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The Island Mass Effect has been primarily attributed to nutrient enhancement of waters
surrounding oceanic islands due to physical processes, whereas the role of land runoff
has seldom been considered. Land runoff can be particularly relevant in mountainous
islands, highly susceptible to torrential rainfall that rapidly leads to flash floods. Madeira
Island, located in the Northeast Atlantic Ocean, is historically known for its flash flood
events, when steep streams transport high volumes of water and terrigenous material
downstream. A 22-year analysis of satellite data revealed that a recent catastrophic flash
flood (20 February 2010) was responsible for the most significant concentration of non-
algal Suspended Particulate Matter (SPM) and Chlorophyll-a at the coast. In this context,
our study aims to understand the impact of the February 2010 flash flood events on
coastal waters, by assessing the impact of spatial and temporal variability of wind,
precipitation, and river discharges. Two specific flash floods events are investigated in
detail (2 and 20 February 2010), which coincided with northeasterly and southwesterly
winds, respectively. Given the lack of in situ data documenting these events, a
coupled air-sea-land numerical framework was used, including hydrological modeling.
The dynamics of the modeled river plumes induced by flash floods were strongly
influenced by the wind regimes subsequently affecting coastal circulation, which may
help to explain the differences between observed SPM and Chlorophyll-a distributions.
Model simulations showed that during northeasterly winds, coastal confinement of
the buoyant river plume persisted on the island’s north coast, preventing offshore
transport of SPM. This mechanism may have contributed to favorable conditions for
phytoplankton growth, as captured by satellite-derived Chlorophyll-a in the northeastern
coastal waters. On the island’s south coast, strong ocean currents generated in the
eastern island flank promoted strong vertical shear, contributing to vertical mixing.
During southwesterly winds, coastal confinement of the plume with strong vertical
density gradient was observed on the south side. The switch to eastward winds spread
the south river plume offshore, forming a filament of high Chlorophyll-a extending
70 km offshore. Our framework demonstrates a novel methodology to investigate ocean
productivity around remote islands with sparse or absent field observations.

Keywords: oceanic island, Island Mass Effect, extreme precipitation, flash floods, small mountainous rivers, river
plumes dynamics, coupled numerical modeling, hydrological modeling
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INTRODUCTION

Deep ocean islands are often characterized by pristine and remote
ecosystems that support important socio-economic activities and
provide resilience to local communities. From an ecological
point of view, oceanic islands are characterized as biodiversity
hotspots. This biological enhancement is strongly associated with
the interaction of the wind and ocean currents with the islands,
which can induce physical perturbations in the atmospheric
and oceanic flows and ultimately boost phytoplankton growth
in the surrounding environment. This concept is coined in
the literature as the Island Mass Effect (IME). IME was first
introduced by Doty and Oguri (1956) to explain the consistent
increase of primary productivity on the windward waters of Oahu
Island in the Hawaiian Archipelago, relative to offshore waters.
Since then, this phenomenon has been intensively investigated
and detected in several island-reef ecosystems around the
world. In the South Pacific, IME processes were investigated
by Jones (1962), Dandonneau and Charpy (1985), Signorini
et al. (1999), Martinez and Maamaatuaiahutapu (2004), Andrade
et al. (2014), Raapoto et al. (2018, 2019), Cassianides et al.
(2020), James et al. (2020), and Messié et al. (2020). In the
North Pacific, IME was investigated in the vicinity of the
Kuroshio current (Hasegawa et al., 2004; Hasegawa, 2019) and
within the Southern California Bight (Caldeira et al., 2005).
In the Equatorial Pacific, IME was investigated around the
Galápagos Archipelago (Palacios, 2002). In the Indian, IME
was studied around the Prince Edward Islands (Perissinotto
et al., 2000). IME processes in the North Atlantic Ocean
were investigated around Gran Canaria Island (Arístegui et al.,
1997) and Madeira Island (Caldeira et al., 2002). Island-induced
physical processes, such as the formation of wakes, eddies,
internal waves, fronts, and upwelling cells, are some of the
features linked to the IME (Leichter et al., 1998, 2003; Signorini
et al., 1999; Caldeira et al., 2002; Palacios, 2002; Hasegawa
et al., 2004; Hasegawa, 2019). These processes are responsible
for the increase of nutrients and consequent enhancement of
the primary productivity in the vicinity of oceanic islands,
supporting the upper trophic levels and, as a consequence, the
distribution of fishing activities in these areas (Chassot et al.,
2010; Gove et al., 2016).

Notwithstanding the current IME studies, the processes
that occur at the land-sea boundary have been less addressed
in the scientific literature. The processes include the role of
benthic mechanisms, such as accumulation of inorganic nutrients
by benthic algae and further nutrients remineralization (Doty
and Oguri, 1956) and nutrient-enrich waters associated with
hydrothermal fluxes (Signorini et al., 1999). The input of
nutrients from submarine groundwater discharges (Street et al.,
2008; Tait et al., 2014; Moosdorf et al., 2015) and from island
surface runoff (Dandonneau and Charpy, 1985; Bell, 1992;
Perissinotto et al., 2000; Messié et al., 2020) have also been
demonstrated to contribute to IME. Island surface runoff is
particularly important in mountainous islands. With rugged
relief and complex river networks flowing through narrow
and steep valleys, these islands are naturally vulnerable to
extreme precipitation events and consequent torrential and rapid

streamflow. During such events, flow in these small rivers—
characterized by relatively small watersheds and a low baseflow
(Kao and Milliman, 2008; Osadchiev and Korshenko, 2017)—
drastically increases. As a consequence, high runoff events
often transport large amounts of terrigenous sediments/nutrients
(Milliman and Syvitski, 1992; Liu et al., 2013; Wang et al.,
2020) and solid material (e.g., mud, rocks, blocks, wreckage)
to the coastal environment, often leading to floods (Vieira
et al., 2018). Such torrential discharge often generates buoyant
river plumes that are easily identified by the high levels of
suspended matter that spread from river mouths and mix with
the surrounding oceanic waters. According to Osadchiev and
Zavialov (2020), the formation, mixing, and spreading of buoyant
river plumes depends on several factors that may be divided
into two groups: (i) site characteristics, such as the geometry
of the coastline and river mouths, bathymetry, and latitude-
dependent Coriolis force (Chao and Boicourt, 1986; Simpson,
1997; Garvine, 1999; Horner-Devine et al., 2006, 2015; McCabe
et al., 2009; Warrick and Farnsworth, 2017); and (ii) external
forcing mechanisms, such as river flow, wind, coastal currents,
tides, waves, and water column stratification (Fong and Geyer,
2001, 2002; Yankovsky et al., 2001; Wu et al., 2011; Korotenko
et al., 2014; Osadchiev, 2018; Yuan et al., 2018; Zhao et al., 2018;
Marta-Almeida et al., 2020). Thus, the land-sea discharges of
freshwater, terrigenous sediments, nutrients, suspended matter,
and anthropogenic contaminants or pollutants affect the physical,
chemical, biological, and geological processes in the coastal
environment (Milliman and Syvitski, 1992; Meybeck et al., 2003;
Brodie et al., 2010; Hilton et al., 2011; Bao et al., 2015; Osadchiev
et al., 2017; Warrick and Farnsworth, 2017; Osadchiev, 2018;
Osadchiev and Zavialov, 2020).

In Madeira, a mountainous island located in the Northeast
Atlantic Ocean, the frequent occurrence of flash flood events
currently represents the most significant natural hazard (Fragoso
et al., 2012; Vieira et al., 2018). The most recent catastrophic flash
flood event occurred on 20 February 2010, causing numerous
human casualties and substantial economic loss (∼1.4 billion
euros; Baioni, 2011; Fragoso et al., 2012), mainly in the capital
city, Funchal, located in the southern region. Several scientific
studies addressed this specific event (Luna et al., 2011; Couto
et al., 2012; Fragoso et al., 2012; Levizzani et al., 2013; Lira
et al., 2013; Nguyen et al., 2013; Teixeira et al., 2014; Dasari
and Salgado, 2015; Lopes et al., 2020). In simple terms, the
20 February flash flood event was caused by a large-scale
atmospheric phenomenon associated with a southwesterly front
embedded in a low-pressure system over the Azores Archipelago,
intensified by an anomalous sea surface temperature gradient
across the Atlantic Ocean (Luna et al., 2011; Fragoso et al., 2012).
On 20 February, an atmospheric river extending the entire length
of the North Atlantic Ocean is also responsible for the increased
humidity in the lower atmospheric levels (Couto et al., 2012).
As this frontal weather system passed over the island from the
southwest, the orographic uplift associated with the island led to
heavy precipitation (Luna et al., 2011; Couto et al., 2012; Fragoso
et al., 2012; Levizzani et al., 2013). Considering that atmospheric
rivers are linked to extreme precipitation events in Madeira
(Couto et al., 2015; Ramos et al., 2018a) and that the frequency
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of these phenomena is expected to increase due to climate
change (Ramos et al., 2016), extreme precipitation and flooding
events are expected to become an important contributor to the
local coastal waters. In addition to the persistent high rainfall
during the preceding winter months, an intense precipitation
event on 2 February 2010 resulted in saturation of the soil
which prevented further infiltration, and accelerated surface
runoff and subsequent river flow, ultimately causing flash floods
downstream (Fragoso et al., 2012; Nguyen et al., 2013). The 2
February event was caused by a low-pressure system centered
between Madeira and Canary Islands, but atmospheric rivers
were not detected (Couto et al., 2012). Besides the studies that
focused on the meteorological (Luna et al., 2011; Couto et al.,
2012; Fragoso et al., 2012; Levizzani et al., 2013; Teixeira et al.,
2014; Dasari and Salgado, 2015) and geomorphological (Lira
et al., 2013; Nguyen et al., 2013; Lopes et al., 2020) aspects of these
events, the impacts of the extreme discharges of freshwater and
land-based material into the coastal area are undocumented.

A long-term analysis (22 years) of monthly-averaged
satellite-based measurements of the sea surface (non-algal)
Suspended Particulate Matter (SPM) and Chlorophyll-a
(Chla) concentrations highlight the potential impact these
high discharge events have on coastal marine waters, in
which maximum SPM (1.2 g m−3) and Chla (0.5 mg m−3)
concentrations occur concurrently with the February 2010 floods
(Figures 1A,B). This is further supported by the significantly
higher values of monthly-averaged SPM (>2 g m−3) and Chla
(1 mg m−3) near the coast (Figures 1C,D, respectively). Typical
concentrations reported around the island are characteristic of
an oligotrophic marine ecosystem with nutrient-poor waters
and low Chla concentrations (average of 0.15 mg m−3, red
line in Figure 1B; Longhurst et al., 1995; Caldeira et al., 2002;
Narciso et al., 2019; Schäfer et al., 2020). A past study focused
on the IME around Madeira Island hypothesized upwelling as
the main mechanism responsible for high Chla concentrations,
while island runoff and river discharges were considered to
have a weak contribution (Caldeira et al., 2002). However, the
long-term analysis indicates that episodes of enhanced SPM and
Chla concentrations related to island runoff are likely frequent,
as shown by the concurrent trends in SPM and Chla with
precipitation values (identified by black arrows in Figure 1B).

This study aims to investigate the impact of two different
flash flood events (on the 2nd and 20th of February 2010)
on the coastal waters around Madeira Island, focusing on the
spatial and temporal variability of the forcing mechanisms (i.e.,
wind, precipitation, and river discharges). In the absence of field
observations capturing these two events, a numerical framework
coupling the air-sea-land interfaces was used to theoretically
investigate how the dynamics of the plumes might influence
coastal circulation and help to explain the different SPM and Chla
concentration distributions observed in the days after the flash
flood events (Figure 2).

The manuscript is organized as follows: section “Study Area”
is dedicated to the description of the study area. Section
“Data and Methods” describes (i) the observational datasets
used for model validation, (ii) the numerical models, their
implementation, and the atmospheric model validation, and
(iii) the kinematic parameters calculated to investigate the

stratification and mixing of the water column. The results focused
on the temporal variability of the forcing mechanisms and
its impact on the coastal waters around Madeira Island are
presented and discussed in section “Results and Discussion.”
Lastly, the main conclusions are summarized in section
“Conclusion”.

STUDY AREA

Madeira Island is in the Northeast Atlantic Ocean 750 km
west of the Northwestern African coast and 850 km southwest
of Portugal (Figure 3A). Madeira is the largest and most
populated island (∼260,000 inhabitants) of the Archipelago,
with an area of 741 km2 and 1,861 m maximum altitude.
Porto Santo Island (45 km to the northeast) is also populated
(∼5,000 inhabitants). In contrast, the islands and small islets
that constitute the Desertas Islands (20 km to the southeast;
Figure 3B) and Selvagens Islands (300 km to the south;
not shown) are uninhabited natural reserves. Madeira Island
supports diverse socio-economic activities, such as fishing,
aquaculture, agriculture, and tourism—the most important
economic sector (hosting over one million visitors per year;
Vieira et al., 2018). From a biodiversity viewpoint, the archipelago
is recognized for its marine biodiversity, with several marine
reserves and Natural Parks as part of the Natura 2000 network
and UNESCO world heritage area.

Madeira is approximately 58 km in length, oriented in the
northwest-southeast direction, with a maximum width of 23 km
(Figure 3C). The island has a complex topography, with a
mountainous ridge extending along the center. Given its location,
at the eastern boundary of the North Atlantic Subtropical Gyre,
the climate is mainly controlled by the Azores subtropical high-
pressure system interacting with its topography. The high terrain
acts as a perpendicular barrier to the prevailing northeastern
trade winds (Caldeira et al., 2002; Prada et al., 2009; Gorricha
et al., 2012; Alves et al., 2020; Belo-Pereira and Santos, 2020). As
a result, many microclimates form within the island (Espinosa
et al., 2021). Specifically, higher precipitation and lower air
temperatures prevail in the northern slope (a more humid
region), while the opposite pattern occurs in the southern slope,
characterized as a dryer region (Caldeira et al., 2002; Prada et al.,
2009). In addition, its topography causes an orographic effect on
cloud formation, in which precipitation increases with altitude
(Gorricha et al., 2012; Espinosa and Portela, 2020).

From the central mountainous ridge to the coast, there
are very deep, narrow, and steep valleys formed by erosional
processes associated with torrential river flow caused by historical
extreme precipitation events (Rodrigues et al., 2006). Most of the
valleys form a typical U-shaped profile, characteristic of a young
geomorphology (Prada et al., 2005a; Rodrigues et al., 2006). The
hydrological network is characterized by a radial pattern typical
of volcanic islands, with more than 100 small drainage basins
and a mean drainage density of 5.2 km−1. From those drainage
basins, Ribeira da Janela (R1), Ribeira de São Roque do Faial (R2),
Ribeira Brava (R3), Ribeira dos Socorridos (R4), Ribeira de São
Vicente (R5), Ribeira de São Jorge (R6), and Ribeira de Machico
(R7) are the most important with respect to runoff (see Figure 3C
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FIGURE 1 | Monthly variability of (A) non-algal Suspended Particulate Matter (SPM; g m−3) and (B) Chlorophyll-a (Chla; mg m−3) concentrations at the inner shelf
area (calculated with values within the -2000 m isobath, represented by the white and black line in C,D, respectively) between September 1997 and December 2019
based on satellite data along with monthly accumulated precipitation recorded at 9 meteorological stations distributed over the island (black line). The red line
represents the mean, and the black arrows in (B) indicate anomalous Chla concentrations associated with runoff episodes. Satellite images of the regional area of
Madeira Archipelago representing the monthly average of (C) SPM and (D) Chla concentrations for the specific episode of February 2010, when the maximum of
concentrations occurred (red arrow in B).

for location of rivers outlets and its drainage basins), with river
catchment areas ranging between 52 and 24 km2 (Table 1). Due
to the high-altitude origin (mostly > 1,600 m), high drainage
density (4.4–5.5 km−1), and steep slopes (26◦–40◦; Table 1),
these rivers are characterized by high torrential flow and high
sediment erosion rates during episodes of heavy rain (Rodrigues
et al., 2006). For the geometric characteristics of the remaining
rivers of the island, please refer to Supplementary Table 1. The
rivers that drain into the northern coast have a continuous flow—
associated with higher rainfall, larger drainage basins, and higher
groundwater supply—while river flow in the southern region is
intermittent (Prada et al., 2005a).

Maps for land use (Carta de Ocupação do Solo da Região
Autónoma da Madeira de 2007—COSRAM, Figure 4B) estimates
that the majority (77%,∼ 70 km2) of Madeira Island is covered by

forests and natural/semi-natural areas. Agriculture/agroforestry
is the next largest land use category, covering 15% (∼110 km2)
of the island. Urban/artificial land use covers 8% (∼61 km2)
of land, and wetlands and water bodies comprise 1% (∼4 km2;
Figure 4B). In terms of soil properties, maps for soil type
(Ricardo et al., 1992) show that 19 types of soil are present
on the island, with Umbric Andosols (40%) and Dystric Rough
Terrain (32%) being the dominant soil types (details provided in
Supplementary Table 2 and Supplementary Figure 1).

The insular shelf of Madeira is relatively narrow and
steep, rapidly dropping from 200 to 500 m within ∼10 km
from the coastline (Figure 3C). An underwater ridge of
∼100 m depth connects Madeira to the Desertas Islands
(Figure 3B). The coastal circulation is influenced by
semidiurnal tides, with an average tidal amplitude of ∼2
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FIGURE 2 | Satellite images of the regional area of Madeira Archipelago. Daily averages of (A–D) non-algal Suspended Particulate Matter (SPM; g m−3) and (E–H)
Chlorophyll-a (Chla; mg m−3) concentrations for specific days of February 2010.

m (Canning-Clode et al., 2008). Salinity surrounding
the island is typically 36.5 PSU (Caldeira et al., 2002;
Narciso et al., 2019).

Previous studies in this region focused on atmospheric
and oceanic island processes, combining the use of medium-
high resolution numerical models (Caldeira and Sangrà, 2012;

Couvelard et al., 2012; Caldeira and Tomé, 2013; Nunalee and
Basu, 2014; Pullen et al., 2017b; Alves et al., 2021; Miranda et al.,
2021), with in situ and satellite data (Caldeira et al., 2001, 2002,
2014; Grubišic et al., 2015; Alves et al., 2020; Azevedo et al., 2021).
These studies revealed the complexity and variety of oceanic
and atmospheric interactive processes which occur around the
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FIGURE 3 | Map of the study area showing the topography and bathymetry retrieved from the Shuttle Radar Topography Mission (SRTM). (A) Representation of the
three nested COAWST model domains (black boxes D1, D2, and D3, corresponding to 9, 3, and 1 km resolution, respectively). (B) Model domain D3 encompassing
the regional area of Madeira Archipelago (Selvagens are not shown), where numbers correspond to locations used for model validation. (C) Madeira Island showing:
(i) the drainage network (blue lines), with identification of the main river outlets (R1—Ribeira da Janela, R2—Ribeira de São Roque do Faial, R3—Ribeira Brava,
R4—Ribeira dos Socorridos, R5—Ribeira de São Vicente, R6—Ribeira de São Jorge, R7—Ribeira de Machico; black circles) and its drainage basins (delimited by
black lines); (ii) the location of the meteorological stations deployed by IPMA (Portuguese Institute for Sea and Atmosphere; black stars W1–W7) used for model
validation; (iii) the location where vertical transects parallel to the north and south coast were performed (gray dashed lines).

TABLE 1 | Geometric characteristics (orientation, area, maximum altitude, main river length, total network length, drainage density and mean drainage slope) of the main
rivers of Madeira Island.

River Orientation Area
(km2)

Maximum
altitude (m)

Main river
length (km)

Total network
length (km)

Drainage density
(km−1)

Mean drainage
slope (◦)

R1—Ribeira da Janela North 51.7 1604 24.4 268.6 5.2 27.6

R2—Ribeira de São Roque do Faial North 49.8 1859 15.7 243.4 4.9 36.0

R3—Ribeira Brava South 41.0 1689 13.9 201.8 4.9 36.7

R4—Ribeira dos Socorridos South 38.7 1857 18.5 169.3 4.4 40.3

R5—Ribeira de São Vicente North 37.7 1720 10.8 207.9 5.5 34.7

R6—Ribeira de São Jorge North 32.1 1854 11.1 155.4 4.8 34.8

R7—Ribeira de Machico South 24.4 1079 13.4 140.0 5.7 26.2

Data was estimated based on the drainage network computed from the Digital Terrain Model (described in section “MOHID-Land, the Hydrological Model”) using QGIS
version 3.14.1 (www.qgis.org).

island, including the formation of von Kármán vortex streets,
warm wakes, leeward eddies, and atmospheric jets that induce
upwelling events.

DATA AND METHODS

Observational Datasets
Meteorological data for precipitation, wind, and air temperature
measured every 10 min at seven stations distributed throughout

the island (see Figure 3C for stations location) were used
to validate the atmospheric model results obtained from the
coupled (WRF) model simulations. These data were provided
by the Portuguese Institute for Sea and Atmosphere (IPMA),
with data available since 2007. The model simulations were
quantitatively assessed based on statistical analysis (correlation
coefficient-r, root-mean-square error-RMSE, and bias; Table 2)
widely used to evaluate atmospheric model performance (e.g.,
Alves et al., 2020; Belo-Pereira and Santos, 2020). Additionally,
precipitation data for 9 meteorological stations were obtained
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FIGURE 4 | Maps used in the hydrological simulations (MOHID-Land): (A) Digital Terrain Model with drainage network; (B) soil use; (C) curve number (CN-AMCII);
(D) Manning coefficient.

from the Portuguese water resources database (SNIRH)1 to be
used in the long-term analysis of SPM and Chla (shown in
Figures 1A,B).

The rivers in Madeira are very poorly gauged, as are most of
the small rivers in the world (Hrachowitz et al., 2013; Osadchiev
and Zavialov, 2020). This lack of data acquisition is often
associated with the difficulty to ensure the adequate maintenance
of the hydrometric network due to the sharp topography of the
island and due to the frequent torrential flow occurring during
intense rain episodes which often damage the equipment and
sensors (Prada et al., 2005b). Data are only available for 13
hydrometric stations, located at upstream sections of some of
the rivers (altitudes higher than 400 m) and for sporadic periods
between 1985 and 2000. Therefore, hydrological data at the river
outlets are not available, which did not allow for the validation of
the hydrological model’s outputs with in situ observations.

The accuracy of the offshore winds simulated by the
coupled model was also assessed by analyzing 12.5 km
resolution data from the Advanced SCATterometer (ASCAT)
on MetOp-A, retrieved from a global ocean data product
(WIND_GLO_WIND_L3_REP_OBSERVATIONS_012_005)

1https://snirh.apambiente.pt

provided by Copernicus Marine Service (CMEMS).2 The
statistical validation was made with satellite observations from
the descending (between 10:00-11:00 UTC) and ascending
passage (between 21:00 and 23:00 UTC), by comparing
instantaneous values both at regional scales (spatially averaged
for the model domain D3; Figure 3B) and at specific locations
around Madeira Island (points 1, 2, and 3 in Figure 3B).

Daily and monthly composites of satellite-
derived data for SPM and Chla concentrations
were obtained from the CMEMS data catalog. The
analysis of SPM was based on a Level 3 data product
(OCEANCOLOUR_GLO_OPTICS_L3_REP_OBSERVATIONS
_009_086) at 4 km spatial resolution. The satellite-derived Chla
surface concentrations were based on a Level 4 data product
(OCEANCOLOUR_ATL_CHL_L4_REP_OBSERVATIONS_009
_091) at 1 km spatial resolution. Both datasets are blended
gridded products and cover the period from 1997 to 2019. The
usage of multi-mission products allow for an increased spatial
and temporal coverage, especially relevant in regions where
the analysis of satellite data is limited by cloud cover, such as
over Madeira Island (Caldeira et al., 2002). Chla, SPM, and
precipitation data were used to identify the periods associated

2https://marine.copernicus.eu/
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TABLE 2 | Statistics obtained from the comparison between hourly meteorological data (precipitation, wind speed, and air temperature), daily instantaneous
satellite-derived winds (offshore stations), and model simulations between 1 and 28 February 2010.

Variable Precipitation (mm h−1) Wind speed (m s−1) Air temperature (◦C)

Station r RMSE Bias r RMSE Bias r RMSE Bias

W1—Chão do Areeiro 0.76 4.16 −0.49 0.83 4.39 2.42 0.86 1.44 −0.23

W2—Lugar de Baixo 0.48 2.32 0.48 0.51 3.94 2.63 0.85 1.11 −0.43

W3—Lido 0.68 1.77 0.37 0.69 5.34 4.05 0.62 1.27 0.17

W4—Funchal 0.66 2.47 0.30 0.72 3.59 2.38 0.85 0.95 0.01

W5—Lombo da Terça 0.23 3.93 0.26 0.90 2.79 −0.72 0.88 1.29 0.78

W6—São Jorge 0.61 2.14 0.06 0.63 4.04 2.15 0.85 1.16 −0.02

W7—Caniçal 0.53 2.03 0.13 0.72 3.64 1.70 0.79 1.75 1.43

Offshore—1 – – – 0.82/0.78 1.44/1.56 −0.27/− 0.78 – – –

Offshore—2 – – – 0.96/0.84 1.43/1.59 0.47/− 0.69 – – –

Offshore—3 – – – 0.94/0.81 2.25/1.64 −1.74/− 0.29 – – –

Left and right values for offshore stations correspond to descending and ascending satellite passage results, respectively.

with runoff events (black arrows in Figure 1B) and to assess
the impact of the February 2010 flash flood events on primary
productivity and turbidity around the island (regional monthly
mean shown in Figures 1C,D and daily means in Figure 2).

COAWST Modeling Framework
The physical processes of the ocean and atmosphere were
simulated using the Coupled Ocean-Atmosphere-Waves-
Sediment Transport (COAWST), a two-way coupled numerical
system, currently operational for Madeira Archipelago3 (Vieira
et al., in preparation). COAWST includes the modeling of
ocean circulation (Regional Ocean Modelling System—ROMS),
atmosphere (Weather Research and Forecasting—WRF), and
waves (Simulating WAves Nearshore—SWAN). COAWST is
implemented following a downscaling technique, which consists
in simulating at a regional scale, based on information provided
by a larger domain, enabling the extension of operational global
forecasting capabilities to local scales (Caldeira et al., 2016).
Boundary conditions are provided from larger and coarser
domains to their subdomains and vice-versa. In the present
study, three nested domains were implemented (black boxes
D1, D2, and D3 in Figure 3A). The coarsest spatial resolution,
9 km, was applied to D1 (WRF), decreasing to 3 km for D2
(WRF, ROMS, SWAN) and 1 km for D3 (WRF, ROMS, SWAN).
The highest resolution, innermost grid (D3) covers Madeira,
Porto Santo, and Desertas Islands (Figure 3B). Model outputs
are written every 24, 12, and 1 h for the D1, D2, and D3
domains, respectively. Models within the COAWST coupled
system are integrated by the Model Coupling Toolkit (MCT),
an open-source software that enables the two-way exchange
of data between the models with minimum effort (Jacob et al.,
2005; Larson et al., 2005). For the coupling of the models, the
Spherical Coordinate Remapping, and Interpolation Package
(SCRIP; Jones, 1999) was used to compute addresses and weights
for remapping and interpolating fields between atmospheric
and oceanic grids of different spatial resolution in spherical

3https://oom.arditi.pt/forecasts.php

coordinates. For a detailed description of the COAWST coupling
methodology, see Warner et al. (2010).

The exchange of variables between the models that comprise
the COAWST modeling system occurred every 30 min, in which:
(i) the atmospheric model WRF provided 10 m surface winds
to ROMS and SWAN and atmospheric pressure, air relative
humidity, 2 m atmospheric surface temperature, cloud fraction,
precipitation and short-wave and long-wave net radiative fluxes
to ROMS; (ii) the oceanic model ROMS provided SST to WRF
and surface currents, free surface elevation and bathymetry to
SWAN; and (iii) the wave model SWAN provided significant
wave height and wavelength to WRF and ROMS, and wave
direction, surface and bottom wave periods, percent of breaking
waves, wave energy dissipation and bottom orbital velocity to
ROMS (Warner et al., 2010). This numerical framework was
recently applied to the Madeira Archipelago (Pullen et al.,
2017a; Alves et al., 2020; Azevedo et al., 2021), demonstrating
that the coupling between the atmosphere and the ocean
significantly improved model results. A recent study employing
the COAWST demonstrated improved performance with respect
to the replication of heavy precipitation events compared with
stand-alone atmospheric models (Ricchi et al., 2021). In the
present study, a numerical simulation was performed using
COAWST, starting on 15 January and ending on 28 February
2010, where the first 15 days were used for model spin-up, with
the remaining 28 days used for the analysis presented herein.

Oceanic Model
ROMS is a free-surface, terrain-following, primitive equations
model used to study the ocean response to physical forcings.
Bathymetry used in the present study resulted from interpolation
between ETOPO2 (Smith and Sandwell, 1997) and GEBCO8
(General Bathymetric Chart of the Oceans; Becker et al., 2009),
with 2 arc-minute resolution (∼3 km) in offshore regions and 30
arc-second resolution (∼0.78 km) in coastal regions, respectively.
The vertical domain was discretized to 40 sigma levels, increasing
the vertical resolution near the sea surface and sea bottom. To
force ROMS, initial and boundary conditions were obtained from
a Hybrid Coordinate Ocean Model (HYCOM) Navy Coupled
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Ocean Data Assimilation (NCODA) product (global 1/12◦
analysis), with approximately 9 km grid resolution and daily
outputs. The parameterizations chosen included: (i) radiation
and nudging for tracers (temperature and salinity) and baroclinic
velocities (Marchesiello et al., 2001); (ii) Shchepetkin condition
for barotropic velocities (Mason et al., 2010); (iii) Chapman
explicit boundary condition for free-surface height (Chapman,
1985); (iv) Generic Length Scale (GLS) for vertical mixing (k–ε

scheme; Umlauf and Burchard, 2003); and (v) tides, considering
10 tidal constituents (M2, S2, N2, K2, K1, O1, P1, Q1, Mf,
Mm) from a global model (TPX07; Egbert and Erofeeva, 2002).
At the riverine boundaries, salinity was set to 0 and water
temperature and river flow was imposed based on 10-min
hydrological simulation outputs performed with the MOHID-
Land hydrological model. The model variables are spatially
discretized on an Arakawa C-grid. Baroclinic timestep was
set as 30 and 10 s for D2 and D3 domains, respectively.
For each baroclinic timestep, 30 s barotropic timestep was
defined. ROMS was successfully applied in previous studies
focused on Madeira Island to investigate island-induced oceanic
processes (Caldeira and Sangrà, 2012; Couvelard et al., 2012;
Caldeira et al., 2016; Alves et al., 2021) and has also been
used in idealized and realistic studies to investigate plume
dynamics generated by the Columbia, Pearl, and South Brazilian
rivers (Chen et al., 2009; Liu et al., 2009; Pan et al., 2014;
Basdurak et al., 2020; Branch et al., 2020; Marta-Almeida
et al., 2020). Despite the lack of in situ data to assess
the accuracy of the coupled ROMS model outputs during
February 2010, Vieira et al. (in preparation) are (at the time of
publication) assessing the general capability of our numerical
framework to represent island-scale geophysical processes,
including warm wakes, storm events, and land runoff. Sea surface
temperature, sea surface salinity, waves, and coastal currents
compared well with data collected between 2018 and 2021.
For more information on the numerical details of the ROMS
model, the reader is referred to Shchepetkin and McWilliams
(2005).

Atmospheric Model
WRF is a numerical model used for atmospheric research
and operational forecasting. The WRF configuration used in
the present study considers the non-hydrostatic terms and
the second-order diffusion term to solve turbulence, except
in the boundary layer where the turbulent flow is solved
through the Smagorinsky scheme. The WRF parameterization
comprised the following options: (i) WSM 6-class graupel
scheme for cloud microphysics (Hong and Lim, 2006); (ii)
Rapid Radiative Transfer Model for longwave and shortwave
radiation (Mlawer et al., 1997); (iii) Eta similarity scheme for
the surface layer (Janjic, 1996; Janjić, 2002); and (iv) Mellor-
Yamada-Janjic scheme for the planetary boundary layer (Janjic,
1990, 1994). The vertical domain was discretized to 40 sigma
levels. The initial and boundary conditions used to force
the model were obtained from the NCEP (National Center
for Environmental Prediction) FNL (Final) Operational Model
Global Tropospheric Analyses, with 6 h interval outputs and 1◦
resolution. The Shuttle Radar Topography Mission (SRTM) was

used as topographic data (Becker et al., 2009), with a horizontal
resolution of 3 arc-second (∼90 m). Land use information was
obtained from the Corine Land Cover 2006 (CLC-06) from
USGS, National Center for Earth Resources Observation and
Science (EROS; Büttner and Kosztra, 2007). CLC-06 classes
were converted to 24 USGS classes and the classification table
was obtained from De Meij and Vinuesa (2014). The use of
SRTM and CLC-06 improved the topography and land-use
representation and the calculation of topographically sensitive
variables, such as wind speed, air temperature, and precipitation.
The calculation time step was set to 45, 15, and 5 s for
D1, D2, and D3 domains, respectively. Although with slightly
different configurations, the stand-alone WRF was successfully
implemented in Madeira Island in past studies (Couvelard
et al., 2012; Caldeira and Tomé, 2013; Grubišic et al., 2015).
For a detailed description of the WRF model, the reader is
referred to Skamarock and Klemp (2008) and Skamarock et al.
(2008).

Atmospheric Model Validation
The atmospheric model outputs for February 2010 were validated
using hourly averaged data from seven meteorological stations.
These stations are located at different altitudes: Chão do Areeiro
(W1) is located at the central ridge; Lugar de Baixo (W2), Lido
(W3), and Funchal (W4) are located at the southern region;
Lombo da Terça (W5), São Jorge (W6) and Caniçal (W7) are
located at the northwestern, northeastern and eastern regions,
respectively (Figure 3C). Statistical validation between model
results and observations are shown in Table 2. The comparison
of modeled and in situ data for precipitation and wind speed
are shown in Figure 5, while the air temperature is shown
in Supplementary Figure 2. Offshore winds from numerical
simulations were also compared with satellite data products and
are shown in Figure 6.

Precipitation data recorded at the meteorological stations
shows two periods of maximum rainfall depicted by the rain
gauges (black line in Figure 5, left panels), on the 2nd and
20th of February. During the first episode, maximum rainfall
occurred in São Jorge (W6) and Chão do Areeiro (W1) stations,
reaching approximately 35 and 30 mm h−1, respectively, while
the remaining stations measured values between 9 and 27 mm
h−1. During the second event, precipitation was much higher
than the values recorded on the 2nd of February, particularly
in Chão do Areeiro (W1), Funchal (W4), Lugar de Baixo
(W5), and Lido (W3) stations, with maximum values reaching
67, 51, 28 and 20 mm h−1, respectively. COAWST replicated
precipitation during both quiescent and high precipitation events
with a high degree of accuracy at most stations, as suggested by
the RMSE (<2.5 mm h−1) and correlations coefficient values
(r > 0.5; Table 2). Maximum agreement occurred at Lido
(RMSE = 1.77, r = 0.68; W3) and maximum disagreement
at Chão do Areeiro (RMSE = 4.16, r = 0.76; W1), followed
by Lombo da Terça (RMSE = 3.93, r = 0.23; W5). Despite the
strong correlation (r = 0.76) at Chão do Areeiro (W1), the
model underestimated precipitation values over the entire period
at this station (Figure 5A), as suggested by the negative bias
(Table 2). At Lombo da Terça (W5), the model underestimated
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FIGURE 5 | Comparison between the data recorded by the meteorological stations (black line) and the COAWST model results (orange line) for (A–G) precipitation
(mm h−1; left panel) and (H–N) wind intensity (m s−1; right panel) during February 2010. Note the changes on the precipitation scales.

precipitation in the first episode and overestimated in the
second event (Figure 5E), showing an overall overestimation,
as indicated by a bias of 0.26 (Table 2). We believe that this
discrepancy between model results and observations is likely due
to the complex topography and the model spatial grid resolution
(1 km), which may not be able to reproduce the exact weather
conditions at the station location. It is also important to note
that the model results used for this comparison were extracted
from the nearest grid point to the meteorological station, which

may not be the exact same position. However, overall, the model
performs well and strikes a good balance between model accuracy
and computational cost. Model RMSE and correlation coefficient
obtained in the present study are similar to previous studies
(Luna et al., 2011; Teixeira et al., 2014; Dasari and Salgado, 2015).

Concerning wind, comparison of model results with in situ
measurements demonstrates that the model represents the main
spatial and temporal variability of the wind speed (Figure 5,
right panels). Correlation coefficients (mostly ranged between 0.7
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FIGURE 6 | Comparison of D3 domain spatial average of wind direction and intensity (m s−1) from (A) ASCAT (descending satellite passage) and from (B) model
simulations at the timestep closest to the time of the satellite passage.

and 0.9; Table 2) are similar or higher than those reported in
previous studies (Pullen et al., 2017b; Alves et al., 2020; Belo-
Pereira and Santos, 2020). However, RMSE are higher than those
reported by Alves et al. (2020). The higher RMSE is associated
with the fact that, in contrast to previous studies, our model was
applied to replicate conditions during extreme weather, during
which wind intensity and direction vary rapidly. Positive bias
also indicates an overestimation of the wind speed by the model,
except at Lombo da Terça station (W5) where the wind speed
was underestimated (Table 2). Figure 6 shows the comparison
between the average offshore winds for the regional domain (D3;
Figure 3B) obtained from descending satellite passage and from
the model simulation at the closest satellite instants. As can be
seen, the model represents well the main temporal variability
patterns of the wind direction (as observed in Figure 6) and
wind intensity (r = 0.96) computed for February 2010. Ascending
satellite passage shows similar results (r = 0.90). The accuracy
of the modeled surface wind was also assessed at three specific
locations (points 1, 2, and 3 represented in Figure 3B), and are
presented in Table 2 for both descending and ascending satellite
passages. Points 1 and 3 are located close to the regions of the
atmospheric jets (Alves et al., 2020, 2021), and point 2 is in
the southern region characterized by the frequent occurrence of
warm wakes (Caldeira et al., 2002, 2016; Couvelard et al., 2012;
Grubišic et al., 2015; Azevedo et al., 2021). In general, correlation
coefficients were high (0.78–0.96) and RMSE values were low
(mostly < 1.6 m s−1; Table 2), showing the strong performance
of the model with respect to representing the wind variability.
The point located at the eastern atmospheric tip-jet (point 3)
showed the worst comparisons, as indicated by the highest RMSE
(2.25 and 1.64 m s−1 for descending and ascending satellite data,
respectively), associated with an underestimation of the wind
speed, as suggested by negative bias (Table 2). Despite that, WRF
wind correlation coefficients reported in this study are identical
to those reported in previous studies using ASCAT satellite data
products at similar locations (Alves et al., 2020, 2021).

The main spatial and temporal air temperature was also closely
replicated by COAWST, as shown in Supplementary Figure 2,

and as suggested by strong correlation coefficients (mostly > 0.8),
low RMSE (<1.3), and low bias (ranged between−0.43 and 0.78;
Table 2). Sites with the largest divergence from observations were
Caniçal (W7) and Chão do Areeiro (W1) stations, with RMSE
of 1.75 and 1.44◦C, respectively (Table 2). RMSE and correlation
coefficient in the present study are similar or better than those
reported in former studies (Pullen et al., 2017b; Alves et al., 2020).

While small discrepancy between model outputs and
observations are present, the WRF model performs well
considering the complexity of atmospheric processes interacting
with highly variable topography and terrain. Reported RMSE
and correlations in this study closely agree with those reported
in previous studies providing confidence in the WRF to replicate
precipitation, wind and air temperature.

Wave Model
SWAN is a state-of-the-art third-generation wave model
designed to simulate the generation and propagation of waves in
coastal shallow waters (Booij et al., 1999). Initial and boundary
conditions for the wave height, period and direction were
obtained from a global model product (multi_1.glo_30m) with
30 arc-minute grid resolution (∼1 km) and outputs every 3 h,
available at the NCEP database. The SWAN boundaries were
divided into 10 directional bands and 25 frequencies (range:
0.04–1 Hz). The Taylor and Yelland (2001) formula was used for
changes in sea surface roughness caused by waves. Timestep was
set to 180 and 60 s for D2 and D3 domains, respectively.

MOHID-Land, the Hydrological Model
The hydrological simulations were performed using the MOHID-
Land numerical code, a physically based, continuous and open-
source model designed to study watershed dynamics and the
transport of water quality tracers (Trancoso et al., 2009; Canuto
et al., 2019; Oliveira et al., 2020). The model considers four
mediums, the atmosphere (which provides the meteorological
data, not explicitly simulated in MOHID-Land), porous media
(i.e., soil), land surface, and drainage (i.e., river) network. The
water circulates through the three latter compartments based
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on mass and momentum conservation equations. MOHID-Land
is based on finite volumes organized into a regular structured
grid, rectangular or quadrangular in the horizontal domain,
and Cartesian in the vertical domain. MOHID-Land has been
applied to study several research topics, including (i) forecasts of
freshwater quantity and quality to improve the management of
coastal systems (Brito et al., 2015); (ii) the assessment of nutrient
transport and turnover processes at the watershed scale (Epelde
et al., 2016); (iii) water-exchanges between surface water and
groundwater in floodplains (Bernard-Jannin et al., 2016); (iv) the
contribution of flash floods episodes to the eutrophication in
water reservoirs (Brito et al., 2017, 2018); (v) the improvement
of the irrigation water management (Simionesei et al., 2016,
2018, 2020; Ramos et al., 2017, 2018b); and (vi) the influence of
reservoir management on the river flow regime (Canuto et al.,
2019). For a more detailed description of the model’s architecture
and sensitivity to parameterizations, the reader is referred to
Trancoso et al. (2009) and Oliveira et al. (2020), respectively.

The configuration of MOHID-Land used in the present study
relies on a rectangular grid with a 100 m horizontal resolution,
meaning that all maps used for the calculation of surface and
subsurface land runoff were resampled to a 100 m horizontal
grid resolution, regardless of the original grid resolution. The
Digital Terrain Model (DTM), used to derive the model’s
drainage network (Figure 4A) and other parameters (e.g., soil
depth), was sampled through LIDAR surveying techniques with
a 5 m horizontal spatial resolution and was provided by the
DROTe (Direção Regional do Ordenamento do Território). The
geometry of the river cross-sections was considered rectangular
and was defined as a function of the drained area in each node
(linearly interpolated between user-specified values, presented in
Supplementary Table 3). Considering that the present study aims
to simulate an extreme weather event, the Manning coefficient
for the entire drainage network was set to a constant value of
0.035 s.m−1/3, which according to Gonçalves (2016) is close to
the optimum value estimated for three Madeiran rivers at peak
discharge rate. Maps for land cover/land use (at 1:10,000 scale;
COSRAM) and soil type (at 1:50,000 scale; Ricardo et al., 1992;
Supplementary Figure 1) were also provided by DROTe.

In the present study, MOHID-Land calculated surface runoff
and infiltration over different land uses with the runoff curve
number (CN) method, based upon the methodology developed
by the USDA Soil Conservation Service (1972). CN values can
range from 0 to 100, in which high values are associated with
less permeable soils and thus higher surface runoff. In practice,
CN values estimated for Madeira assume that surface runoff
and infiltration are dependent on the soil type and land use
(e.g., Řehánek et al., 2019; Lopes et al., 2020). According to
USDA Soil Conservation Service (1972), soils can be divided into
four hydrologic groups from A to D, in which type A/D soil
has the highest/lowest hydraulic conductivity and lowest/highest
surface runoff potential. The definition of the soil hydrologic
groups was done considering the soil texture (i.e., the relative
proportion of sand, silt, and clay), following Sartori et al. (2009)
(Supplementary Table 2). The CN values specific to each land
use developed by the SCS were adapted to Portuguese soils by
David (1976) and Correia (1983) (consulted in Oliveira, 2004).

The resulting map was computed by merging the combined
attributes of the hydrological soil type and land use (Figure 4C).
As surface runoff and infiltration during a precipitation event
is highly dependent on the soil’s antecedent moisture condition
(AMC), CN values can also be adjusted to dry (CN AMC I),
moderately wet (CN AMC II) or wet (CN AMC III) conditions.
MOHID-Land works with CN AMC II by default but adjusts
CN values according to the accumulated precipitation in the
previous 5 days.

Using the information on land use, the vegetation type
(Figure 4B) was defined according to MOHID’s vegetation
database, and corresponding Manning coefficients (Figure 4D)
were defined following Pestana et al. (2013). The porous media
was divided into five grid layers, with a thickness of 0.3, 0.3, 0.4,
1.0, and 3.0 m (from surface to bottom). The soil depth in each
cell varied according to the cell’s slope, set between a maximum
of 5 m (flat areas) and a minimum of 0.1 m (steep areas). For the
vertical soil profile, the soil was divided into four horizons with
specific hydraulic parameters: (a) 0–0.6 m (1st and 2nd soil grid
layers), (b) 0.6–1.0 m (3rd soil grid layer), (c) 1.0–2.0 m (4th soil
grid layer), and (d) 2.0–5.0 m (5th soil grid layer; Supplementary
Figure 3). This means that horizon (a) included the first two grid
layers, horizon (b) included the third layer, horizon (c) included
the fourth layer, and horizon (d) included the bottom layer.
The hydraulic parameters for each horizon were extracted from
the multilayered European Soil Hydraulic Database (Tóth et al.,
2017), which includes the Mualem–van Genuchten hydraulic
parameters with a 250 m resolution (Supplementary Table 4).
The vertical hydraulic conductivity in each cell results from the
multiplication of the horizontal hydraulic conductivity (retrieved
from Tóth et al., 2017) by a factor of 10, the initial water depth
was set to 50% of the soil’s depth.

Outputs from the coupled WRF model (within the COAWST
numerical framework described and validated in section
“Atmospheric Model Validation”) were used to simulate
MOHID’s atmospheric forcing conditions (precipitation,
temperature, wind, air humidity, and solar radiation).
MOHID-Land’s calculation timestep was dynamically adjusted
(decreasing/increasing) according to the precipitation rate. The
MOHID-Land simulation period was set between 10 December
2009 and 1 April 2010, where the first 2 months were used as
model spin-up. The river discharge rate (m3 s−1) and water
temperature (◦C) obtained from the hydrological simulations
at 10-min timesteps were then used to force the oceanic model
at the grid cells that were nearest to the actual river outlets
(shown in Figure 3C). Given the spatial grid resolution of the
oceanic model and the close proximity of the rivers, a total of
148 rivers were considered, which accounted for 96 riverine
grid cells in the oceanic model. This model setup assumes that
the land runoff due to high precipitation events predominantly
flows abruptly via rivers, with sheet runoff making a negligible
contribution to freshwater discharge from land. The numerical
framework used in this study presents a significant advance for
the scientific community mainly because the coupling of oceanic
models with hydrological models is scarce (e.g., Dresback et al.,
2013; Silva-Araya et al., 2018), especially when applied to insular
systems with complex topography (e.g., Ogden, 2016). Despite
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the lack of in situ data to validate the MOHID-Land outputs,
past studies focused on the flash flood event of 20 February 2010
employed theoretical methodologies for the calculation of peak
river discharge and showed similar results with the present study,
with river discharge rates ranging from ∼200 to 600 m3 s−1 in
the large rivers (Oliveira et al., 2011; Caetano, 2014; Lousada
and Loures, 2020). Still, there is a need to investigate model
sensitivity to different hydrological scenarios when river gauge
data becomes available.

Kinematic Parameters
To investigate the impact of the river plumes on coastal
waters, two kinematic parameters were computed to study the
stratification and mixing of the water column, the Brunt–
Väisälä buoyancy frequency (N2) and Richardson Number
(Ri), respectively. These two parameters have previously been
employed to investigate stratification and mixing processes in
coastal waters (Osadchiev, 2018; Ayouche et al., 2020, 2021;
Basdurak et al., 2020; Sorgente et al., 2020).

The Brunt–Väisälä buoyancy frequency squared is defined as:

N2
= −

g
ρ0

∂ρ

∂z

where g is the gravitational acceleration (9.8 m s−2), ρ0 is the
reference density, ρ is the density calculated from temperature
and salinity model outputs and ∂ρ/∂z is the vertical density
gradient (thus, at the surface, N2 is equal to 0; Saldías et al.,
2012). High Brunt–Väisälä values are indicative of vertical
stratification.

The Richardson Number is defined as:

Ri =
N2

S2

where N2 is the Brunt–Väisälä Frequency and S2 is the vertical
shear (S2

= (∂zu)2
+ (∂zv)2, where u and v corresponds to

the eastward and northward velocities, respectively; Ayouche
et al., 2020). Ri values lower than 0.25 are indicative of
vertical mixing and therefore the kinetic energy of the flow
surpasses vertical stratification (Smyth and Moum, 2000;
Sanders and Garvine, 2001).

RESULTS AND DISCUSSION

The impact of flash floods events on coastal circulation and
on ecosystem dynamics depends on the physical processes that
control the spreading and mixing of buoyant river plumes
(Horner-Devine et al., 2015). For example, the wind and ocean
currents control the spreading, while the vertical shear controls
the mixing of freshwater with oceanic waters, increasing salinity
and decreasing concentrations of land-based material in the
coastal plume (Horner-Devine et al., 2015). Bearing this in mind,
the impact of the river discharges from the February 2010 flash
floods on the coastal waters around Madeira Island is focused
on the physical processes that mediated the plume’s behavior. In
this regard, the variability of atmospheric forcing mechanisms

(i.e., precipitation and wind), river discharges, and sea surface
salinity (i.e., stratification) for the entire month is first described.
Subsequently, two specific flash floods events are studied in more
detail to better understand the potential processes influencing the
different SPM and Chla concentration observations (Figure 2).
To this end, we used modeled salinity distributions as a proxy to
investigate the transport of freshwater and associated terrigenous
material, including nutrients, to coastal and offshore waters.

Temporal Variability of Atmospheric
Forcing, River Discharges, and Sea
Surface Salinity
Temporal variability of wind, precipitation, river discharges, and
sea surface salinity for February 2010 is shown in Figure 7. To
analyze the prevailing wind direction and intensity, the wind
field obtained from the coupled physical model was spatially
averaged for the regional domain (D3; Figure 3B). As observed
in Figure 7A, wind speed and direction varied quite significantly
over the study period, changing anti-clockwise from south to
southeast during the first 6 days, then turning clockwise and
remaining with a westward orientation most of the time (varying
between southwest and northwest direction). During the two
periods of maximum rainfall, which corresponds to the 2nd and
20th of February (black dashed lines in Figure 7), prevailing
winds had a northeast and southwest direction, respectively,
reaching speeds typical of stormy weather conditions (∼ 15 and
20 m s−1, respectively). On these occasions, extreme volumes of
rain fell over the island, such that the total daily precipitation
during the 2nd and 20th of February 2010 accounted for 19 and
20% of the total monthly precipitation (blue line in Figure 7B).
Hourly precipitation values higher than 0.5 mm h−1 prevailed
69% of the time.

As expected, river discharges simulated by the hydrological
model responded rapidly to intense precipitation events, as
suggested by the concurrent peaks of the river flow and
precipitation (Figure 7B). This pattern is usually found in
mountainous rivers characterized by small drainage basins and
steep topography (Osadchiev et al., 2020). This is the case of the
Kodor River (located in the northeastern region of the Black Sea),
where the shape and size of its river plume are very dynamic
and can change very quickly (Osadchiev et al., 2020). In Madeira,
total river discharge rates ranged between 15 and 4,566 m3 s−1,
corresponding to a total freshwater volume of 4.8 × 108 m3 that
entered the coastal area during the entire month. Southern rivers
accounted for 56% of total freshwater volume (2.7 × 108 m3 via
77 rivers outlets), while 44% of total freshwater volume flowed
from northern rivers (2.1 × 108 m3 via 71 rivers outlets). South
rivers reached a maximum combined discharge rate of 3,220 m3

s−1, while north rivers reached a maximum combined discharge
rate of 1,782 m3s−1 (both peaks on 20th of February; red and
black line in Figure 7B, respectively).

Hovmöller diagrams representative of sea surface salinity
transects parallel to the south and north coast (see Figure 3C
for transects location) are shown in Figures 7C,D, respectively.
In general, salinity values were typical of oceanic waters
(>36.5 PSU; Caldeira et al., 2002; Narciso et al., 2019). The
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FIGURE 7 | (A) Spatial average of WRF model wind direction and intensity (m s−1) for D3 domain, (B) total modeled river flow (m3 s−1) for rivers discharging in the
south coast and north coast, along with the WRF model total precipitation (mm h−1) calculated for the island (red, black and blue lines, respectively), Hovmöller
diagrams for the modeled Sea Surface Salinity (PSU) obtained from the shore parallel transects along (C) the southern shoreline and (D) northern shoreline during
February 2010. The shoreline transects are positioned around 2 km from the coast and labels R1–R7 indicate the position of the main river outlets (see Figure 3C
for transects and river outlets location). Black dashed lines identify two flash flood events.

exceptions occurred during periods of strong precipitation
and consequent intense river discharge, whereby salinity
decreased to < 35 PSU (Figures 7C,D). Despite the occurrence
of maximum precipitation and river discharges on the 20th
of February (Figure 7B), the river plume at the surface
showed a more persistent signature on the 2nd and 3rd
of February on the northern coast, as indicated by low
salinity values (<30 PSU; Figures 7C,D). Thus, two major
hydrological events were identified: the 2nd of February,
characterized by intense precipitation, high river discharges,
moderate northeasterly winds forming a persistent river
plume in the northern coast; and the 20th of February—the
catastrophic flash flood event—characterized by extreme

precipitation, extreme river discharges, strong southwesterly
winds, and a less persistent surface river plume mainly affecting
the southern coast. As such, we will focus on the plume
dynamics and their impacts on the coastal waters during
these two episodes.

Coastal Dynamics of River Plumes
Considering that freshwater discharges, wind, ocean currents,
bathymetry, and coastal geometry are some of the primary factors
that determine the shape and size of river plumes (Horner-
Devine et al., 2015), here we discuss the dynamics of the plumes
based on snapshots of surface maps representing the variability
of precipitation, river flow, wind, ocean currents, and sea surface
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salinity, while water column stratification and mixing processes
are discussed based on vertical transects of salinity, Brunt–Väisälä
Frequency and Richardson Number.

February 2nd, 2010—Northeasterly Winds
Snapshots of surface maps for the 2nd of February 2010 flash
flood event are shown in Figures 8A–D. The wind field clearly
reflects the orographic effects on the lower atmospheric level,
frequently detected in Madeira Island (Couvelard et al., 2012;
Caldeira and Tomé, 2013; Caldeira et al., 2014; Pullen et al.,
2017b; Caldeira, 2018; Alves et al., 2020, 2021; Belo-Pereira and
Santos, 2020). This pattern is particularly evident at 06:00 and
12:00 UTC, when moderate northeasterly winds (∼15 m s−1)
intercepted the island’s topography, inducing an intensification
of the wind at the eastern and western flanks, and a deceleration
in the southern (wake) side (<5 m s−1; Figures 8A,B). These two
tip-jets are frequently observed on the island flanks of Madeira,
particularly during Summer (Alves et al., 2020). As the north
component of the wind intensified to ∼ 17 m s−1, orographic
effects generated downslope airflow, resulting in stronger winds
blowing offshore on the leeward side of the island, as captured at
21:00 UTC and at 6:00 UTC on 3 February (Figures 8C,D).

As a result of the northeastern winds converging to the eastern
part of the mountainous ridge, the largest precipitation occurred
over the eastern region of the island, reaching maximum values
in the northeastern slopes (around 40 mm h−1; Figures 8A,B).
These results are in line with Couto et al. (2012) and reinforce the
fact that rainfall distribution over Madeira is strongly controlled
by the intensity and direction of the prevailing winds (Gouveia-
Reis et al., 2016). At this time, four main rivers oriented to the
northeastern and southeastern coastal areas rapidly responded
to the intense precipitation, with calculated river flow increasing
from 5 to a maximum of 300 m3 s−1 (Figures 8A,B). In the
northern region, the total river discharges were dominated by
Ribeira de São Roque do Faial (R2) and Ribeira de São Jorge
(R6), which accounted for 24 and 15%, respectively, of the total
discharge in the north (Figure 9A). In the southern region, total
river discharges were dominated by Ribeira de Machico (R7)
and Ribeira dos Socorridos (R4), which constituted 15 and 11%
of the total discharge in the south, respectively (Figure 9B).
The remaining rivers had a small individual contribution to the
total river flow in each region, which accounted for less than
10 and 8% of total north and south river discharge, respectively
(gray lines in Figures 9A,B). However, while the minor rivers
individually contribute little to total discharge in each region,
cumulatively they account for approximately 61 and 74% of total
north and south river discharge, respectively. The contribution
small rivers make to discharge highlights the need of taking into
account its cumulative contribution in the transport of land-
based materials to the coastal environment in future studies, often
neglected in other coastal regions (Osadchiev and Korshenko,
2017; Osadchiev and Zavialov, 2020).

Maps of modeled sea surface salinity illustrate the variability
of the horizontal structure of the plumes, clearly demonstrating
the impact of freshwater entering and interacting with the
coastal ocean. Concurrent with maximum river flow (6:00 UTC),
modeled low-salinity values near the river mouths suggests the

presence of small-scale river plumes interacting with marine
coastal waters (Figure 8A). As freshwater discharge from rivers
continues, the individual surface plumes expand and spread
offshore, almost reaching the 1,000 m isobath (Figure 8B).
Collision and coalescence of the plumes is observed in the
northern and southern regions (Figure 8B). The river plumes
were mostly depicted by low salinity values at the inner shelf
(<35 PSU between the coast and 1,000 m isobath), while offshore
waters retained typical oceanic values (>36.5 PSU), inducing a
strong horizontal salinity gradient and convergence zones at the
plume’s front (Figure 8B). Collisions and coalescence of river
plumes is a phenomenon commonly found in coastal regions
characterized by the presence of several small rivers in close
proximity (Warrick and Farnsworth, 2017), for example, the
Russian coast in the northeastern Black Sea (Osadchiev et al.,
2020). Considering that individual plumes have different shapes
and sizes, the interaction between plumes strongly controls
the transport of river-borne materials at the coast (Warrick
and Farnsworth, 2017; Osadchiev et al., 2020). Given that
our model results suggest collision and coalescence of river
plumes, the detailed investigation of the interaction between
individual river plumes and their role on the land-based material
fluxes (including terrigenous sediments and nutrients) should be
explored in future studies.

Within 24 h following maximum precipitation, the persistence
of the northern and southern river plumes generated by the 2
February event differed (Figures 8C,D). On the north coast, the
river plume remained evident within 24 h (see Supplementary
Video 1), possibly due to the continuous river flow and
corresponding onshore winds (northeastern), which confined
riverine water to the coast. However, when wind direction shifted
from northeasterly to northerly, riverine water started to spread
toward the south coast, driven by the coastal circulation, as
shown by the lower-salinity filament contouring the eastern
flank of the island (Figure 8D and Supplementary Video 1).
On the south coast, the river plume weakened and dispersed
within 15 h after maximum precipitation (see Figures 8C,D, and
Supplementary Video 1).

Vertical cross-shore transects beginning at two main river
outlets (NT1 and ST1 for R2—Ribeira de São Roque do Faial and
R7—Ribeira de Machico, respectively; Figure 8A) illustrate the
vertical variability of these plumes (Figures 10–12). A shallow
freshwater mass was trapped in the first 2 m of the water column,
extending 6 km and 10 km offshore for the NT1 and ST1
transects, respectively, while salinity remained relatively constant
below the buoyant plume (>36.5 PSU; Figures 10A,E). The
vertical salinity gradient also implied strong stratification at the
surface, as indicated by high values of Brunt–Väisälä Frequency
and low-density values (<26 sigma-t kg m−3; Figures 11A,E).
Brunt–Väisälä reached maximum values of 0.05 and 0.09 s−2

near the river mouths of Ribeira de São Roque do Faial (R2)
and Ribeira de Machico (R7), respectively, similar to the values
obtained in other stratified systems (Osadchiev, 2018; Mendes
et al., 2021). Moreover, the strong vertical salinity gradient
inhibited vertical mixing between the adjacent freshwater and
oceanic water parcels, as suggested by Richardson Number > 0.25
(Figures 12A–F).
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FIGURE 8 | Snapshots of the spatial variability of Sea Surface Salinity (PSU) along with surface currents (black arrows), wind (gray arrows), precipitation (mm h−1),
and river flow (m3 s−1) when (A–D) northeasterly (left panel) and (E–H) southwesterly (right panel) winds prevailed. See also Supplementary Video 1. The gray lines
represent the bathymetric lines 200 and 1000 m. The red lines indicate the location of the vertical transects shown in Figure 10.

The coastal confinement of the plume on the north coast is
also noticeable on the vertical cross-shore transects depicting
modeled salinity (Figures 10B–D) and Brunt–Väisälä Frequency
(Figures 11B–D). The river plume retreats from 6 km offshore

at 6:00 UTC, to 4 km offshore 6 h later at 12:00 UTC,
resulting in a deepening of the freshwater signal. This behavior
is likely due to the persistent runoff (∼50 m3 s−1) and
northeasterly wind regime, which contained the freshwater
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FIGURE 9 | Daily contribution of each river (%) to (A) the northern river discharges, and (B) the southern river discharges during February 2010. The main seven
rivers are identified by different colors, while the remaining small rivers are identified by gray. The black dashed lines identify the days of the flash floods events (2nd
and 20th of February 2010).

discharge within a confined region near the coast (Figure 8C).
The effect of wind on plume confinement is also evident from
vertical cross-shore transects depicting modeled zonal-current
component (u), in which a negative current (westward) was
predicted within the upper 10 m of the water column, while
a positive current (eastward) was predicted below 10 m depth,
at NT1 (see Supplementary Figures 4A,B). The confinement
of freshwater at the coast together with strong stratification
modified the coastal circulation and prevented the transport of
river-borne material to offshore waters. This is evident from
daily averaged satellite images of SPM, showing the retention
of suspended matter at the coast up to 3 days after the flash
flood (Figures 2A–C). We believe that this retention zone is
characterized by a stable water column (Figures 11B–D), with
the continuous input of nutrients from river discharges and the
decrease in wind intensity (Figure 7A and Supplementary Video
1) and thus mixing (Figures 12B–D) favored phytoplankton
growth, as evidenced by the high concentrations of Chla in
the northeastern coastal waters observed 2 days after the flash
flood (Figure 2F). It is suspected that this pattern occurs
frequently. The prevailing northeast trade winds often lead
to higher rainfall in the north (Caldeira et al., 2002; Prada
et al., 2009), and subsequent higher river discharge and erosion,
evidenced by the concave morphology of the northern coast
compared with the convex morphology seen on the southern
coast (Figure 3C; Rodrigues et al., 2006; Baioni, 2011), where
rainfall is lower. Four of the main drainage basins are in the
north (Figure 3C and Table 1), inducing the transport of large
amounts of terrigenous material to the coastal environment
during discharge events, which partially explains the brown and

turbid appearance of the sea surface on the north side of the
island (Figures 2A–C). This may also explain the high Chla
concentrations often detected near the northern coast (Caldeira
et al., 2002), however, more in situ observations are required to
confirm such speculations.

On the southern side of Madeira Island, river discharges
were weak (∼20 m3 s−1), while tidal induced currents over
the ridge that connects Madeira and Desertas Islands were
relatively high (>0.5 m s−1; Figures 8C,D and Supplementary
Figures 4G,H). From an oceanographic perspective, this region
is dynamic, with the recurrent generation of internal waves
(Reis et al., in preparation) and upwelling episodes, as detected
by cold and Chla-rich water masses in satellite-derived datasets
(Caldeira et al., 2002) and in situ measurements (Caldeira
et al., 2014). Such strong currents promoted a strong vertical
shear, which reduced the Richardson Number to values < 0.25
(Figures 12G,H) and contributed to the destratification of the
water column (Figures 10G,H, 11G,H). These oceanographic
processes may have contributed to the offshore spreading of
river-borne materials (Figures 2A–C,E).

February 20th, 2010—Southwesterly Winds
Surface maps for the 20th of February 2010 flash flood event
are presented in Figures 8E–H. Similar to the previous episode,
the intense southwesterly winds (∼ 20 m s−1) created two tip-
jets at the island flanks and a downslope flow, as indicated
by high speeds and changeable direction on the northeastern
side (Figures 8E–G). Such a wind regime agrees with Couto
et al. (2012) and Teixeira et al. (2014). Southwesterly winds
prevailed until 18:00 UTC (Supplementary Video 1), after which
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FIGURE 10 | Snapshots (same time steps as shown in Figure 8) of vertical variability of salinity with contours in transects (A–D) NT1 and (E–H) ST1 during
northeasterly winds and (I–L) NT2 and (M–P) ST2 during southwesterly winds. See Figure 8 for transect locations.

winds weakened and veered to the east, blowing parallel to the
coast (Figure 8H).

On the 20th of February, extreme and persistent rainfall
(>10 mm h−1 during 5–10 h) fell mostly over Madeira (Fragoso
et al., 2012), but according to Couto et al. (2012), there could
also be precipitation over the ocean south of the island. Our
model results show that such rainfall started at ∼6:00 UTC
(Supplementary Video 1) and intensified at 11:00 UTC (∼50 mm
h−1), affecting mainly the leeward (southern) side of the island,
particularly Funchal and Ribeira Brava (Figure 8E). At 12:00
UTC, modeled rainfall reached maximum values in high-altitude
regions (∼60 mm h−1), in agreement with previous studies
(Luna et al., 2011; Couto et al., 2012; Fragoso et al., 2012;
Levizzani et al., 2013).

The discharge rates drastically increased during the period
of maximum rainfall (11:00–12:00 UTC), reaching more than
400 m3 s−1 (Figures 8E,F and Supplementary Video 1). Such
a high discharge rate, together with the high amount of solid
material moved by the torrential flow, contributed to the flooding
of the surrounding areas (Lira et al., 2013; Nguyen et al., 2013;
Lopes et al., 2020). This was the case for Ribeira Brava (R3) and
Ribeira dos Socorridos (R4), which constituted 14 and 12% of
the total river discharges in the southern region during that day
(Figure 9B). In the northern region, the total river discharges

were dominated by Ribeira da Janela (R1) and Ribeira de São
Vicente (R5), which accounted for 28 and 18% of total river
discharges, respectively (Figure 9A). The extreme precipitation
and associated surface runoff caused landslides in the upstream
sections of the rivers (Oliveira et al., 2011; Lira et al., 2013;
Nguyen et al., 2013; Lopes et al., 2020), leading to severe erosion
of the drainage basins and river channels. It was estimated that
a sediment volume of 2.2–3.4 × 105 m3 and 6.1–9.8 × 105 m3

was eroded during this event in the Funchal drainage basins
(corresponding to Ribeira de São João, Ribeira de Santa Luzia
and Ribeira de João Gomes) and Ribeira Brava drainage basins,
respectively (Lira et al., 2013). Part of the resulting terrigenous
sediments and solid material were deposited in the downstream
(urbanized) areas of Funchal and Ribeira Brava, causing severe
damage to the local infrastructure (see Figures in Fragoso et al.,
2012; Levizzani et al., 2013; Lira et al., 2013; Nguyen et al., 2013;
Lourenço and Rodrigues, 2016). Nevertheless, high volumes
of freshwater and land-based solid material were discharged
to southern coastal waters (Lourenço and Rodrigues, 2016),
resulting in the formation of a brown-colored freshwater plume
significantly large and visible from space 3 days after the event
(see Figure 12 in Oliveira et al., 2011).

The dynamics of these river plumes are shown in the maps
of modeled sea surface salinity (Figures 8E–H). During the
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FIGURE 11 | Vertical variability of Brunt–Väisälä Frequency (10−3 s−2) with density contours in transects (A–D) NT1 and (E–H) ST1 during northeasterly winds and
(I–L) NT2 and (M–P) ST2 during southwesterly winds.

early stages of the event, collisions and coalescence of the
nearby river plumes resulted in the formation of a thin surface
layer with low salinity values (<35 PSU) spreading along the
southern coast, while small, localized plumes are also depicted
on the northern coast (Figure 8E). The combination of rapid
river flow and persistent southwesterly winds seem to cause the
offshore spreading of the northern plumes (going over the 200
m isobath), whereas the southern plumes remained confined to
the coast (Figure 8F). A general eastward transport of the plumes
was observed 3 h later, particularly for the northern plumes,
most likely induced by the wind-driven coastal circulation
(Figure 8G). When wind veered from the southwest to the
west, an intensification of the southward flowing surface ocean
currents on the southern side of the island (from ∼ 0.2 to 0.5
m s−1) resulted in the rapid dispersion of the plume (Figure 8H
and Supplementary Video 1). Collisions and coalescence of the
plumes were predicted in northern coastal waters, which resulted
in the formation of a thin freshwater surface layer along the
coast (Figures 8H, 10L). Thus, winds from the west seem to
spread the southern river plumes offshore, while the northern
river plumes remain confined against the coast. Satellite images of
SPM showed very similar responses of the river plumes, verifying
the ability of the present numerical framework configuration to
represent the plume dynamics (Figure 2D).

Vertical cross-shore transects beginning at the river outlets of
Ribeira da Janela (R1) and Ribeira dos Socorridos (R4; NT2 and
ST2 marked in Figure 8E, respectively) further demonstrate the
impact of the southwesterly winds on the spreading and mixing
of the river plumes (Figures 10–12). Similar, to the northeasterly
flash flood episode, modeled vertical cross-sections of salinity
showed a shallow freshwater lense trapped in the first 4 m of the
water column, extending 3 km offshore from the river mouth,
overlying high salinity water (>36.5 PSU; Figures 10I,M for
NT2 and ST2, respectively). Such a shallow river plume is likely
associated with the steep topography of the island (Figure 3C)
and the torrential rains, which cause abrupt discharges at the
coast (Figure 7B). Shallow river plumes were also found in the
steep coastal region of Russia, in which the rapid river discharges
formed a hydraulic jump, resulting in the generation of internal
waves (Osadchiev, 2018). Considering the similarities between
small rivers in Madeira and Russia, internal waves may also
be generated during torrential rainfall episodes in Madeira. At
11:00 UTC, the vertical gradient of salinity and density induced
strong water column stratification, as confirmed by high values
of Brunt–Väisälä (Figures 11I,M), reaching maximum values of
0.06 s−2 near the river mouths of Ribeira da Janela (R1) and
Ribeira dos Socorridos (R4). At this time, vertical shear was
not sufficiently strong to induce turbulent mixing between the
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FIGURE 12 | Vertical variability of Richardson Number in transects (A–D) NT1 and (E–H) ST1 during northeasterly winds and (I–L) NT2 and (M–P) ST2 during
southwesterly winds.

river plume and the oceanic waters, as indicated by Richardson
Number > 0.25 near the river mouth (Figures 12I,M). Offshore
waters were characterized by Richardson Number < 0.25,
suggesting strong vertical mixing (Figures 12I,M), and constant
values for salinity (Figures 10I,M) and Brunt–Väisälä Frequency
(Figures 11I,M). The confinement of the southern river plumes
against the coast is depicted in the vertical transects of salinity
(Figures 10M–O) and Brunt–Väisälä Frequency (Figures 11M–
O), where a retraction from 3 to 1 km away from the river outlet
and a deepening of the plume to 20 m depth was observed.
Such confinement is likely associated with the opposing wind
flow (Figures 8E–G), acting to restrict offshore spreading of the
plume (Zhao et al., 2018). During this same period, the northern
river plumes tended to spread offshore (Figures 8E–G), likely
facilitated by the offshore winds moving in the same direction
as the plume front on the northern side of the island (Zhao
et al., 2018). A similar wind-induced confinement/dispersion
of the river plume in the north/south coast was observed on
the 2nd of February (characterized by northeasterly winds),
further highlighting the importance of the wind on the horizontal
dispersion of the river plumes. Notwithstanding, one should note
that the turbulent scheme used may favor the vertical mixing
of the river plume (i.e., overmix; Li et al., 2005; Robertson and
Dong, 2019) and thus weakening the horizontal dispersion of
the northern (2nd of February; Figures 12B–D) and southern

river plume (20th of February; Figures 12N,O). The shift in
wind direction from southwest to the west (between 15:00 UTC
and 23:00 UTC 20 February 2010; Figures 8G,H) impacted the
dynamics of the modeled northern and southern river plumes.
Under westerly winds, the horizontal extent of the northern
river plume was limited by the strong landward (northerly)
wind-driven currents (Figure 8H), pressing the plume against
the northern coast (Figures 10K,L). Off the southern coast of
Madeira, westerly winds and subsequently southward surface
currents, caused modeled river plumes to spread farther offshore,
extending ∼ 8 km from river outlets (Figures 10P, 11P, 12P).
It is important to note that the dominant chemical weathering
of basalt occurring in Madeira Island produces several types
of soils (Supplementary Figure 1) rich in organic matter,
nutrients (e.g., silicate), and trace metals (e.g., magnesium and
iron; Van Der Weijden and Pacheco, 2003). Considering that
all these elements regulate phytoplankton growth (Barcelos e
Ramos et al., 2017), we believe that this buoyant river plume
transported high amounts of land-based material and nutrients
offshore (Figure 2D), which combined with the concurrent
decrease in wind speed (Figure 7A and Supplementary Video 1)
enhanced phytoplankton growth. This combination of processes
is likely responsible for Chla-rich filament detected in satellite
observations, which extended 70 km offshore 3 days after the 20
February 2010 flash flood event (Figure 2H). Given that salinity
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has a chemically conservative character, it is often used as a tracer
of a conservative mixing between freshwater and seawater. For
conservative nutrients, salinity can be used as a proxy to indicate
the mixing processes affecting nutrient distribution (Liss, 1976).
In dynamic environments, such as the ocean, many physical and
biogeochemical processes including coastal upwelling, biological
processes (e.g., nutrient uptake), remineralization, desorption,
and adsorption of nutrients on settling particles (e.g., Carstensen
et al., 2020; Jiang et al., 2021) cause relationships between
salinity and nutrient concentrations to deviate from conservative
behavior. Therefore, the use of salinity as a proxy for land-based
nutrient inputs may not fully reflect nutrient distributions. As
such, we believe that the coupling of a biogeochemical model to
investigate the implications of flood episodes on nutrient cycling
should be considered in follow up studies.

CONCLUSION

This study investigated the impact of February 2010 flash
floods on the coastal waters around Madeira Island, focusing
on the processes driving the dynamics of the river plumes,
responsible for favoring the maximum monthly-averaged
Chla concentrations around the island over the last two
decades (Figure 1B).

Based on coupled air-sea-land numerical simulations, our
results demonstrate that the wind is the main mechanism
controlling river plume dynamics and subsequent impact on
the coastal waters. Onshore winds confined the plumes against
the coast on both sides of the island. In particular, on 2
February 2010, onshore winds (northeasterly) confined the
northern plumes (Figures 8A–C), which resulted in strong
horizontal and vertical density gradients (Figures 10A–C, 11A–
C). Such confinement prevented the offshore transport of
river-borne material (Figures 2A–C), favoring phytoplankton
growth in inshore waters, as suggested by high concentrations
of sea surface Chlorophyll-a in the northeastern region
(Figure 2F). Considering the predominance of the impinging
northeasterly winds, we believe that this retention zone is likely
responsible for frequent localized eutrophication patches in the
northeastern region of the island (Caldeira et al., 2002). On
20 February 2010 (the catastrophic flash flood event), onshore
winds (southwesterly) caused confinement of the river plume
characterized by a strong vertical density gradient in coastal
waters on the south side of Madeira Island (Figures 10M–
O, 11M–O). Offshore winds (southwesterly) caused plumes to
spread offshore, as suggested by the eastward drift of the plumes
in coastal waters on the north side of the island (Figures 8E–
G). Cross-shore winds (westerly) pressed the northern plumes
against the coast, leading to the coalescence and collisions of the
plumes, and to the formation of a thin freshwater lenses that
spread along the coast (Figure 8H). However, the spreading of the
buoyant river plume offshore was observed in the southern region
(Figure 8H), forming a high Chlorophyll-a patch protruding
70 km away from the island (Figure 2H). The persistence of
plumes was governed by the duration of rainfall, river discharges,
and strong onshore winds, while offshore winds and strong

tidal currents generated over the underwater ridge that connects
Madeira to Desertas Islands facilitated the dispersion of the
plume (Figures 2, 8).

Overall, our numerical study suggests that the island’s surface
runoff associated with high rainfall events may indeed enhance
the primary productivity of the coastal waters surrounding
Madeira Island, as shown by the low salinity river plumes serving
as a proxy for the land-based nutrient input on the two distinct
precipitation events. The latter suggests that IME episodes related
to land runoff can occur frequently. The finding of this study
reinforces the important role of small mountainous rivers in the
delivery of river-borne material to the coastal ocean, particularly
during flash floods episodes, and subsequent on phytoplankton
growth. In this sense, we deem this episode as the “Land Mass
Effect.”

Besides the strong likelihood that high runoff events make an
important contribution to the primary productivity in Madeira’s
coastal waters, in situ measurements (e.g., river gauges, salinity,
and nutrients) are required to assess the model configurations
(including model sensitivity analysis to the coupling frequency,
boundary conditions, and vertical turbulence schemes) and
future numerical studies. The integration of such in situ data
in the present numerical framework is expected to improve
the model capacity to investigate the occurrence of localized
phenomena in different spatial and temporal scales, including
the generation of internal waves related to rapid river flow
and processes of coalescence and collisions of the rivers of
Madeira. As future work, the coupling of a biogeochemical model
would help to investigate the implications of flood episodes on
the nutrients cycling and on the phytoplankton communities
around Madeira Island. One should also consider that similar
processes may affect the productivity of coastal waters in other
oceanic islands, and that more observational and numerical
investigations are needed to quantify the relative contribution of
land runoff on the productivity of island coastal waters.
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