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Increased Net Primary Productivity (NPP) around small islands have been documented 
worldwide. Despite having been known for decades, the interactions between physical 
and biogeochemical processes behind this phenomenon – that takes the name of Island 
Mass Effect –remain unclear. In this paper we review the physical processes involved 
while proposing a method to identify the prevailing mechanisms by analyzing their imprint 
on NPP and Sea Surface Temperature (SST). These mechanisms can be quite different, 
but all enhance vertical exchanges, increasing the input of nutrients in the euphotic layer 
and favoring biological productivity. Nutrient-rich deeper waters are brought up to the 
surface through upwelling and mixing, leaving a cold imprint on the SST as well. Here we 
analyze satellite data of SST and NPP around small islands and archipelagos to catalog 
the physical mechanisms that favor the Island Mass Effect, with the aid of oceanic and 
atmospheric reanalysis. The multiplicity of these processes and the convolution of their 
interactions highlight the complexity of the physical forcing on the biomass production 
and the uniqueness of each island. However, analysis from 19 small islands throughout 
the tropics shows that two kinds of SST patterns emerge, depending on the size and 
altitude of the island. Around islands with considerable elevation and greatest diameters, 
cold/warm anomalies, most likely corresponding to upwelling/downwelling zones, 
emerge. This signal can be mainly ascribed to oceanic and atmospheric forcing. Around 
small islands, on the other hand, warm anomalies do not appear and only local cooling, 
associated with current-island interactions, is found. In the vicinity of a single island, more 
than one process responsible for the increased nutrient input into the euphotic layer might 
coexist, the prevailing one varying along the year and depending on the strength and 
direction of the incoming atmospheric and oceanic flow.

Keywords: Island Mass Effect, Primary Productivity, SST, vertical exchanges, upper ocean mixing, island-current 
interactions

1 INTRODUCTION

The enhancement of primary productivity around islands has been reported since the late 1950’s and 
is known as Island Mass Effect (IME) (Doty and Oguri, 1956), yet much remains to be understood 
about the prevalence and drivers of this ecologically important phenomenon (Gove et al., 2016). 
IME refers to a spectrum of biological and physical processes, in close proximity, and downstream of 
islands and reefs (Hamner and Hauri, 1981). Plumes with high concentration of chlorophyll-a have 
been detected upstream of islands (Hamner and Hauri, 1981; Gove et al., 2006; Liu et al., 2014), as 
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well as propagating downstream (Coutis and Middleton, 2002; 
Sasamal, 2006; Dong et  al., 2007; Andrade et  al., 2014; Zeiden 
et al., 2019). Long-term phytoplankton biomass around islands 
has been observed to be as much as 86% higher than offshore 
(Gove et al., 2016).

Increased productivity has been measured near several 
islands, however, a systematic and worldwide survey is lacking, 
with most studies carried out in few geographically confined 
locations. Gove et  al. (2016) focused on coral reefs, proving 
that the increase in net primary productivity (NPP) is a near-
ubiquitous feature, affecting as many as 91% of the reefs across 
the tropical Pacific.

The physical processes at the origin of this phenomenon can 
be differ but all result in an enhanced input of nutrients in the 
euphotic layer, which favors biological productivity. Nutrient 
rich deeper waters are brought up towards the surface through 
upwelling and mixing. In the lee of an island, the generation 
of cyclonic eddies via barotropic or baroclinic instabilities 
(Dong et al., 2007; Teinturier et al., 2010), and flow divergence 
(Hasegawa et al., 2004; Chang et al., 2013) are common upwelling 
mechanisms. Upstream of an island, currents impinging on the 
bathymetry can uplift the isotherms and lead to vertical transport 
(Hamner and Hauri, 1981; Gove et  al., 2006; Liu et  al., 2014). 
Increased vertical shear, due to the interaction between strong 
incoming currents and bottom friction, can enhance vertical 
mixing and intrude water from the thermocline in the mixed 
layer (De Falco et al., 2020). Finally tidal waves interacting with 
the sea floor can generate internal waves that deliver cold and 
nutrient-rich waters to the surface (Wyatt et al., 2020; Storlazzi 
et al., 2020).

Several land-born factors may also lead to the IME, such as 
nutrient intake from island runoff (Bell, 1992), atoll flushing 
(Gove et al., 2016), groundwater discharge (Hwang et al., 2005; 
Street et al., 2008) and human activities that increase nearshore 
nutrient concentrations above natural levels (Vitousek et  al., 
1997). All the aforementioned processes can singularly be the 
sole mechanism responsible for a local increase of the NPP 
around small islands or act concurrently. This review focuses 
on the oceanic physical processes linked to the IME. A local 
cooling of SST is considered an indicator of enhanced vertical 
exchanges in the upper column of the ocean and is used in this 
work to differentiate between IME-inducing dynamical and 
biogeochemical mechanisms.

As mentioned, the oceanic and atmospheric processes 
linked to the enhancement of primary productivity have been 
thoroughly investigated around some islands and archipelagos, 
but several of the smaller and/or remoter islands have never 
been studied. The complex spatial and temporal variability of 
these processes, the wide spectrum of disciplines involved -from 
physics to biology and chemistry- and the paucity of in-situ 
measurements with sufficient resolution, contribute to the lack 
of a synthesis of possible mechanisms involved under different 
conditions (Hasegawa et al., 2009).

Anthropogenic climate change-induced oceanographic and 
biogeochemical changes have occurred in the last 50 years and 
will continue over the next decades. The IME is of key to sustain 
thriving ecosystems, and changes in its driving mechanisms 

would affect the local biodiversity and the socio-economic well 
being of the local population relying on the marine ecosystem 
services. In order to predict the extent of these alterations we 
need to understand the unique combination of processes behind 
each island IME. Such a task constitutes an incredible challenge: 
not only we lack adequate instrumental data, but also the 
implemented modelling studies are sparse and uncoordinated. 
We thus aim to develop a method that helps identifying the 
prevailing mechanisms from satellite data.

Here, we present such a method, together with a synthesis of 
the physical processes involved using sea surface temperature 
(SST) and net primary productivity (NPP) data from remote 
sensing as guidance, as well as currents and surface winds from 
oceanic and atmospheric reanalysis. Surface patterns are linked to 
the physical processes at play, both for well studied archipelagos 
and for remote and less investigated areas. The analysis of data 
from 19 small islands across the tropics shows that two different 
SST patterns emerge, depending on the size and altitude of the 
island. The first pattern is characterized by warm/cold anomalies 
at the two opposite sides of the island and the second by a local, 
sometimes almost symmetric, cooling. This review is organized 
as follows: in section 2 we introduce the data and methodologies 
used in our analysis, while the physical processes responsible for 
these patterns are presented in section 3. Conclusions follow, 
focusing on the general lessons learned from this exercise. A 
detailed list of specific features observed in each area is collected 
in the Supplementary Materials (Table S1).

2 DATA AND METHODS

With the aim of identifying the physical processes that enhance 
vertical exchanges, we have analysed 19 islands (see Figure 1 and 
Table S1), mainly located in the tropical band. Tropical weather 
exhibits smaller day-to-day variability compared to higher 
latitudes, allowing us to analyze mechanisms using monthly 
data. Furthermore, light availability is not a limiting factor in 
this band, and phytoplankton blooms are typically associated 
with an enhanced nutrient input. For archipelagos located in 
areas affected by the monsoons, for example, the variability 
can be significant month-to-month, but is negligible at daily 
time scales. We include islands in many different geographical 
locations, in all the different oceans, and we focus on isolated 
islands and archipelagos to minimize the effects due to island 
to island interactions and spurious SST and NPP signals due to 
advection from nearby sites. Finally, we group islands based on 
their topographic features, comparing islands and archipelagos 
with similar geometrical characteristics to identify and explain 
common processes as well as exceptions. In the remaining of this 
work, atmospheric and oceanographic conditions are analysed 
and discussed using annual and monthly means for 2013, an El 
Niño Southern Oscillation (ENSO) neutral year.

The observational SST dataset of choice is the Group for 
High Resolution Sea Surface Temperature (GHRSST) Level 
4 (UK Met Office, 2005), available from April 2006, with daily 
temporal and 0.054° spatial resolution. It is based on SST 
measured by multiple sensors, including the Advanced Very 
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High Resolution Radiometers (AVHRR), the Advanced Along 
Track Scanning Radiometer (AATSR), the Spinning Enhanced 
Visible and Infrared Imager (SEVIRI), the Advanced Microwave 
Scanning Radiometer-EOS (AMSRE) and the Tropical Rainfall 
Measuring Mission Microwave Imager (TMI). The satellite data 
were blended with in-situ observations, ships, and buoys (both 
drifters and moorings).

The atmospheric and the oceanic reanalysis used in this work 
are ERA5 and SODA3, respectively. ERA5 is the latest climate 
reanalysis produced by ECMWF (European Centre for Medium-
Range Weather Forecasts), providing data on many atmospheric, 
land-surface, and sea-state parameters together with estimates 
of uncertainty. In this work, we use monthly 10m winds, total 
precipitation and radiation. The data are available in the Climate 
Data Store on regular latitude-longitude grids at 0.25° x 0.25° 
resolution.

The Simple Ocean Data Assimilation (SODA) (Carton et al., 
2018) reanalysis version 3 relies on the ocean component of 
the NOAA Modular Ocean Model MOM5, the model is eddy 
permitting. A scheme to reduce the bias in surface fluxes has 
been implemented. The version chosen is SODA3.7.2, forced 
with JRA-55 (Japan Meteorological Agency, Japan, 2013). For 
this work, it provides monthly surface currents. It has been 
shown that SODA3 sea surface height, a proxy for geostrophic 
surface currents not assimilated in the reanalysis, well correlates 
with remotely sensed SSH (correlation coefficient over 0.8 in the 
Indian Ocean and Tropical Pacific, Carton et al. (2018)), and 40% 
of the observed annual variance is accounted for in the reanalysis 
data. We also opted to use surface currents from OSCAR (ESR, 
2009) dataset, that derived from satellite retrieved SST and SSH 
products, averaged in the upper 30 meters of the water column 
and merged with 10m winds from ERA5, using quasi linear and 
steady flow equations (Bonjean and Lagerloef, 2002). Despite 
being provided on a grid of 1/4°spacing, the effective resolution 
of the OSCAR product is lower, and only the largest geostrophic 
eddies are represented (see Ballarotta et al. (2019) for an in-depth 
description of the issue and Figure S18). In some cases, for 
relatively large islands, the two current datasets (SODA3 and 
OSCAR) are used, but in general this study mostly relies on 
SODA3 which is dynamically consistent and depends on less 

strict assumptions than OSCAR. A full comparison between the 
products goes beyond the scope of this paper.

The NPP fields are obtained from http://sites.science.
oregonstate.edu/ocean.productivity, with a resolution of 0.0833°, 
and estimated according to the Vertically Generalized Production 
Model (VGPM) algorithm from (Behrenfeld and Falkowski, 
1997). The VGPM is a “chlorophyll-based” model that retrieves 
net primary production from chlorophyll using a temperature-
dependent description of chlorophyll-specific photosynthetic 
efficiency. In VGPM, the NPP is therefore a function of 
chlorophyll, available light, and photosynthetic efficiency. The 
product is based on MODIS (NASA Goddard Space Flight 
Center, Ocean Ecology Laboratory, Ocean Biology Processing 
Group, 2014) chlorophyll and temperature data. The available 
light is represented by the depth of the euphotic zone, which is 
estimated from a model developed by Morel and Berthon (1989). 
Over shallow bathymetry, NPP estimates can be contaminated by 
bottom reflectance, sediment run-off and resuspension (Boss and 
Zaneveld, 2003; Gove et al., 2016). The presence of correlations 
between cool anomalies and increased NPP at monthly time scale 
in regions over shallow bathymetry (i.e see Figure S19) suggests 
that the data might contained reliable signals. However, we 
adopted a conservative approach and removed from subsequent 
analysis NPP data in grid points over shallow bathymetry (isobaths 
less than 30m). This was not done in the Bermudas as no data 
would be retained inside the caldera, but, as discussed below, we 
caution about the weaker reliability of the data in that area. With 
regard to the reliability of NPP data, it is worth mentioning that the 
retrieval algorithm is based on satellite measurements of surface 
chlorophyll-a. However, the peak of chlorophyll-a concentration 
is not always located near the surface (subsurface maxima are 
not uncommon in the tropical oceans (Cullen, 1982)) and could 
remain undetected. Deep chlorophyll maxima (DCM) are usually 
associated with peak of phytoplankton and primary productivity 
as well (Moeller et al., 2019). Upward motions in the ocean can 
passively advect a DCM closer to the surface, resulting in an 
apparent bloom without any real PP enhancement (Hasegawa 
et al., 2009). Nevertheless, increased vertical velocities would also 
inject nutrients in the euphotic layer, leading to phytoplankton 
growth (Hasegawa et al., 2009).

FIGURE 1 |    Analysed islands and archipelagos and prevailing physical processes that enhance vertical exchanges in the surrounding waters.
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Local variations in temperature near islands and archipelagos 
are identified using the time averaged Laplacian (the second 
horizontal derivative) of the SST:

 ∇ =
∂
∂

+
∂
∂

2
2

2

2

2SST SST
x

SST
y  (1)

Even though the Laplacian operator does not identify 
minima and maxima of temperature, its extremes enhance small 
scale structures: strong positive (negative) Laplacian values 
correspond to areas of large negative (positive) curvature in 
the temperature field, such as in regions surrounding a local 
cold (warm) anomaly with respect to the large scale field. In 
some cases, for example when the fields only vary at a specific 
spatial scale (see e.g. the sinusoidal function used in Figure 2C), 
local variations can be clearly identified without the use of the 
Laplacian, and extremes in the SST corresponds to extremes in 
the SST Laplacian. However, in the presence of an overlapping 
background signal at larger scales (e.g. Figure 2D), small scale 
variations that can be hard to notice in the SST field are more 
easily identified through the Laplacian operator. The metric 
highlights small-scale patterns, reducing the signature of large-
scale variations. Figures  2A, B compares the 2013 annual SST 
and its mean Laplacian around Hawaii and is a clear example 

of how advantageous this technique can be. In the following, 
we apply the Laplacian operator to the SST field to highlight 
the small scale variations, potentially associated with the small 
scale dynamics surrounding an island, in a field that has a lot 
of large scale variations (such as, for instance, the latitudinal 
patterns). We do not apply the Laplacian operator to the NPP 
field, as the ecosystem dynamics generates spatial variations at 
scales that are small compared to those of the ocean dynamics 
investigated in this work: for NPP the Laplacian operator would 
actually mask the signal associated with the oceanic patterns (see 
the example given in Figure  2E, where the sinusoidal pattern 
represents the ocean processes affecting NPP and the small 
scale noise represents the fluctuation associated with ecosystem 
dynamics). For clarity purposes, in the figures in sections 3-4, the 
SST Laplacian are spatially smoothed using a (cubic) smoothing 
spline of fall-off value λ=0.2 , as shown in Figure S20.

SSTs are influenced by several processes with a wide range of 
spatial and temporal scales. As described, SST Laplacian helps 
to identify local temperature patterns, albeit it does not provide 
information about the physical mechanisms generating them. 
Analyzed together with the NPP field, it is useful to identify 
localized areas of enhanced vertical mixing or upwelling: regions 
of both increased productivity and local colder temperatures can 
be linked - with reasonable certainty - to an intensified input of 
nutrient rich waters from below the mixed layer.

A

B

D

E

C

FIGURE 2 | (A) 2013 annual mean SST; (B) corresponding SST Laplacian (shading) overlaid over the isothermal contours for region surrounding the Hawaii;  
(C–E) Example 1D functions and their Laplacians. (C) f(x)=cos(x) , (D) f(x)=sin(1.5x)+1.5x, (E) f(x)=0.5sin(x)+0.1cos(100x)+0.6 . It can be noticed that Laplacian 
extrema are associated with extrema in the high pass filtered original signal, and large scale variations are not detectable.
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In the following, we identify as IME due to enhanced vertical 
exchanges the NPP increase and SST cooling around the islands 
that are simultaneous during the same month and pertain to the 
same area.

3 PHYSICAL PROCESSES

The main physical processes responsible for the IME are grouped 
based on four main themes: current-island interactions, wind-
island interactions, ocean-atmosphere coupled processes and 
interactions, and, finally, vertical ocean mixing.

3.1 Current-Island Interactions
The presence of an island perturbs the oceanic flow, and this 
perturbation can result in locally enhanced vertical transport 
(i.e., Bowman et  al. (1996); Dietrich et  al. (1996); Dong et  al. 
(2007); Hasegawa et  al. (2009); Teinturier et  al. (2010); Chang 
et al. (2013); Stegner (2014)). The disturbance of the incoming 
currents due to the island has been often referred to as topographic 
forcing (Sangrà, 2015), and the resulting circulation relates to the 
classical problem of a cylindrical obstacle in a horizontal fluid 

(Batchelor, 2000; Cushman-Roisin and Beckers, 2011) where 
frictional effects inject vorticity into the system. In the simplest 
case of uniform density and a non-rotating frame the resulting 
flow is well characterized by the Reynolds number:

 Re U D Ao o H= / ,  (2)

where Uo is the incoming current speed, D the diameter of 
the obstacle and AH, the horizontal eddy viscosity coefficient. 
Figure 3 schematically represents the characteristics of the ocean 
circulation perturbed by a cylindrical obstacle in function of the 
Reynolds number.

For values of Re up to few tens, which in the ocean are relevant 
for weak incoming currents and/or very small islands compared 
to the local Rossby deformation radius (the length scale for 
which buoyancy forces are as important as the Coriolis force, 

R gh
fd =

( ) /1 2

, with g being gravity, f Coriolis parameter and h the 
water depth) the oceanic flow away from the obstacle is laminar 
and lateral friction generates two stationary eddies with opposite 
sign just behind the obstacle (Figure 3A) (Heywood et al., 1990; 
Barton, 2001). This is valid for islands surrounded by deep 

A

B

C

FIGURE 3 | Sketch of the ocean circulation in the wake of a circular island for Reynolds number of (A) O(10) , (B) O(100) and (C) wake-lee upwelling. Positive 
and negative vorticity in the ocean upper layer are represented with red and blue spirals, respectively. They lead to subsequent vertical velocities in the ocean. The 
upstream currents are uniform and represented by arrows Uo on the left side of the obstacle of a diameter D . Blue arrows represent the streamlines of the flow.
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waters and far away from coastal areas and estuaries, which are 
the main focus of this review. In shallow waters, the main source 
of vorticity is bottom drag and eddies are generated through 
different mechanisms (Tomczak, 1988; Dong et al., 2018).

For higher values of Reo - about 50-60 and greater (Dong 
et al., 2007; Chang et al., 2013; Sangrà, 2015) - the wake becomes 
unstable and eddies shed from the flanks of the island, generating 
a Kármán vortex streetdownstream (see Figure 3B). The size of 
the eddies is of the order of the size of the island (Dong et al., 
2007). An example of these eddies can be observed shedding 
downstream of the northern and smaller islands of the Hawaii in 
March (Figure 8).

Baroclinic instabilities are favored when the diameter of 
the island is larger than the Rossby deformation radius (Dong 
et al., 2007). In this case, the size of the vortices is close to the 
value of the local Rd (Sangrà, 2015), or slightly higher in the 
case D>>Rd (Dong et  al., 2007). For eddies of the order of or 
larger than the Rossby deformation radius the rotation of the 
Earth is important. Planetary rotation generates a Coriolis force 
orthogonal to the current direction that favors divergence in a 
cyclonic vortex and convergence in an anticyclonic one. The local 
divergence/convergence leads to upwelling/downwelling in their 
core, usually associated with cold/warm anomalies and nutrient 
enriched/deprived waters (Sangrà et al., 2007; Chang et al., 2017). 
For instance, a train of those eddies can be observed propagating 
downstream of the Canary Island in July (Figure 4).

The paradigm of mesoscale cyclonic eddies being traditionally 
associated with colder and nutrient enriched waters, and vice 
versa for anticyclonic eddies (McGillicuddy and Robinson, 1997; 
Sangrà et al., 2007), has been challenged in recent years. Cold-
core anticyclonic eddies and warm-core cyclonic eddies have 
been observed in several instances (Martin and Richards, 2001; 
Li et al., 2014; Gaube et al., 2015; Schütte et al., 2016), pointing 
toward the importance of other mechanisms. In particular, the 
interaction between the surface stress and the vorticity gradient 
of the eddy currents might induce upwelling/downwelling 
in the centre of anticyclones/cyclones (Martin and Richards, 
2001; McGillicuddy et al., 2007; Gaube et al., 2013; Gaube et al., 
2015; McGillicuddy, 2016). Indeed, Ekman transport depends 
on wind stress, which is determined by the relative velocity 
between surface wind and surface ocean current. The latter varies 
significantly in the eddy, changing sign on the opposite sides 
(while air speed can be considered fairly homogeneous, e.g., see 
Figure 5 of Renault et al. (2016)). The resulting Ekman transport 
differs on the opposite sides of the eddy and can result in a reversal 
of the classic convergence/divergence pattern and expected 
downwelling/upwelling motion. Moreover, ageostrophic 
submesoscale processes can modify the vertical velocity at the 
eddy periphery and in its core with perturbations approaching 
∼100 m/day to reverse the geostrophic prediction, generating 
strong local upwelling also in anticyclones (Mahadevan 
et  al., 2008; Zhong et  al., 2017; Liu et  al., 2021). Finally, the 

A

B

D E

C

FIGURE 4 | Canary Islands (A) Topography, (B) NPP, (C) SST Laplacian, (D) Wind Speed, (E) OSCAR currents, July 2013. Black dashed line represents the 100 m 
depth isoline. Annotations: E indicates propagating eddies, U/D upwelling/downwelling due to static eddies.
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A

B

D E

C

FIGURE 5 | Maldives (A) Topography, (B) NPP, (C) SST Laplacian, (D) Wind Speed, (E) SODA3 currents, February 2013. Black dashed line represents the 100 m 
depth isoline.
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downwelling in anticyclonic eddies inhibits the formation of a 
strongly stratified upper layer in summer, resulting, in turn, in 
a deeper mixed layer in fall and winter with respect to what 
happens in cyclones. This deep mixed layer in winter (which 
can be deeper than the nutricline) favors the injection of more 
nutrients into the euphotic layer and can result in enhanced 
blooms and relatively colder cores in anticyclones (Dufois 
et al., 2016).

As a result, anticyclonic eddies with increased chlorophyll-a 
both in the centre and/or in the periphery have been 
documented around the world (McGillicuddy and Robinson, 
1997; Martin and Richards, 2001; Gaube et  al., 2013; Chang 
et al., 2017), sometimes with alternating periods of upwelling 
and downwelling modes.

The island induced flow separation can also give rise to 
localized upwelling. There is a considerable difference in speed 
between the currents that accelerate around the flanks of the 
island and the lee, where the velocity is smaller, sometimes almost 
close to zero. The strong horizontal divergence is compensated by 
upward vertical velocities, given that the total velocity divergence 
has to be zero for an incompressible flow. The pair of horizontal 
surface jets behind the island entrains water from the lee side and 
causes surface divergence in the wake fed by a deeper returning 
current (Hasegawa et  al., 2004). The vertical velocity (w) for a 
given ocean layer of uniform density, in our case the mixed-layer 
of depth ML, relates to the horizontal velocity (u, v) divergence 
field according to:

 w h w
z

dz u
x

v
y

dz
h h

−( ) = ∂
∂

= −
∂
∂

+
∂
∂









− −∫ ∫

0 0

 (3)

where z=0 represents the surface and z=-h is the base of the 
mixed layer. The upwelling velocity is, therefore, proportional 
to the current speed variation and inversely proportional to the 
distance over which the change occurs, which is associated to 
the diameter of the island. Sometimes, for small enough islands,  
the Reynolds number is small despite the considerable speed 
of the oceanic flow, while the horizontal shear is large. The 
interaction between the incoming currents and the island 
gives rise to wake-like signals (as shown in Figure  3C). This 
occurs around the majority of small, low-lying, islands where 
the monsoon regime is the main seasonal changing pattern, 
such as the Maldives and the Andaman and Nicobar Islands 
in the Indian Ocean and in parts of Micronesia. Here, during 
the monsoon months, strong winds force intense surface 
currents (i.e. Figures  5, S3B–E, S4F–I, S7B–E, 6B–E). The 
wake-lee upwelling is secondary around wider islands, where 
the horizontal divergence is smaller and the Reynolds number 
is typically larger: in this case the turbulent fluctuations favor 
the generation of eddies, that become the dominant mechanism 
for vertical exchanges. For example, let us consider two islands 
of considerably different diameters, 1km (as some of the islands 
of the Atolls States) and 50km (as the size of Gran Canaria), 
and meridional currents (v) of 1m/s. Assuming AH=100m2/s 
(Sangrà, 2015), Reo would be 10 and 50, respectively, reaching 

turbulent scales only in the second case; the surface horizontal 
divergence (that we can approximate as Δv/Δy , where Δy is the 
radius of the island) would be 50 times smaller for the bigger 
islands, giving in that case only a small contribution to the 
vertical flow.

Finally, the interactions between currents and islands differ 
in substantial ways from those described above when the 
bathymetry cannot be approximated by a cylindrical obstacle. A 
strong and relatively deep current impinging on a gentle slope, 
for instance, can be lifted by it, forcing colder and nutrient-rich 
water into the euphotic layer, as in the case of the Equatorial 
Undercurrent hitting the Galapagos west coastline (Liu et  al., 
2014). This mechanism induces cooling upstream of the islands. 
The signal can propagate offshore if surface currents have a 
different direction than the subsurface flow, or, otherwise, can 
remain confined in close proximity of the islands (i.e Andaman 
and Nicobar Islands, Figure  6). Furthermore, a complex 
bathymetry can lead to currents impinging on the island with 
the same speed but from different angles, giving rise to different 
kind of wakes depending on the asymmetries in the shape of 
the topographic obstacle (Barton, 2001).

3.2 Wind-Island Interactions
The interactions between low-level winds and isolated islands 
with important orographic features have been investigated for 
their weather-related consequences given that the resulting 
terrain-induced circulations affect precipitation and clouds 
on the windward and lee sides of the mountains. Indeed, the 
physical barrier constrains the flow to circulate around or above 
the mountain, which induces instabilities and other related 
processes upstream and downstream (e.g., Yang and Chen 
(2008) for a discussion of these processes around the Hawaiian 
archipelago). There is here, noticeably, a nice correspondence 
with the ocean circulation around a cylinder described above. 
However, contrary to the ocean part, the atmosphere is almost 
always in a high Reynolds number regime, notably due to the 
upstream velocity of the fluid which is two orders of magnitude 
greater than the oceanic one (see equation 2; note that for 
water the eddy viscosity is smaller by one order of magnitude 
than for air, e.g. Vallis (2017)). Other parameters are needed 
to characterize the mountain-induced circulation, accounting 
for the height of the obstacle and the stability of the upstream 
flow. Indeed, idealized numerical studies show that the Froude 
number (Fr , or the dimensionless mountain height 1

Fr ) is the 
control parameter which qualifies the flow in the wake of a bell-
shaped island (Smolarkiewicz and Rotunno, 1989; Schär and 
Durran, 1997):

 Fr U NhAt MABL= /  (4)

where UMABL is the upstream wind averaged within the Marine 
Atmospheric Boundary Layer (MABL), where h is the height 
of the mountain, and N is the Brunt-Väisälä frequency -  a 
measure of the stratification:

https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


De Falco et al.

9Frontiers in Marine Science | www.frontiersin.org July 2022 | Volume 9 | Article 894860

IME: Oceanic Physical Processes

 
 

N g d
dz

= −
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where g is the acceleration of gravity and ρ the potential density.
Figure 7 sketches the circulation and cloud patterns induced by 
the presence of a bell-shaped mountain for Fr∼0.5 (A), Fr∼1 (B) 
and higher Froude number (C), all for high Reynolds number. It 
has been shown that, for a stratified airflow, frictionless motion 

and no diabiatic heating, a low Froude number (∼0.5 ) leads to 
the creation of two large counter-rotating vortices on the lee 
sides of the mountain (Smolarkiewicz and Rotunno, 1989), even 
at high Reynolds number. These vortices are stationary, and the 
resulting circulation is similar to the ocean one at low Reynolds 
number in the wake of a cylindrical barrier (Figure  3A). 
These processes often give rise to surface temperature dipoles 
and cold/warm anomalieson the right/left side (when facing 
downstream) of several islands, mainly of volcanic origin and 

A

B

D E

C

FIGURE 6 | Andaman and Nicobar islands (A) Topography, (B) NPP, (C) SST Laplacian, (D) Wind Speed, (E) OSCAR currents, June 2013. Black dashed line 
represents the 100 m depth isoline. TU stand for Topographic Upwelling.
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with a considerable altitude. This mountain-induced circulation 
has been verified by adding surface forcing (both thermal and 
friction) (Miglietta and Buzzi, 2004) and in realistic simulations 
such as the case of the circulation around Big Island in Hawaii 
(Yang and Chen, 2008). The latter is particularly interesting since 
the two volcanoes are higher than the inversion level, which in 
that case identifies the top of the atmospheric boundary layer (as 
sketched in Figure 7A) and the upstream flow is relatively weak 
(trade winds). This configuration (i.e., weak upstream winds and 
high mountain) favors the recirculation in the wake of the Island. 
Indeed, the flow is constrained to travel around the barrier and 
the disturbance is then trapped in the boundary layer (Barton 
et al., 2000; Hafner and Xie, 2003). For example, in March and 
August 2013 downwind of Hawaii Big Island, around 19.5°N 
and 158°W, the surface temperature decreases, NPP peaks and 
OSCAR currents patterns bear consistency with the surface 
signal of a mesoscale eddy (Figures 8, 9).

For a slightly higher Froude number (Fr∼1 ), that can result 
from a more intense upstream wind, as indicated in Figure 7B, 
or from a shorter mountain (see equation 4), the wake is larger 
and more turbulent. The flow goes around the mountain and 
detaches from it; this creates large shear in the wind subject to 
Kelvin Helmoltz instability, and vortices of opposite sign over the 
two sectors of the mountain which propagate along the lee axis. A 
von Kármán vortex street is then formed, visible in the resulting 

stratocumulus cloud structure (Figure  7B). In August, when 
the winds are intense, a signal indicative of a vortex street can 
be observed in NPP and SST downstream of Hawaii Big Island. 
The pattern of the vortex street depends on the prevailing wind 
intensity (noted UMABL in Figure 7), which can change seasonally, 
adjusting direction and structure of the vortices. This process 
echoes the ocean circulation around a cylinder for high Reynolds 
number described above (Figure 3B).

For the last two cases, the island lee side atmospheric 
circulation is characterized by large atmospheric vortices (two 
non-oscillating or multiple propating vortices for the Fr∼0.5 - 
Figure 7A - and Fr∼1 - Figure 7B - cases, respectively) and leads 
to a specific forcing to the ocean with, firstly, the injection of 
vorticity in the upper ocean, and, secondly, a short wave radiative 
forcing due to the corresponding cloud patterns. Finally, for 
higher Froude number (Fr>1 ), the wake is relatively large 
compared to the island size and is characterized by a very turbulent 
flow (Figure 7C). This last case is often leading to the creation of a 
lee wave in the MABL with multiple both signs vortices of relatively 
small size which enhance air-column vertical mixing. The resulting 
momentum and heat forcing in the ocean is then highly variable and 
unpredictable. For an average wind speed of 4 m/s and assuming N 
equal to 2·10−3 (Stull, 1988; Wulfmeyer and Janjić, 2005), an island 
with an elevation of about 2000  m is required for the Froude 
number to be Fr<1 , and of about 4000 m for Fr<0.5 .

A

B

C

FIGURE 7 |  Sketch of the atmospheric circulation in the wake of a bell-shaped mountain for high Reynolds number and (A) Fr∼0.5, (B) Fr∼1 and (C) higher Froude 
number. Positive and negative vortices are represented with red and blue spirals,respectively. They lead to subsequent vertical velocities in the air column modifying 
the height of the bonduary layer (dashed line) and cloud organization. The upstream flow is represented by arrows UMABL on the left side of the mountain.
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Furthermore, locally, coupled atmosphere-ocean interactions 
link the depth of the ocean surface mixed layer (ML) and the wind 
speed. In the lee of the islands, the winds are weaker, and the ML 
is shallower than along the windward side, so that during the day 
the heat fluxes are distributed over a thinner surface layer resulting 
in intense surface warming (Barton, 2001) that further inhibits 
vertical exchanges. Triangular patches (the shaded area is wider 
closer to the islands and progressively decrease moving offshore) 
of warmer water appear in the lee of Hawaii (Figures 9B–E), the 
Canaries (Figures  4B–E), Vanuatu (Figure S8) and Cabo Verde 
(Figures S10, S11) and the Marquesas Archipelago (Raapoto et al., 
2018). A shallower, strongly stratified mixed layer is usually linked 
to a decrease in NPP because the surface is isolated from the deep 
nutrient enriched waters.

3.3 Oceanic and Atmospheric Processes 
Interactions
Up to this point, we separetely described the interactions 
between currents and bathymetric features, and how they impact 
vertical transport, and between winds and topographic features, 

and how they modify the circulation and the thermodynamic 
properties of the upper ocean. However, they are highly coupled 
in most cases, including the previously described Canary islands 
and Hawaii. As a result, the vorticity injected into the ocean by 
the atmospheric circulation favors the formation of an oceanic 
vortex street even for moderate incoming currents and a modest 
oceanic Reynolds number (Reo >20 , Jiménez et al. (2008)). Pullen 
et al. (2008), for example, found that near the Philippines strong 
bursts of monsoon winds can not only generate eddies but also 
lead to their propagation, even in the absence of a background 
oceanic flow. The propagation of wind-shear generated eddies 
at the ocean surface despite weak background currents has been 
observed around Hawaii as well (i.e., Jia et al. (2011)).

These coupled atmospheric-oceanic processes give rise to 
surface warm/cold anomalies. Wind vorticity, as explained in 
the previous section, forces local upwelling/downwelling. These 
vertical motions perturb the pycnocline position by decreasing/
increasing its depth by tens of meter per day and can significantly 
contribute to the formation of oceanic eddies (Barton, 2001). The 
signal is particularly evident around the Canaries, Hawaii, and 

B C

D E

A

FIGURE 8 | Hawaii (A) Topography, (B) NPP, (C) SST Laplacian, (D) Wind Speed, (E) OSCAR currents, March 2013. Black dashed line represents the 100 m depth 
isoline. Annotations: E indicates static eddies and ES eddies shedding.
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Cabo Verde [(see i.e. Figures 4B–E, 8B–E, S10 and Jiménez et al. 
(2008)], where the anomalies are correlated with the direction of the 
incoming winds and currents. Indeed, around these archipelagos the 
magnitude of the Laplacian of the monthly SST is strongly correlated 
with the intensity and direction of the trade winds, in a way that 
depends on the incident angle. The current-bathymetry interactions 
at small and low Reynolds number (Figures 3A, B) on one hand, 
and wind-island interactions at different Froude numbers (Figure 7) 
on the other, act simultaneously and alter each other through 
thermodynamical adjustment between the two fluids, strengthening 
or weakening ocean mixing, vertical velocities in the upper ocean 
and associated primary productivity.

Currents and winds can be oriented along different directions. 
When this happens, one or the other process might prevail in 
determining the final ocean surface signal. For example, in the case 
of Hawaii Big Island, in August the interaction between winds and 
volcanoes dominates (Figures 9B–E), resulting in a cold anomaly 
and increased NPP in agreement with wind forced patterns instead 
of ocean eddies shedding. An example of the oceanic circulation 

prevailing can be seen around Cabo Verde in November (Figures 
S11A–D).

3.4 Vertical Mixing in the Upper Ocean
Among the processes intrinsic to the ocean that enhance vertical 
mixing, internal waves are fundamental to entrain cold and 
nutrient rich waters in the upper ocean, and to offset bleaching 
events (Storlazzi et al., 2020; Wyatt et al., 2020). Internal waves 
propagate at the interface between layers of different density, at 
the base of the mixed layer, or of the main pycnocline, traveling 
long distances (Klemas, 2012). In the interior of the ocean, in the 
absence of, or for weak, atmospheric forcing, i.e. weak wind and 
heat fluxes, the breaking of internal gravity waves is one of the 
main sources of vertical mixing (Alford et al., 2011). Three main 
mechanisms can perturb the interface and generate internal 
waves: fluctuating wind stress over the ocean surface, tidal 
forcing over rough topography, or quasi-steady currents over 
rough topography (MacKinnon, 2013). This last two mechanisms 
can be referred to as internal tides and lee waves, respectively 

A

B
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C

FIGURE 9 | Hawaii (A) Topography, (B) NPP, (C) SST Laplacian, (D) Wind Speed, (E) OSCAR currents, August 2013. Black dashed line represents the 100 m 
depth isoline. Annotations: E indicates static eddies and ES eddies shedding
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(MacKinnon, 2013; Nikurashin and Ferrari, 2013). Their 
ability to propagate inshore is related to the topographic slope 
(Merrifield and Holloway, 2002): a gradual slope favors internal 
wave propagation toward shallower waters, whereas a steep 
topography reflects them offshore (Gove et  al., 2016). Moving 
to shallow waters, internal waves become steeper and eventually 
break, generating vertical mixing. A simple sketch is given in 
Figure  10A. Interestingly, a gradually sloping bathymetry is 
generally correlated to a stronger IME (Gove et al., 2016).

Vertical mixing can also occur in the case of bottom friction 
on a relatively shallow bathymetry. In this case, the friction 
strongly reduces (surface intensified) horizontal currents, leading 
to strong vertical shear. When the destabilizing influence of the 
vertical shear overcomes the stabilizing effect of the stratification, 
vertical mixing arises (Stevens and Crum, 2003). The ratio 
between these two quantities is described by the Richardson 
number (Vallis, 2017):

 Ri N
du dz

=
( )

2

/  (6)

where N as above, is the Brunt–Väisälä frequency, and du/dz is 
the current vertical shear. Strong shear can lead to unstable flows 
and enhance vertical mixing, thus causing entrainment of deep 
cold water in the mixed layer (De Falco et al., 2020).

Vertical mixing enhancement, due to internal waves or 
interaction with the bathymetry, gives rise to an almost symmetric 
imprint, at times just slightly stronger on the side of the incoming 
currents. This effect is observed around nearly every island, and 
it is generally present year-round. It is confined to a thin region 
around the islands and can be masked by some of the previously 
described mechanisms. This is clearly visible and dominant, for 
example, around the Maldives, where a symmetric cold anomaly 
can be observed in spring (Figure 11), when winds and currents 
are weak and the mixed layer shallower than in other seasons 
(Figure 5). Several low-altitude islands display similar patterns, 
including Chagos (Figures S3F–I), the Andaman and Nicobar 
Islands (Figures S2A–D), the Seychelles (Figure S4B–E).

When accounting for the seasonality, the imprint of wake 
upwelling and vertical mixing on the SST and NPP fields is 
recovered around almost all analysed archipelagos, including 

A

B

FIGURE 10 | Sketch representing the interactions between ocean dynamics and continental slope which generate ocean mixing: (A) an internal wave propagating 
towards the continental slope becomes steeper and eventually breaks, generating vertical mixing; (B) simple sketch of a topography-induced upwelling and bottom 
friction-induced mixing and vorticity.
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FIGURE 11 | Maldives (A) Topography, (B) NPP, (C) SST Laplacian, (D) Wind Speed, (E) SODA3 currents, April 2013. Black dashed line represents the 100 m 
depth isoline.
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the Hawaii (Figures 8B–E), Cabo Verde (Figures S10B–E) and 
Vanuatu (Figures S8F–I). Associated vertical mixing intensity 
and impact on vertical transport is weaker compared to the other 
processes described in this work, and its signal often obfuscated. 
It emerges when both currents and winds subside. On the 
other hand, it is a nearly ubiquitous feature that provides a key 
contribution to enhance vertical exchanges all year-round.

4 DISCUSSION

In this paper, we described the different physical processes 
resulting in the so-called Island Mass Effect (IME). The 
multiplicity of those processes and the convolution of their 
interactions highlight the complexity of the physical forcing 
on the NPP patterns and the uniqueness of each island. Here 
we attempted to provide a reliable catalog of physical processes 
responsible for the IME around islands worldwide. Processes 
have been determined with the joint analysis of satellite-derived 
SST and NPP and atmospheric and oceanic reanalyses.

Two different SST patterns can be distinguished, depending 
on the altitude, the extension and the structure of the islands. 
Around islands with considerable altitude, both warm and 
cold temperature anomalies arise, while around smaller islands 
without major topographic peaks only local anomalies of one 
sign (warm or cold) are generally found. The results of this 
analysis are summarised in Table 1.

The first signal can be mainly ascribed to oceanic and 
atmospheric forced eddies and wind-curl forced upwelling/
downwelling. Variations in the depth of the wind-forced mixed 
layer and heat fluxes into the ocean also play a role. Usually, 
when the SST and NPP display a strong asymmetry, temperature 
cooling and increased productivity are associated with increased 
eddy production and upwelling in the lee of a wake, due to the 
interaction between surface topography and the oceanic circulation. 
The last two mechanisms tend to give rise to symmetric patterns for 

the most common geomorphological profiles of the islands. Peaks 
in productivity can be observed also upstream of the islands, due 
to currents impinging on a slope, increased shear or internal waves. 
More than one process might coexist, the prevailing one varying 
along the year and depending on the strength and direction of the 
incoming atmospheric and oceanic flow.

The imprint of those fluid-island interactions are visible 
around most of the islands across the oceans. It is interesting 
to note that the ocean dynamics affects not only islands but 
also shallow/small seamounts and sand banks. Their SST and 
NPP signatures can be seen, for example, in the Micronesia 
Archipelago (Figure S6) and Saint Brandon islands 
(Mauritius). The latter rises from a limestone plateau (∼ 20m) 
and while it is too small to be resolved, the nutrient-enriched 
cold waters are clearly shaped by the underlying topography 
(see Figures 12A–E).

In some cases, NPP increase and SST anomalies are not 
observed. This is in particular - but not exclusively - the 
case of sparse coral islands of low altitude. Few examples 
are Tromelin (Mauritius, Figure S9), Nauru (Figure  10), 
the Marshall Islands (Figure S11), and Kosrae (Micronesia, 
Figure S12). Similarly, around Cocos Islands, in the Pacific, 
an increase in the NPP and a SST cooling can be observed 
in the annual mean (Figure S13) but no clear signal emerges 
from the monthly analysis despite the island extension being 
comparable to some of the islands here described. NPP blooms 
and lower surface temperatures in this case do not co-occur 
and thus are not linked to each other. Therefore, it is not 
possible to ascribe the signals to enhanced vertical exchanges. 
The relationship emerging among the annual mean values is 
probably an artifact associated with the average of the signals 
over shorter lasting uncorrelated events.

In general, the lack of surface signals might be due to the fact 
that the islands are too small to meaningfully interact with the 
large-scale ocean and atmosphere dynamics. The other possibility 

TABLE 1 | List of the islands considered in the analysis, prevailing processes and surface imprint characteristics.

  Main Process Observed Characteristics Dynamical characteristics

Canary Islands 
July

OES 
U/D 
SML

Cold/warm anomalies downstream 
Anomalies on the left/right 
Triangular warm in the wind lee

High Reo 
Fr < 1 
High elevation

Maldives 
February

WLU Cold anomaly downstream Fast currents - small diameter

Andaman and Nicobar 
June

TU Cooling upstream Gradual bathymetric slope

Hawaii 
March

OES 
AOWE

Cold/warm anomalies downstream 
Localised anomaly

High Reo 
Fr < 1 and/or high Reo

Hawaii 
August

AOES 
AOWE 
SML

Cold/warm anomalies downstream 
Localised anomaly 
Triangular warm in the wind lee

Fr < 0.5 and/or high Reo 
Fr < 1 and/or high Reo 
High elevation

Maldives 
April

VM Symmetric cooling Shallow terrain - weak currents

Saint Brandon 
Annual

VM Symmetric cooling Shallow terrain - weak currents

OES, oceanic eddies shedding; U/D upwelling/downwelling; SML, shallower ML; WLU, wake-lee upwelling; TU, topographic upwelling; AOWE, atmospheric-oceanic wake eddy; 

AOES, atmospheric-oceanic eddies shedding; VM, vertical mixing. Exact values of Reo and Fr have not been calculated; since; in this study; we use monthly averages that do not 
capture the high variability of currents and winds. An extended table with all the analysed islands can be found in the Supplementary Material (Table S2).
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is that the surface variations in temperature and productivity 
have a magnitude and extension too small to be resolved by 
satellite data.

In few cases, the SST and NPP signals are decoupled and 
most likely influenced by different processes. Sometimes the 
surface imprint is only visible in the SST, e.g around Tristan da 
Cunha Archipelago, in the south Atlantic Ocean (Figure  13). 
This behavior may result from a photic zone deeper than the 
mixed layer, or, in other words, a nutricline deeper than the 
thermocline, so that upwelled waters from below the mixed layer 
base can be colder than surface ones but still nutrient depleted. 

Further observations and analysis would be needed to confirm 
this hypothesis. Additionally, the signal is not present in the SST 
Laplacian around Saint Helena, in the Atlantic Ocean, despite its 
considerable altitude, but only in the NPP, where it is mainly due 
to a specific event in fall (Figure S14).

In other cases NPP and SST display different seasonal 
behaviours. At Bermudas, over the shallow (∼ 20 m) caldera of 
the extinct volcano, NPP is elevated all year around, but the local 
SSTs are strongly coupled with the heat fluxes that vary with the 
seasonal cycle. The differential heating of shallower water over 
the old caldera makes the SST seasonal cycle more pronounced 
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FIGURE 12 | Saint Brandon Islands (Mauritius), (A) Topography, (B) NPP, (C) SST Laplacian, (D) Wind Speed, (E) Currents, annual average 2013. Black dashed line 
represents the 100 m depth isoline.
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there if compared to the deeper surrounding waters. Therefore, 
the SST Laplacian displays a negative anomaly in June, when 
the downward radiation reaches its maximum, and a positive 
anomaly in November when it is at its minimum (Figure  14). 
Primary productivity, on the other hand, is higher than that of 
surrounding waters all year-round. The SST does not reflect 
the water mass characteristics of the underlying water but it is 
modulated by the seasonal cycle of the heat fluxes that are able 
to uniformly warm or cool the shallow lagoon. It should be 
noted that data inside the caldera have been retained despite the 

shallow bathymetry and that Chl-a estimates in this region might 
be contaminated.

One important question refers to how the IME may change 
in the future, in response to changes in its physical forcing. 
Climate models cannot provide detailed answers due to their 
limited resolution, but a combination of model results and 
observations can hint to likely behaviors. Ocean stratification 
has increased in the past half century and it is projected to 
increase even more in the future (IPCC, 2013; Guancheng et al., 
2020). A more stable water column effectively inhibits mixing, 
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FIGURE 13 | Tristan da Cunha, (A) Topography, (B) NPP, (C) SST Laplacian, (D) Wind Speed, (E) Currents, annual average 2013. Black dashed line represents the 
100 m depth isoline.
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compromising vertical exchanges and decreasing the input 
of nutrient in the euphotic layer. This has been consistently 
shown in earth system model projections (Bopp et al., 2001; 
Cabré et  al., 2015; Fu et  al., 2016). The magnitude of these 
changes remains uncertain (Bopp et  al., 2013; Krumhardt 
et al., 2017; Kwiatkowski et al., 2020) but, in most cases, will 
induce a reduction of primary productivity, particularly at low 
latitudes (Steinacher et al., 2010; Bopp et al., 2013; Moore et al., 
2018). However, in situ observations from local stations, in 

the North Pacific and North Atlantic, have measured positive 
trends in both nutrients and chlorophyll concentrations  
(Hoegh-Guldberg et  al., 2014), hinting that local processes 
might counterbalance the increased stratification.

The water cycle is projected to amplify. Areas with an 
already high moisture content will likely experience a 
further increase, while the opposite will occur in dry zones 
(Durack et al., 2012; Skliris et al., 2016). Furthermore, in terms 
of atmospheric forcing, several studies point towards a 
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FIGURE 14 | Bermudas (A) Topography, (B, C) SST Laplacian, (D, E) Original NPP without masking shallow grid points, (F) Spatial average of surface heat fluxes. 
(B, D) June, (C, E) November 2013. The black dashed line is the 100 m depth isoline.
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weakening of both the monsoon and the Walker circulation 
(Tanaka et al., 2005; Ueda et al., 2006; Vecchi et al., 2006; Krishnan 
et al., 2012; Hsu, 2016). This would not only lead to the decrease 
of atmospheric forced vertical exchanges but also of wind-driven 
currents and, therefore, the magnitude of the current-island 
interactions would decline. On the other hand, westerlies winds are 
projected to intensify with increasing greenhouse gas concentrations 
(McInnes et  al., 2011; Collins et  al., 2013). The vertical nutrients 
input around islands located in different latitudinal bands could be 
subjected to different trends.

It is worth mentioning finally that the above description is based 
on remote sensing and reanalysis datasets which both suffer from 
their relatively low effective resolution compared to the processes 
involved. The effective resolution may be about 4 times coarser than 
the native resolution, and is limited by the numerical dissipation 
range, which is a function of the filters, data processing methods and 
schemes used (Soufflet et al., 2016). Fine scale patterns of SST or 
NPP have been omitted in this paper, especially around tiny island 
or sand banks for which the associated IME might be undetectable 
with the products used. The systematic analyses performed in 
this study and the categorization of physical processes affecting 
worldwide islands provide reliable background knowledge which 
needs further investigation, notably for the quantification of the 
role of small-scale processes. High-resolution modeling efforts may 
provide a useful tool to extend and complete this study.
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