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Water Resources Unit, Institute for Environment and Sustainability, Joint Research Centre, European Commission, Ispra, Italy

The Mediterranean Sea is considered as a hotspot for climate change because of its

location in the temperate region and because it is a semi-enclosed basin surrounded by

highly populated and developed countries. Some expected changes include an increase

in air temperature and changes in the periodicity and spatial distribution of rainfall.

Alongside, demographic and politics changes will alter freshwater quantity and quality.

All these changes will have an impact on the ecological status of marine ecosystems

in the basin. We use a 3D hydrodynamic-biogeochemical coupled model of the entire

Mediterranean Sea to explore potential changes in primary productivity (mean values

and spatial distribution) under two emission scenarios (rcp4.5 and rcp8.5). To isolate

the effects of changes in atmospheric conditions alone, in this ensemble of simulations

rivers conditions (water flow and nutrient concentrations) are kept unchanged and

equal to its climatological values for the last 10 years. Despite the significant warming

trend, the mean integrated primary production rate in the entire basin remains almost

unchanged. However, characteristic spatial differences are consistently found in the

different simulations. The western basin becomes more oligotrophic associated to a

surface density decrease (increase stratification) because of the influence of the Atlantic

waters which prevents surface salinity to increase. In the eastern basin, on the contrary,

all model runs simulate an increase in surface production linked to a density increase

(less stratification) because of the increasing evaporation rate. The simulations presented

here demonstrate the basic response patterns of the Mediterranean Sea ecosystem

to changing climatological conditions. Although unlikely, they could be considered as

a “baseline” of expected consequences of climatic changes on marine conditions in the

Mediterranean.

Keywords: climate change, modeling, marine biological production, surface properties, Mediterranean Sea

Introduction

The Mediterranean Sea has been described as a hot-spot for climate change (Giorgi, 2006) because
of a number of reasons. Firstly, it is located in a temperate region which is expected to become
warmer and drier in the nearby future (IPCC, 2013). Secondly it is a semi-enclosed basin being,
thereby, strongly influenced by continental conditions. Thirdly, it hosts a very large human

http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org/Marine_Science/editorialboard
http://www.frontiersin.org/Marine_Science/editorialboard
http://www.frontiersin.org/Marine_Science/editorialboard
http://www.frontiersin.org/Marine_Science/editorialboard
http://dx.doi.org/10.3389/fmars.2015.00079
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2015.00079&domain=pdf&date_stamp=2015-10-16
http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive
https://creativecommons.org/licenses/by/4.0/
mailto:diego.macias-moy@jrc.ec.europa.eu
http://dx.doi.org/10.3389/fmars.2015.00079
http://journal.frontiersin.org/article/10.3389/fmars.2015.00079/abstract
http://loop.frontiersin.org/people/134583/overview
http://loop.frontiersin.org/people/279528/overview
http://loop.frontiersin.org/people/278075/overview


Macias et al. Mediterranean biogeochemical projections

population that exerts a considerable influence on the marine
ecosystems’ conditions (e.g., Macías et al., 2014a).

Climatic and anthropogenic forcings will combine in the
future in uncertain ways and will potentially create a wide range
of pressures on the Mediterranean Sea ecosystems. The only
way to try to assess expected future consequences is through
scenario generation using a set of numerical interconnected
models (Najjar et al., 2000; Uncles, 2003). Three elements
should, at least, be included in the scenario generation process,
the atmosphere, the ocean, and the socio-economic activity.
With such interconnected models, attribution exercises could
be performed by isolating sources of variability and assessing
potential changes on the variables of interest by the individual
forcing factors (e.g., atmospheric conditions, river discharges,
or human activities). In the present contribution, our aim is to
evaluate the direct effects of alterations in atmospheric forcing
due to climate change on the biogeochemical conditions of the
Mediterranean Sea.

Numerical models have been mostly used to study changes in
physical properties of the Mediterranean basin under different
future scenarios. For example, the future evolution of the
Mediterranean Thermohaline Circulation (MTHC) has been
assessed in a number of works (e.g., Thorpe and Bigg, 2000;
Somot et al., 2006) while water and heat fluxes evolution
throughout the basin have been investigated under different
emission scenarios (e.g., Christensen et al., 2007; Dubois et al.,
2012). A review of the studies dealing withMediterranean climate
projections can be found in Planton et al. (2012).

However, assessments of potential changes on Mediterranean
biological production characteristics in future scenarios aremuch
less common. One of the few works evaluating basing wide
changes on trophic regimes in climate scenarios was presented by
Lazzari et al. (2014) which, however, considered just one single
emission scenario (A1B) from the outdated Coupled Model
Intercomparison Project Phase 3 (CMIP3) and used a time-slice
approach which has some disadvantages compared to transient
simulations (e.g., Gualdi et al., 2013). Also, Herrmann et al.
(2014) made an assessment of the potential impacts of climate
change on the NW Mediterranean Sea pelagic ecosystems.
Besides these two works, to the best of our knowledge little
more has been done regarding biogeochemical consequences of
climatic scenarios in the Mediterranean Sea.

Biological productivity in the Mediterranean basin is typically
dominated by a winter-spring bloom happening in some
restricted areas (e.g., D’Ortenzio and Ribera d’Alcala, 2009)
controlled by vertical mixing during winter time (Siokou-
Frangou et al., 2010). Production associated to upwelling
events is much lower and only associated to specific regions
such as the NW Alboran Sea (e.g., Garcia-Gorriz and
Carr, 2001). Henceforth, to correctly reproduce production
levels and distribution with a numerical model, vertical
stratification characteristics of the basin should be reasonably
simulated.

Here we will use an ocean model already proven to provide a
reasonable representation of past and present hydrodynamic and
biogeochemical conditions of the Mediterranean basin (Macías
et al., 2013, 2014a,c) to explore a set of future scenarios for the

basin. This ocean model is forced at the surface with atmospheric
variables provided by a regional circulation model (RCM) forced
at the boundaries with different global climate models (GCMs)
included in the Coupled Model Intercomparison Project Phase
5 CMIP5 exercise. Different emission scenarios for each GCM
are considered, including the worst-case scenario (rcp8.5 or
business as usual case) where emissions continue to grow
throughout the entire twenty-first century and an intermediate,
more desirable case (rcp4.5) where emissions peak ∼2040 and
decline afterwards. The different model runs are performed
continuously from 2013 to 2100 so the transient evolution of the
system is fully considered.

For the present contribution no year-to-year change in
freshwater flow or nutrient concentrations in riverine waters is
contemplated. This way the direct effect of changing atmospheric
conditions on the marine ecosystem could be detected and
isolated from the anthropogenic effects mainly happening by the
modifications of rivers conditions.

The ocean model and atmospheric forcing used are exposed
in Section Materials and Methods. Main results are presented
in Section Results while conclusions could be found in Section
Discussion.

Materials and Methods

Mediterranean Ocean Model
The 3-D General Estuarine Transport Model (GETM) was used
to simulate the hydrodynamics in the Mediterranean Sea. GETM
solves the three-dimensional hydrostatic equations of motion
applying the Boussinesq approximation and the eddy viscosity
assumption (Burchard and Bolding, 2002). A detailed description
of the GETM equations could be found in Stips et al. (2004) and
at http://www.getm.eu.

The configuration of the Mediterranean Sea (Figure 1) has
a horizontal resolution of 5′ × 5′ and includes 25 vertical
sigma-layers. A third-order Total Variation Diminishing (TVD)
numerical scheme is used as recommended by Burchard et al.
(2006). ETOPO1 (http://www.ngdc.noaa.gov/mgg/global/) was
used to build the bathymetric grid by averaging depth levels
to the corresponding horizontal resolution of the model grid.
To avoid truncation errors over steep topographies (e.g., Haney,
1991) smoothing was applied before starting the simulations to
the bathymetric grid by using the method proposed for ROMS
(http://www.romsagrif.org). This method allows to prescribe the
tolerance in the difference of depths for adjacent cells. The
salinity and temperature climatologies required at the start of
the model integration were obtained from the Mediterranean
Data Archeology and Rescue-MEDAR/MEDATLAS database
(http://www.ifremer.fr/medar/) while biogeochemical initial and
boundary conditions were computed from the World Ocean
Atlas database (www.nodc.noaa.gov/OC5/indprod.html). All
model runs described below started with exactly the same initial
conditions.

Boundary conditions at the western entrance of the
Strait of Gibraltar were also computed from the same
MEDAR/MEDATLAS dataset imposing monthly climatological
vertically-explicit values of salinity. Sea surface temperature
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FIGURE 1 | Model domain with bathymetry (background color). Blue stars indicate the position of the river mouths included in the model. The red and green

polygons indicate the areas considered as Western and Eastern basins in this work.

at the western entrance of the Strait were extracted from the
nearest node of the driven GCM for each simulation (see below)
while the rest of the water column temperature was not changed.
This configuration did not fundamentally modify the conditions
of the Atlantic inflow during the simulations, which allows
to better isolate the effects of a changing atmospheric forcing
as explained below. No horizontal currents were imposed at
the open boundary. With this boundary configuration the
circulation through the Strait is stablished by the internally-
adjusted baroclinic balance provoked mainly by the deep-water
formation within the basin (Macias et al., under review).
Although the magnitude of the interchanged flow and horizontal
velocities in Gibraltar are in agreement with observations
(not shown) the circulation pattern within the Alboran Sea
is not in concordance with measurements as the eastern
gyre is typically weaker than expected (Macias et al., under
review).

The GETM configuration for the Mediterranean Sea is forced
at surface every 6 h by the following atmospheric variables,
wind velocity at 10m (U10 and V10), air temperature at 2m
(t2), specific humidity (sh), cloud cover (tcc), and sea level
pressure (SLP) provided by the different realizations of the
atmospheric model described in the next section. Bulk formulae
are used to calculate the corresponding relevant heat, mass, and
momentum fluxes between atmosphere and ocean (Macías et al.,
2013).

Regional Climate Model
The ocean model described above is forced at the surface with
the outputs provided by the Cosmos-CLM (http://www.clm-
community.eu/) RCM implemented within the EuroCORDEX
initiative (http://www.euro-cordex.net/). This RCM is forced
at the boundaries with conditions provided by two global
circulation models (GCMs) included in the CMIP5 exercise
(Table 1), MPI and EcEarth (http://cmip-pcmdi.llnl.gov/
cmip5/). For each GCM two emission scenarios as defined by
IPCC are considered; rcp4.5 and rcp8.5 (Meinshausen et al.,
2011). Hence a total of four member ensemble runs are analyzed
in this work.

TABLE 1 | Institutes/modeling groups providing the atmospheric model

data used in the present contribution.

Modeling group Model name

ECEARTHconsortium EC-EARTH

Max-Planck-Institut für

Meteorologie (Max Planck

Institute for Meteorology)

MPI-ESM-MR

Atmospheric variables provided by the RCM realizations
induce an underestimation of simulated SST for the present-
day (Macias et al., under review) so a bias-correction of the
most relevant variables (air temperature, cloud cover, and wind
intensity) has been performed as proposed by Piani et al. (2010).
The basic principle of this technique is to find a transfer function
that allows matching the cumulative distribution functions
(CDFs) of modeled and observed data (Dosio and Paruolo,
2011; Dosio et al., 2012). We have employed as observations
the reanalysis data contained in the ECMWF ERAin dataset.
Spatially-averaged values of the observed and model variables
over the entireMediterranean Sea basin were used, so no spatially
explicit correction was applied. By doing so, the initial conditions
of the scenario runs (forced with the RCM variables) compare
quite well with the end of hindcast simulations forced with ERAin
reanalysis (Dee et al., 2011) as shown in Figures 2, 6 below. Also
seasonality and spatial distribution of SST compare well with
observed satellite patterns for the recent decades (1989–2005) as
shown by Macias et al. (under review).

Rivers′ Conditions
The present configuration of the ocean model includes 37
rivers discharging along the Mediterranean coast (blue stars
in Figure 1). The corresponding river discharges were derived
from the Global River Data Center (GRDC, Germany) database.
Nutrient content (nitrate and phosphate) of freshwater runoff
were obtained from Ludwig et al. (2009). For the full extent of
the performed scenario simulations (2013–2100) river fluxes and
nutrient loads where kept constant and equal to their seasonal
climatological values during the years 1985–2000.
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FIGURE 2 | Time series of mean (basin averaged) (A) sea surface

temperature (SST) and (B) surface (50m) primary production rate (PPR)

for the hindcast (gray line) and the different simulation scenarios (color

lines).

Results

Basin-wide averaged annual sea surface temperature (SST) and
primary productivity rate integrated in the upper 50m (PPR)
are shown in Figure 2 for the hindcast run (1960–2012) and
for the different scenarios runs (2014–2100). The hindcast
run is described in Macías et al. (2013, 2014a) and has been
included in the figures to allow comparison with the different
future scenarios. As expected, SST continuously increase in
the different scenario runs with the two rcp4.5 runs (light
colored lines in Figure 2A) showing a mean warming of ∼1◦C
by 2100 (i.e., a warming rate of ∼0.12◦C/decade for MPI
and ∼0.14◦C/decade for EcEarth) and the two rcp8.5 runs (dark
colored lines in Figure 2A) indicating a warming of ∼2.7◦C by
2100 (∼0.32◦C/decade for both MPI and EcEarth). MPI-driven
simulations (red lines in Figure 2A) are typically warmer than
the EcEarth runs (blue lines in Figure 2A) for the two different
scenarios considered.

PPR time series are quite constant during the different
scenario runs (colored lines in Figure 2B) showing no significant
trend but quite a strong interannual variability. On the contrary,
the hindcast simulation (gray line in Figure 2B) shows the
transition from low to high PPR described and commented

by Macías et al. (2014a) linked with the rivers′ flow and
nutrients loads changes. It is also noteworthy the relative good
agreement of the mean SST and PPR at the end of the hindcast
(gray lines in Figure 2) and the initial years of the scenario
runs (colored lines in Figure 2), even if in SST in some runs
(especially those forced by EcEarth) present some small cold bias
(∼0.4◦C).

Spatial maps of SST and PPR anomalies (mean from 2095 to
2099minus mean from 2015 to 2019) for the different scenario
runs are shown in Figure 3. For SST there is no consistent
spatial structure in the different runs and only the stronger
warming in rcp8.5 (Figures 3C,D) could be clearly observed
when compared with the rcp4.5 runs (Figures 3A,B). For PPR,
on the contrary, a consistent pattern could be observed in all
scenario runs as the western basin tends to show negative PPR
anomalies values (i.e., more oligotrophy) while the eastern basin
consistently show positive PPR anomalies (i.e., more eutrophic).
The consistency of this PPR anomaly pattern is further confirmed
by the maps in Figure 4 where the ensemble mean (i.e., the
mean value of all four scenario runs) is shown in Figure 4A

and the ensemble standard deviation in Figure 4B. The mean
PPR anomaly map show the already described west-east gradient
(negative to positive) while the standard deviation map indicate
a very low inter-runs variability except for the Alboran Sea
region.

In order to understand further the potential reasons for the
spatial distribution of PPR anomalies, the seasonal SST and PPR
cycles for the beginning of the scenario runs (2015–2019) (gray
line in Figure 5) are compared with those for the end of the
runs (2095–2099) (color lines in Figure 5). For SST (Figure 5A)
there are no evident seasonal differences and each model has a
quite similar season-to-season anomaly along the entire year. As
seen in Figure 2A, in the MPI-driven simulations the warming
anomaly is consistently larger than in the EcEarth for the two
considered rcp.

For PPR, however, only significant deviations (positive) are
observed for the end of all scenario runs during the winter/spring
months (January–April) as shown in Figure 5B. PPR values are
quite similar in all model runs except for EcEarth rcp8.5 which is
consistently lower than the other three model runs. This is clearly
indicating that in the future scenarios the winter/spring blooms
are larger than in the present day conditions. As such blooms are
typically linked to winter mixing events, it would be advisable to
analyze the forecasted surface density changes for the different
scenarios.

Surface density is going to be affected by the warmer SST
in the future but also by potential changes in surface salinity.
Basin-wide averaged annual surface salinity (SSS) are shown in
Figure 6A for the hindcast (gray lines) and for the different
scenario runs (color lines).

As happened with SST, SSS increases in all scenarios
with a larger increase in rcp8.5 (∼0.09/decade) than in
rcp4.5 (∼0.05/decade). During the hindcast run (gray line in
Figure 6A) the salinity also increased but at a much smaller rate
(∼0.019/decade). If both SST and SSS are combined to compute
the surface density averaged over the entire basin (Figure 6B) it
could be seen that it did not significantly change in the different
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FIGURE 3 | Spatial maps of SST and PPR anomalies (mean from 2095 to 2099minus 2015–2019) for the different scenario runs. (A) MPI rcp45.5, (B)

EcEarth rcp4.5, (C) MPI rcp8.5, (D) EcEarth rcp8.5.

scenarios. This is due to the opposite effect of warming (decrease
density) and salinization (increase density) compensating each
other along the simulations.

Plotting the surface density anomaly maps between the
end (2095–2099) and the beginning (2015–2019) of the
different simulations (Figures 7A–D) a familiar pattern
emerges, with the western basin showing surface density
reduction (i.e., increased vertical stratification) while the eastern
basin shows surface density increase (i.e., reduced vertical
stratification assuming constant deep density). The ensemble
average map of mean surface density anomaly (Figure 7E)
does, indeed, resemble the one for PPR anomalies shown in
Figure 4A.

The similarities between density and PPR anomalies are
further shown by the scatter plot in Figure 8. Here, it is clear
that regions with a negative density anomaly (i.e., where surface
water becomes lighter) correspond with a negative PPR anomaly
(oligotrophy) while regions where surface water becomes denser
correspond with positive PPR anomalies. The linear fit of all
simulations together is indicated in Figure 8A by the green line
and has a correlation coefficient of 0.48. The same linear fitting
could be obtained for each of the individual runs (Figures 8B–E)
all with significant correlations ranging from 0.47 to 0.67. In
those individual scatters it becomes clear that the western basin
(as defined by the red polygon in Figure 1) is typically on the
lower left corner of the plots (crosses in Figures 8B–E) while
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FIGURE 4 | (A) Mean PPR anomalies (2095–2099minus 2015–2019) for all the simulations run under the different scenarios/models (ENSEMBLE mean). (B)

Standard deviation of the PPR anomalies between the different scenarios/models runs.

the eastern basin (green polygon in Figure 1) occupies the upper
right corner of the plots (circles in Figures 8B–E).

Discussion

As expected, simulated SST during the different scenario runs
show a continuous warming of the surface Mediterranean basin
in concordance with previous works (e.g., Somot et al., 2006;
Lazzari et al., 2014). In the time evolution of SST during the
next century (Figure 2A) there is only a monotonic trend to
be observed in contrast with the existence of a multidecadal
oscillation (Schlesinger and Ramankutty, 1994) during the
hindcast period (Macías et al., 2013). The lack of the correct
natural variability in current generation climate models have
already been pointed out elsewhere (Fyfe et al., 2013; Kavvada
et al., 2013) and have been also related with the overestimation
of simulated global surface temperature during the last 10 years
(e.g., Guemas et al., 2013; Macías et al., 2014c). However, the
warming trend is very consistent in all simulation runs and the
final total warming in the different scenarios are in line with the
most probable trajectory of the system (e.g., Somot et al., 2008;
Gualdi et al., 2013).

It is also important the fact that by applying bias correction
techniques to the atmospheric variables, we have been able to

almost level the final SST conditions during the hindcast runs
(forced by ERAin reanalysis) and the initial years of the scenarios.
Without applying bias correction, simulated SST during the
period 1989–2005 was between −1.4◦C and −1.8◦C for MPI
and EcEarth respectively (Macias et al., under review) when
compared with the SST obtained with ERAin forcing for the same
period in agreement with previousmodel/reanalysis comparisons
for the recent decades (e.g., Dell’Aquila et al., 2012). In the runs
presented here, this cold bias is reduced (with respect to the final
years of the hindcast run) to ∼−0.1◦C for MPI and ∼−0.4◦C
and EcEarth. This provides a more suitable starting point for
the scenario simulations and allows to analyze the complete
transient evolution of the system from the actual conditions,
avoiding the need of using a time-slice approach which has
many associated problems (Gualdi et al., 2013). The correct
representation of the actual SST values imply that the density
structure is, also, better simulated in the models and, hence, the
strength of vertical mixing (e.g., Vichi et al., 2003; Steinacher
et al., 2010). This is one of the reasons why present-day PPRmean
levels are also correctly simulated in the different scenario runs
(Figure 2B).

Regarding this PPR, the four scenario runs presented in
this work clearly indicate that changes in atmospheric forcing
alone will not significantly alter its mean integrated value in the
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FIGURE 5 | Climatological cycles of (A) SST and (B) PPR at the

beginning of the different runs (gray lines, 2015–2019) and at the end

(2095–2099) of each scenario run. The errors bars indicate the dispersion

between model runs for the beginning simulation period.

Mediterranean basin (Figure 2B). Even if winter PPR values are
shown to be larger in the future scenarios (Figure 5B) annual
mean PPR is not significantly different (t-student test, 99%
probability) at the beginning and the end in any of the performed
simulations. This is in consistency with the previously described
influence of riverine water quality (nutrients concentrations and
relative abundance) on the global productivity of the basin
(Macías et al., 2014a). In this previous work, it has been described
the causal link between freshwater quality changes derived from
European legislation and the alteration of marine productivity
in the whole Mediterranean basin extending from primary
producers to high trophic levels. The results obtained in the
present ensemble of simulations with a quasi-constant integrated
PPR levels linked with non-changing rivers conditions are an
additional proof of the importance of riverine discharges for the
overall productivity of the basin.

However, the seasonal cycle of PPR is simulated to change
in the future scenarios, with enhanced winter/spring blooms
compared with present-day conditions. The rest of the seasonal
PPR cycle seems not to change significantly with mean levels
compared to present day values (Figure 5B). As recently shown
by Macías et al. (2014c), a substantial fraction of the basin
PPR happen in subsurface chlorophyll accumulations (DCMs)

FIGURE 6 | Time series of mean (basin averaged) (A) sea surface

salinity (SSS) and (B) surface density (σ0) for the hindcast (gray line)

and the different simulation scenarios (color lines).

especially during the stratified period of the year. To further
understand the changes in integrated PPR simulated for the
different scenarios, the mean monthly position (depth) and
spread (% of the open sea basin) of the DCMs are compared
in Figure 10. The present day conditions (Figure 10A) shows
the already described pattern with more abundant and deep
DCMs during the summer months, being shallower and less
common in winter/fall. The anomalies (values at the end of the
simulation—values at the beginning) shown in Figures 10B–E

indicate that larger differences are typically simulated to occur
in winter/spring when DCMs tend to be shallower but more
common in the open Mediterranean by the end of the century.
During summer the differences are typically lower in the different
simulated scenarios. On average, there is a small reduction of
the mean depth of the DCMs in the future scenarios (0.3–2.1m,
mean = 1.2m) and a larger percentage of the open sea basin
showing these structures (0.3–3.8%, mean= 1.8%).

The generalized increase in winter/spring blooms in the
scenarios (Figure 5B) is most likely linked to vertical density
changes created by the combination of warming and salinization.
As shown for the present day conditions, production during these
months happens in a wide layer on the surface ocean (Macías
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FIGURE 7 | (A–D) Surface density anomalies (2095–2099minus 2015–2019) for the different simulations runs. (E) Mean surface density anomalies in all scenario runs

(ENSEMBLE mean).

et al., 2014c) with less prominent vertical structures, so surface
changes could be considered a good measure of total water
column alterations. More intense winter/spring blooms could
have consequences for energy and biomass transfer up the food
web as, for example, winter-spawning species (e.g., sardine) will
have a competitive advantage in terms of food availability with
respect to summer-spawning species (e.g., anchovy) (Ruiz et al.,
2013; Macías et al., 2014b).

The most typical consequence of a warmer earth future
for marine ecosystems is the increase in the surface water
temperature which, consequently, increases vertical stratification
(Manabe et al., 1991; Sarmiento et al., 1998; Bopp et al., 2001).
This increase in water column stability makes vertical mixing
more difficult and, thus, surface primary production is expected
to reduce (e.g., Behrenfeld et al., 2006) leading to a reduction of
the biologically-mediated carbon export to the deep ocean. This
represents a positive feedback mechanism for global warming
(Sarmiento et al., 1998; Bopp et al., 2001; Schmittner, 2005).

As recently pointed out byMarañón et al. (2014), stratification
changes are more important for future PPR in the global
ocean than the direct effect to warming on biological rates. We

have, thus, computed the changes in mean vertical stratification
(defined as the density differences between surface and 50m) and
compare them with the PPR anomalies in Figure 9. As it could
be seen, regions where vertical stratification decreases or remain
unchanged, typically show positive PPR anomalies while where
vertical stratification increases, PPR decreases.

For the Mediterranean Sea, being an evaporative basin, it is
necessary to consider also the potential changes in salinity to
evaluate the surface density anomalies. As shown by Figure 6A,
surface salinity is simulated to increase in all scenarios with a
variable rate depending on the emission scenario considered.
Salinity in Mediterranean basin-wide models is a quite difficult
variable to simulate as its temporal evolution depends very
much on the model set-up, including bathymetric details and,
particularly, the Gibraltar Strait configuration (e.g., Naranjo et al.,
2014). If the simulated water interchange through the Strait is
not similar to its real value, there could be a salt accumulation
(or loss) from the initial conditions that will affect the temporal
evolution of this variable. However, as shown by the hindcast
simulation (gray line in Figure 6A) for this specific model set-up
it seems that salinity (at least surface values) are quite stable with
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FIGURE 8 | Scatter plot of surface density anomalies vs. PPR anomalies in the different runs. (A) All scenario runs, (B) MPI rcp4.5, (C) EcEarth rcp4.5, (D)

MPI rcp8.5, (E) EcEarth rcp8.5.

a slight salinification trend as already described from field data
(e.g., Borghini et al., 2014). Henceforth, it is quite reasonable to
assume that the observed salinity trends in the scenario runs are
driven by the changing atmospheric conditions (especially if we
consider that freshwater inputs are not changing throughout the
simulations).

The salinity anomaly provokes a very clear pattern of surface
density changes, with the region closer to the Strait of Gibraltar
showing a reduction of surface density (i.e., warming being more
relevant) while in the regions further away from the Strait surface
density tends to increase (i.e., salinization is more important)
(Figure 7). The extent of the region with positive or negative
surface anomalies change in the different emission scenarios
considered. For rcp4.5∼ 33% of the basin is simulated to present
negative density anomalies (34% for MPI and 31% for EcEarth)
while for rcp8.5 this percentage reduces to∼ 1.4% (1.3% for MPI

and 1.5% for EcEarth). This numbers indicate that the effect of
warming is relatively (compared to salinization) more important
in rcp4.5 than in rcp8.5 where the increase of salinity is much
acute and generalized.

Associated to these surface density changes (and vertical
mixing strength) there is a very consistent PPR anomaly
distribution as shown by Figure 4A. A clear dipole could be
observed with a generalized reduction of surface productivity
in the areas affected by the surface density decrease while in
regions where surface density enhances, PPR also do increase.
A productivity increase in the eastern basin in future scenarios
has been previously linked to increase population and, hence,
nutrient inputs in this region (Lazzari et al., 2014) although this
is not the case in our simulations as rivers conditions are kept
unchanged. Our results are somehow in line with the recent
findings by Chust et al. (2014), who found that while the general
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FIGURE 9 | Scatter plot of vertical stratification (density at 50m—surface density) anomalies vs. PPR anomalies in the different runs. (A) MPI rcp4.5, (B)

EcEarth rcp4.5, (C) MPI rcp8.5, (D) EcEarth rcp8.5.

trend in the overall ocean is to decrease PPR with an increase
of the vertical stratification in future scenarios, there are some
regional exception where models predict an increase on surface
production level associated with a warmer climate.

The exact extension of the region affected by the fresher waters
coming from the Atlantic Ocean is going to depend on the
salinity of those waters. In our simulations we have maintained
the salinity unchanged in the boundary because of its complex
past behavior (e.g., Curry et al., 2003) and the large uncertainty
associated to its future evolution. Atlantic waters salinity will
be affected by the same evaporative processes described for the
Mediterranean here but also by the melting of ice sheet from the
poles (Stroeve et al., 2012). How this two opposed process will
alter future salinity is highly uncertain. If Atlantic waters salinity
decreases, the oligotrophic regions shown in our scenarios will,
likely, be enhanced. If, on the contrary, Atlantic surface salinity
increases, the oligotrophic region in the Mediterranean should
be expected to be smaller. The large importance of the Atlantic
inflow on the future state of the Mediterranean biological
production is also in agreement with its described significance for
the future evolution of mass and heat fluxes (Adloff et al., 2015).

Finally, in the polygons shown in Figure 1 separating the
scatter data presented in Figure 8 there are two regions excluded,
the Adriatic and the Alboran Sea. The Adriatic Sea have been
omitted because it has been shown that the used model could not

correctly reproduce the present-day biogeochemical conditions
of this sub-basin (Macías et al., 2014c) so it does notmake sense to
evaluate changes in the scenarios. On the other hand, the Alboran
Sea has been excluded since is situated just on the boundary of
the model and because there primary production characteristics
has been shown to strongly depend on a number of complex
interacting hydrological processes (Sarhan et al., 2000; Macías
et al., 2007; Ruiz et al., 2013) specially, on the strength of the
Atlantic Jet (AJ) (e.g., Oguz et al., 2014).

In conclusion, even if the proposed scenarios are not very
realistic (because of the assumed constant river outflow) they
could be considered useful in two different senses. Firstly,
they allow to isolate the impact of direct atmospheric forcing
on the surface layer of the Mediterranean Sea and with no
direct anthropogenic interaction. And secondly, this ensemble
of simulations could be considered as a baseline reference in
order to evaluatemore complex scenarios including both changes
in freshwater fluxes and alteration of the chemical composition
of riverine waters driven by socio-economic changes. Such
complex scenarios are being currently evaluated within our
group and will be presented in future associated works.
Additionally, the effect of climatic changes on community
composition and/or physiological adaptations are important
topic for future endeavors trying to understand potential changes
on Mediterranean Sea ecosystems.
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FIGURE 10 | (A) Present day (2015–2019) mean DCM depth (bars) and % of the basin showing the presence of DCMs (lines). (B–E) Anomalies (future-present)

values of the DCMs depth (bars) and areal coverage (lines) for the four scenarios.
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