
vh — Turbulent viscosity
ps — Atmospheric pressure
ρ — Reference density
ρ′ — Specific mass anomaly
ρη — Density at the free surface
η — Free surface elevation
h — Bottom depth
K — Diffusivities of θ
F — Possible sinks or sources
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