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3.2 Modelled ecosystem dynamics 

The validation of the model simulation, reported in Appendix B, has been performed using several 

different datasets (monthly satellite chlorophyll-a data, three seasonal climatological datasets of 

nutrient, oxygen and chlorophyll-a, and observations and estimates from literature for relevant 

ecosystem processes). The comparison proves that the model reproduces satisfactorly the main 

spatial gradients and trends of chlorophyll-a, and the seasonal and vertical variabilities of nutrients 

(DIP and DOP). Further, simulated values of relevant processes (primary production, sinking, 

burial, bacterial carbon production), which can have an influence on the consumption and 

production of organic carbon, and therefore on the carbon continental shelf pump, are consistent 

with literature data. 

Different biological processes contribute to the carbon pump in the Adriatic Sea in different ways: 

the excess of primary production over respiration triggered by the river input in the western part of 

the NA and the phytoplanktonic blooms in the central part of the SA during winter deep convection 

events favour an adsorption of atmospheric CO2. Moreover, during the summer stratification in the 

SA, the prevalence of respiration on primary production supports the accumulation of dissolved 

inorganic carbon in the water column. 

In the NA, modelled freshwater input from rivers (the Po River and other rivers) generates a current 

that flows southwards along the Italian coast (the Western Adriatic Current, WAC, Querin et al., 

2012). Within the WAC, the simulated DIP concentrations are high, due to the river discharges, 

whereas the DIP levels offshore are low (Fig. B5 and Tab. B2 in Appendix B). The seasonal cycle 

shows higher DIP concentrations in autumn and winter when simulated mineralization prevails over 

uptake, and external inputs are higher. In contrast, lower DIP concentrations are simulated during 

spring and summer when biological uptake prevails (Table B2 in Appendix B). For the central (CA) 

and southern (SA) basin, the model reproduces oligotrophic conditions (a DIP concentration less 



than 0.05 mmol/m3) for the surface layer, whereas the deep layers of the CA and SA are 

characterised by DIP accumulation (concentrations greater than 0.1-0.15 mmol/m3, Fig. 6, Table 

B2). 

As a consequence of the nutrient availability, the model produces a chlorophyll-a rich strip along 

the Italian coast (sequence of maps in Fig. B1), which is a permanent feature that has been observed 

in the MODIS (Volpe et al., 2012) and SeaWifs (Barale et al., 2005) satellite images. The simulated 

chlorophyll-a concentrations and dynamics are consistent with the observed values (Fig. B1 and B2 

in Appendix B). The productivity of this eutrophic coastal strip is significantly higher than the off-

shore productivity (Fig. 4 and Tab. B4). Therefore, the western part of the NA is a prominent zone 

for the biological carbon pump, in fact, the excess of the production over community respiration 

during winter-spring (Fig. 4) causes a net production of organic matter which is advected 

southwards and out of the northern continental shelf. When plankton production and dense water 

formation occur at the same time (next sections), organic matter sinks and spreads in the deeper 

layers of CA and SA. 

 

Fig. 4. Simulated mean bi-seasonal primary production (colours) and community respiration 

(contour lines) integrated over the water column. 

 

The SA is oligotrophic, with low levels of chlorophyll-a and productivity (Fig. B1 and Fig. 4). The 

contribution of the eutrophic WAC is weak and restricted to a narrow strip along the Italian coast, 

whereas the input from the Neretva River and other south-eastern rivers trigger important local 



chlorophyll-a signals in the eastern Adriatic Sea (Fig. B1 and Fig. 4), as observed by Marini et al. 

(2010). 

The open ocean convection, driven by negative heat fluxes (Gačić et al., 2002) during winter, 

breaks off the oligotrophic condition of the SA, causing a significant increase in productivity (Fig. 

4). The convection causes deep mixing and nutrient upwelling which sustain a phytoplankton bloom 

in the centre of the pit (Santoleri et al., 2003; Batistić et al., 2011) according to the Gran effect two-

phase process (see Mann and Lazier, 1998). Model results (Fig. 5) show that during the first phase 

of intense vertical mixing, phytoplankton productivity is limited by the downward transport of 

phytoplankton biomass, and significant phytoplankton concentrations are simulated even at depths 

below the photic zone, as observed during samplings in February 2010 (Batistić et al., 2011). After 

this first phase, the upward flux of nutrients and the occurrence of thermal stratification trigger a 

surface bloom that has also been detected in satellite maps (Santoleri et al., 2003). The modelled 

blooms are dominated by diatoms (not shown): this is consistent with the experimental observations 

of Boldrin et al. (2002). As the summer stratification develops, a deep chlorophyll-a maximum is 

reproduced by the model at depths of approximately 50 m (Fig. 5): this is also consistent with 

observational data (Boldrin et al., 2002). 

During summer, the SA shows the prevalence of respiration processes (Fig. 4), which consumes the 

sunk organic matter produced during the winter bloom or advected from the NA by the WAC and 

by the dense water spreading. 

 

 

Figure 5. Hovmöller diagram of chlorophyll-a (shaded plot) and DIP (contour plot) in a station 

located in the southern Adriatic pit (see the location (star symbol) in Fig. 1). 
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Appendix A: Model formulation 
 
The biogeochemical model describes the variation of the 13 state variables shown in Figure 2. The 
rate of change of each state variables is defined by  
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where the first four terms describe the variation due to transport processes (advection, horizontal and 
vertical diffusion and sinking) and the fifth term describes the variation due to chemical reactions and 
biological relationships among the functional groups. The transport equations are resolved by internal 
packages (ptracer and gchem) of the MITgcm code (Adcroft et al., 2011), where velocity and 
diffusivity fields are computed by the core of the physical part of the MITgcm model (Marshal et al., 
1997). A customization of the MITgcm model has been properly developed for the Adriatic Sea 
(Querin et al., 2012). The biogeochemical model has been coded as subroutine within the package 
ptracter of the MITgcm code. The coupling of the transport and biogeochemical models uses an 
“operator splitting” method, with an integration time of 300 s for both physical and biogeochemical 
models. Even if operator splitting schemes are suggested to be less accurate than source splitting 
schemes (Butenschön et al., 2012), the use of a very short integration time makes the model output 
less sensitive to the choice of the scheme. 
The biogeochemical model simulates the carbon and phosphorus cycles (Fig. 1), and it is developed to 
reproduce two trophic and energy path ways: the classic food chain and the microbial food web 
(Cushing, 1989; Legendre and Rassoulzadegan, 1995). Diatom [Phy2] and mesozooplankton [Zoo2] 
groups are the compartments involved in the classic food chain, which comprises groups with the 
highest primary and secondary production rates and drives carbon flows mainly towards particulate 
organic carbon [POC] and export production. Under more oligotrophic conditions, the microbial food 
web prevails, where the interaction between small phytoplankton [Phy1], small zooplankton [Zoo1] 
and bacteria [Bac] is sustained via the rapid recycling of nutrients, and the carbon cycle primarily 
involves dissolved organic carbon [DOC]. As regard the [DOC], the model simulates only its labile 
part, which represents around 10-30% of the DOC concentration in the study area (Cossarini et al., 
2012). Carbon and phosphorus dynamics in the particulate and dissolved organic compartments are 
uncoupled. 
The biogeochemical model is resulting from an upgrade of the original version (Cossarini and 
Solidoro, 2008) through the inclusion of the carbonate system, which required the simulation of two 
new state variables: dissolved inorganic carbon [DIC] and alkalinity [ALK]. The rate of change of 
alkalinity accounts for the uptake of nutrient ions by biological cells. Since the solely nutrient in the 
model is phosphorus, its rate of change is multiplied by a coefficient that accounts for the contribution 
of the all nutrients (Wolf-Gladrow et al., 2007). The rate of variation of DIC is computed as function 
of the production and consumption terms of the phytoplankton and bacteria functional groups (Lazzari 
et al., 2012). The carbonate system is solved by the standard OCMIP II model (Orr et al., 1999), 
whereas the air-sea exchange of CO2, which impacts the DIC at the surface layer, is computed using 
the parameterisation by Follows et al. (2006). Bacterial lysis has been modified from Cossarini and 
Solidoro (2008) by adding an oxygen dependent parameterization (Lazzari et al., 2012). The 
dependence of alkaline phosphatase on the phosphorus availability (Hoppe, 2003; Labry et al., 2005) 
has been added in order to enhance remineralization rate in oligotrophic conditions, like those of the 
southern Adriatic Sea. The sinking is active only for phytoplankton groups and particulate organic 
matter: the latter reaches the bottom layer, accumulates in the upper sediment, and it is remineralized 
and partly buried. Sediment remineralization, which produces DOP and DOC, is described by a first 
order kinetic of the sunk particulate organic material. The dissolved organic pools are then consumed 
and respired by bacteria releasing DIP and DIC. The biogeochemical state variables are listed in Tab. 
A1. The rate of change for biogeochemical state variables is defined in Tab. A2, whereas the 
parametrizations and their kinetic constants are reported in Tab. A3 and A4 respectively. 



 

symbols names in Fig. 2 State variables Unit 
[Phy1] Nphy small phytoplankton mmolC/m3 
[Phy2] diatom diatom mmolC/m3 

[Zoo1] µzoo microzooplankton and heterotrophic nanoflagellates mmolC/m3 

[Zoo2] Mzoo mesozooplankton - mmolC/m3 

[Bac] bac heterotrophic picoplankton mmolC/m3 

[DIC] DIC dissolved inorganic carbon mmolC/m3 

[DOC] DOC dissolved organic carbon mmolC/m3 

[POC] POC particulate organic carbon mmolC/m3 
[DIP] DIP dissolved inorganic phosphorus mmolP/m3 

[DOP] DOP dissolved organic phosphorus mmolP/m3 

[POP] POP particulate organic phosphorus mmolP/m3 

[ALK]  Alkalinity alkalinity mmol/m3 
[O2]  dissolved oxygen mmolO2/m3 

    
T  temperature °C 

PAR  photosynthetical active radiation µEin/m2/s 
CHLa  total chlorophyll-a mgCHLa/m3 

Table A1: State and forcing variables 
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Table A2. State variable equations. 
[ ]PhyiDIPfPARfTfGPP iphyphyiphyphyi ⋅⋅⋅⋅=  µmax])([)()(  Gross primary production of phytoplankton groups, i=1,2 
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(Cloern et al., 1995) 
Table A3a. Formulations for Phytoplankton groups. 
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Table A3b. Formulations for Bacteria. 
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Table A3c. Formulations for zooplankton groups. 
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Table A3d. Formulations for DOC, DOP, POC and POP. 
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2OaEXCHair-se  Air-sea exchange, formulation as in Solidoro et al., 2005 

DICaEXCHair-se  Air-sea exchange, formulation as in Follow et al., 2006 

Table A3e. Functional equations 
 
Parameter Unit Value name  

µmaxphy1 [d-1] 3.6 Maximum growth rate for [Phy1] * 
Tmaxphy1 [°C] 31 Max temp. for [Phy1]  
Toptphy1 [°C] 23 Optimal temp. for [Phy1]  
coeffphy1 [-] 0.1157 Exponential coeff. in T formulation for [Phy1]  
PARoptphy1 [µEin/m2/s] 400 Optimal irradiance for [Phy1] * 
Kdipphy1 [mmol P/m3] 0.05 Half saturation in P Monod formulation for  [Phy1]  
kexudphy1 [d-1] 0.072 Exudation rate for [Phy1]  
kmphy1 [d-1] 0.096 Mortality rate for [Phy1]  

rpcphy1 [molP/molC] 0.00943 P:C ratio of [Phy1]  

kraphy1 [-] 0.08 Active respiration fraction for [Phy1] (4) 

krrphy1 [d-1] 0.06 Basal specific respiration rate for [Phy1] (4) 

wsinkphy1 [m/d] 0.5 sinking rate for [Phy1]  

µmaxhphy2 [d-1] 6 Maximum growth rate for [Phy2] * 
Tmaxphy2 [°C] 35 Max temp. for [Phy2]   
Toptphy2 [°C] 18 Optimal temp. for [Phy2]  
coeffphy2 [ ] 0.05 Exponential coeff. in T formulation for [Phy2]  
PARoptphy2 [µEin/m2/s] 300 Optimal irradiance for [Phy2] * 
kspphy2 [mmol P/m3] 0.15 Half saturation in P Monod formulation for  [Phy2]  
kexudphy2 [t-1] 0.03 Exudation rate for [Phy2]  
kmphy2 [t-1] 0.12 Mortality rate for [Phy2]  



 

rpcphy2 [molP/molC] 0.008 P:C ratio for [Phy2]  

kraphy2 [d-1] 0.15 Active respiration fraction for [Phy2] (4) 

krrphy2 [-] 0.06 Basal specific respiration rate for [Phy2] (4) 

wsinkphy2 [m/d] 1.0 sinking rate for [Phy2]  

µmaxbac [d-1] 1.2 Maximum growth rate for [bac]  
Tmaxbac [°C] 40 Max temp. for [bac]  
Tottbac [°C] 26 Optimal temp. for [bac]  
coeffbac [ ] 0.1157 Exponential coeff. in T formulation for [bac]  
kdocbac [ ] 10 Half saturation in DOC Monod formulation for [bac]  
kdipbac [mmol P/m3] 0.02 Half saturation in P Monod formulation for  [bac]  
krbac [d-1] 0.4 Respiration rate for [bac]  

kmbac [d-1] 0.6 Lysis rate for [bac]  
rpcbac [molP/molC] 0.02 P:C ratio for [bac]  
kgrzoo1 [d-1] 2.16 Grazing rate for [zoo1]  
kfzoo1 [mmol C/m3] 10 Half saturation of grazing for [zoo1]  
effzoo1 [ ] 0.7 Assimilation efficiency of  [zoo2] on [Phy2]  
kmzoo1 [d-1] 0.36 Mortality rate for [zoo1]  
kexcrzoo1 [d-1] 0.12 Excretion rate for [zoo1]  
rpczoo1 [molP/molC] 0.00833 P:C ratio for [zoo1]  
Swzoo1 [ ] 2 Diet coefficient of  [zoo1]  
kgrzoo2 [d-1] 1.2 Grazing rate for [zoo2]  
kfzoo2 [mmol C/m3] 17.3 Half saturation of grazing for [zoo2]  
effzoo2 [ ] 0.7 Assimilation efficiency of [zoo2]  
kmzoo2 [d-1] 0.072 Mortality rate for [zoo2]  
kexzoo2 [d-1] 0.048 Excretion rate for [zoo2]  
rpczoo2 [molP/molC] 0.00878 P:C ratio for [zoo2]  
Swzoo2 [ ] 1.5 Diet coefficient of [zoo2]  

wsinkPOP [m/d] 1 sink rate for [POP]  

kburialPOP [d-1] 0.0025 burial rate for [POP]  
kdecPOP [d-1] 0.06 Decay rate of [POP]  

kPOP [mmol P/m3] 0.02 half saturation for [POP]decay  
kDOP [mmol P/m3] 0.15 Half saturation of P for alkaline phosphatase  * 
vphosp [d-1] 0.02 Max rate of phosphatase * 

wsinkPOC [m/d] 2.5 sink rate for [POC]  

kburialPOC [d-1] 0.0025 burial rate for [POC]  

kPOC [mmol C/m3] 2 half saturation for [POC] decay  
kdecPOC [d-1] 0.04 Decay rate of [POC]  * 

kestphy1 [m2/mmol C] 0.04 Extinction factor due to [Phy1] (2) 
kestphy2 [m2/mmol C] 0.04 Extinction factor due to [Phy2] (2) 
kest [m-1] 0.04 Extinction coefficient of sea water (2) 
Parconv [µEin/m2s]/[W/m2] 1/0.2174 Qsw to PAR conversion factor  
Parfrac [-] 0.4 Fraction of active photosynthetic radiation   
Rap [molALK/molP] 21.8 Phosphorus to alkalinity factor (3) 
Roc [molO2/molC] 0.5 Carbon to oxygen conversion  
ko2 [mmolO2/m3] 90 half saturation of O2   

Table A4. Model parameters as in Cossarini and Solidoro (2008). Last column indicates changed 
parameters: * estimated in the present work; (1) from Solidoro et al., (2005); (2) from Kremer and 
Nixon (1978); (3) from Wolf-Gladrow et al., (2007); (4) from Lazzari et al., (2012). 
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Appendix B: Model validation 
 
The validation of a complex ecosystem model representing a heterogeneous domain (like the 
Adriatic Sea) is far from being a trivial task. Beside the fact that the discussion on indicators and 
metrics for the assessment of model skill is still debated, a proper validation of a 3D 
biogeochemical dynamic model would require a dataset that covers the annual cycle of the 
simulated variables and that resolves the horizontal gradients and vertical profiles for all the 
relevant physical, chemical and biological variables simulated. The spatial and temporal coverage 
of observations and model output should match – at least to some extent- in order to apply the 
standard skill assessment methods. Unfortunately, a dataset that meets these criteria is seldom 
available and it is not available for the Adriatic Sea. The lack of a suitable validation dataset is 
particularly significant for the carbonate system variables. Therefore, a model corroboration has 
been performed considering a flexible approach by i) assessing the skill of the model against 
existing datasets, and ii) assessing the consistency of the model against climatological datasets, 
literature data and estimates, in case no other information is available. 
In particular, MODIS satellite data for chlorophyll-a from April 2007 to December 2008 (Volpe et 
al., 2012) has been used to assess the skill of the model in simulating trends and surface gradients of 
the phytoplankton biomass. Three climatological datasets (Zavatarelli et al., 1998, Solidoro et al., 
2009, Cossarini et al., 2012) have been used to validate 1) the seasonal dynamics, 2) the vertical 
differences and 3) the spatial gradients of DIP, dissolved oxygen and chlorophyll-a in different 
areas. Literature data has been used to assess the consistency of the model in simulating relevant 
ecosystem processes (e.g.: primary and bacterial production, sinking rate) and other relevant 
variables (DOP, pCO2, DIC and alkalinity). 
 
 
B1 Chlorophyll-a dynamics  
 
Considering the chlorophyll-a observations in the Adriatic Sea, the main features are the presence 
of an eutrophic zone along the Italian coast and generally low chlorophyll levels over the rest of the 
basin. The trophic frontal system is triggered by the input of water and nutrients from the Po River 
and the other rivers on the north-western part the Adriatic Sea. The extension and intensity of the 
eutrophic strip is modulated by the seasonality of river inputs and by the oceanographic dynamics, 
thus, it is highly variable in time. The northern sub-basin (NA) presents higher chlorophyll content 
than the central (CA) and southern (SA) ones, also because of the recirculation processes that move 
Po waters towards the centre of the NA (Zavaterelli et al., 1998, Solidoro et al., 2009, Mozetic et 
al., 2009). A few local coastal hot spots of high chlorophyll-a concentrations are detectable along 
the south-eastern coast, where several rivers supply nutrients to the coastal area that is generally 
influenced by the oligotrophic waters entering from the Ionian Sea (Marini et al., 2010). During 
winter, the central part of the SA is characterized by high values of surface chlorophyll-a; the 
productivity of this area is triggered by open ocean convection events (Batistić et al., 2011). 
Model chlorophyll-a results are compared with monthly MODIS satellite chlorophyll-a maps in Fig. 
B1. MODIS data are provided by the MyOcean system (Volpe et al., 2012),. Chlorophyll-a has been 
estimated from the modelled biomass of the two phytoplankton groups using the formulation by 
Cloern et al. (1995), which takes into account light availability, temperature and growth rate (see 
Appendix A). For the comparison, the modelled chlorophyll-a has been averaged on the e-folding 
depth of PAR. 



A further quality check has been performed by comparing the temporal trend of the simulated 
surface chlorophyll-a concentration for the three sub-basins, with the monthly box-plots of MODIS 
data (as represented in Figure B2). Results of the application of several skill assessment indexes 
(listed in Tab. B1) are reported in Fig. B3. The indexes are calculated for the three sub-basins for 
each couple of model-satellite monthly map. 
Finally, simulated seasonal vertical profiles of chlorophyll-a have been compared with 
climatological data (Solidoro et al., 2009) for two areas (coastal and offshore) in the NA (Fig. B4). 
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ROC (relative operating characteristic) index (Beck and Shultz, 1986; Fielding and Bell, 1997; 
Sheng and Kim, 2009; Wiley et al., 2003). 
The presence of a satellite bloom is compared with the model results by counting the grid-points 
where the model correctly simulates the observed bloom - true positive (TP) -, and the grid-points 
where the model correctly reproduces the absence of the bloom - true negative (TN). In the ROC 
sensitivity index, the number of true positive cases is compared with the total number of satellite 
bloom cases (solid lines vs dashed lines in Fig. B3). In the ROC specificity index, the number of 
true negative cases is compared with the total number of bloom absence gridpoints in satellite data 
(solid lines vs dashed lines in Fig. B3). A threshold of 0.3 mg/m3 (which corresponds to the 75th 
percentile of the distribution of satellite values) is used for assessing the presence of surface bloom. 
 
Tab.B1. Indexes used for the comparison between model and satellite monthly surface chlorophyll-
a maps. 
 
The qualitative comparison between monthly maps (Fig. B1) shows that the model reproduces the 
relevant features characterizing the spatial distribution and temporal dynamics of surface 
chlorophyll-a in the Adriatic Sea. In particular, the observed high chlorophyll-a concentrations in 
the NA and CA (i.e.: along the Italian coast) and the oligotrophic conditions of the rest of the basin 
are well simulated. In particular the model reproduces the role of the western Adriatic current 
(WAC) in confining the nutrients rich waters discharged by the Po river within a narrow coastal 
strip (Fig. B1). 
The modelled chlorophyll-a gradient from NA to CA, observed in autumn and winter satellite maps, 
is caused by the simulated recirculation dynamics within the NA (Querin et al., 2012) and by the 
higher nutrient availability caused by higher nutrient remineralization (see DIP profiles). The model 
underestimates the chlorophyll-a concentration in the NA in November and December 2007 and 
February 2008, probably due to the underestimation of the nutrient input from the minor rivers 
(whose discharge rates are derived from a climatological dataset, with a modulation that roughly 
mimic the seasonal cycle (Querin et al., 2012)). 
Trends of median and quartiles of chlorophyll-a observations are fairly well resolved by the model 
(Fig. B2), thus highlighting its capability in simulating the temporal variability of the extension of 
the frontal system as a function of the seasonal variation of nutrient discharges and of the temporal 
variation of the physical dynamics. The good model performance in reproducing the observed 
spatial patterns of NA and CA are quantitatively assessed by the high values of correlation (higher 
than 0.60 for most of the months, Fig. B3), of ROC sensitivity (higher than 50%, Fig. B3) and of 
ROC specificity (generally higher than 90%, Fig. B3). The two ROC indexes assess the capability 
of the model to capture the spatial shape of the bloom areas. 



In the CA, BIAS and RMS are low and the ME index shows values higher than 0 for most of the 
months. Only spring ME values are lower than 0 (values lower than 0 are reported as 0 in Fig. B3) 
indicating a lower performance of the model in this period (see also the low values of correlation in 
Fig. B3). An overestimation of the vertical mixing of nutrient in the central part of the CA causes 
the mismatch of surface patterns between model and satellite data. 
The comparison between simulated and climatological chlorophyll-a vertical profiles for the coastal 
area of NA in each season (Fig. B4) shows the capability of the model to reproduce the observed 
vertical processes and to simulate the seasonal cycle also in the eutrophic coastal area. The observed 
higher values of chlorophyll-a at the deepest layers of the offshore area (area 11 in Fig. B4) during 
summer are reproduced by the model that, therefore, correctly simulates the fertilization effect 
driven by nutrient remineralization of the organic matter accumulated on the bottom. The coast-to-
offshore gradient is also simulated by the model (Fig. B4) that, however, underestimates the 
chlorophyll-a values at surface over the offshore area. 
Other skill indexes (Figure B3) show that NA is characterized by a negative BIAS for the autumn 
and winter months. For these months the ROC sensitivity (Fig. B3) shows the lowest agreement 
between simulated and observed blooms. The model underestimation mainly regards the third and 
fourth quartiles (Fig. B2), which correspond to very coastal areas, where satellite estimations are 
known to have the largest uncertainties. 
Concerning the SA, the sequence of maps of Fig. B1 shows that the general oligotrophic conditions 
are well simulated by the model (low BIAS and RMS and high ROC specificity for most of the 
months in Fig. B3). In the central part of SA, the timing and values of the winter bloom are well 
simulated by the model (maps of Fig. B1, trend in Fig. B2 and ROC sensitivity in Fig. B3). The 
simulated dynamics of the surface fertilization and of the subsequent formation of the deep 
chlorophyll maximum (Section 3.2 and Fig. 5 in the manuscript) is consistent with this feature 
frequently observed in the SA (Boldrin et al., 2002). The spatial extension of the simulated bloom is 
slightly overestimated, as highlighted by the low ROC specificity (high difference between solid 
and dashed lines) and by the high BIAS for March 2008 (Fig. B3). Coastal chlorophyll-a hot spots 
in the eastern part of SA (Fig. B1), driven mainly by local river input, are consistent with satellite 
maps (Fig. B1) and results reported by Marini et al. (2010). Very low chlorophyll-a concentrations 
and lack of strong spatial patterns for most of the months highlight that ME and correlation are less 
effective in the skill assessment (Fig. B3). 



 

 



 
 
Fig. B1: monthly maps of surface chlorophyll-a derived from the model simulation (first and third 
columns) and from MODIS satellite data (second and fourth columns), for 2007 (left group) and 
2008 (right group). MODIS data for January, February and March 2007 are not available. 
 



 
 

 
 
Fig. B2: trend of simulated chlorophyll-a (black lines) and satellite chlorophyll-a (blue boxplots) for 
the northern (A), central (B) and southern (C) Adriatic sub-basins. The black lines (black solid 
lines, black dotted lines and grey lines) and the boxplots (dots, boxes and whiskers) report median, 
interquartile (IQR) and min-max ranges, respectively. 

 
Fig. B3: time series of the skill assessment indexes (see table B1 for their description). For the two 
ROC indexes the plots report the total number of satellite grid-points that satisfy the bloom 
threshold and the no-bloom conditions (dashed lines) and the number of true simulated grid-points 
(solid lines). 
 



 
Fig. B4: Mean seasonal profiles of Chlorophyll-a for selected areas in the northern Adriatic Sea 
defined in Solidoro et al. (2009): a shallow coastal area influenced by Po river discharge (Zone5, 
upper plots) and an offshore area (Zone11, lower plots). Horizontal lines report the range 
mean±standard deviation for observations and model results. 
 
 
B.2. DIP dynamics 
 
The validation of simulated DIP, shown in Fig. B5 and Tab. B2, is performed on a seasonal basis 
using three climatologies of different areas: the CA and SA together (Zavaterelli et al., 1998), the 
NA (Solidoro et al., 2009) and the northernmost part of the Adriatic Sea (Cossarini et al., 2012). 
The observed coastal-to-offshore negative gradient in the NA is consistently reproduced by the 
model (Fig. B5). The nutrient discharges from the Po River and the simulated physical dynamics 
correctly represents the eutrophic coastal strip as described in the previous sections. In fact, within 
the eutrophic coastal area the model satisfactorily simulates the surface seasonal cycle, whereas the 
simulated sub-surface values are within the range of the observed ones (Fig. B5). The model 
reproduces the accumulation of organic matter at the bottom and the subsequent mineralization that 
stimulates local phytoplankton blooms during summer, as previously shown. In particular, the 
summer and autumn accumulation at the bottom is qualitatively reproduced by the model in the 
offshore area (Fig. B5), although, at surface, the model shows a general underestimation of DIP, 
possibly caused by too fast nutrient uptake kinetics. 
In the CA and SA, the model reproduces fairly well the seasonal patterns characterized by higher 
values in winter and autumn and lower values in summer (Tab. B2). Observed DIP values at the 
bottom are higher than at the surface, and DIP data show the tendency of accumulation during 
summer and autumn; these features are satisfactorily simulated by the model. However, also for the 
CA and SA, the model underestimates the surface summer and spring values. 
Deviations from observations are recognizable on the bottom of the Gulf of Trieste area, 
highlighting a possible underestimation of the bottom remineralization processes in this very 
shallow area. Furthermore, the model has only a simple parameterization of benthic-pelagic 
coupling processes (sunk material, accumulated over the sediment, is partially buried, and partially 
mineralized as a function of temperature, bacteria and oxygen availability) that might be inadequate 
for very shallow areas. However, the very high values of standard deviation of observations suggest 
that this restricted area may be characterized by local and coastal dynamics that cannot be resolved 
at the spatial resolution of our model. 



 

 
Fig. B5. Mean seasonal profiles of DIP for selected areas in the northern Adriatic Sea defined in 
Solidoro et al., (2009): a shallow coastal area influenced by Po river discharge (Zone5, upper plots) 
and an offshore area (Zone11, lower plots). Horizontal lines report the range mean±standard 
deviation for observations and model results. 
 
 
Areas Season observations Model 2007 Model 2008 
CA, surface water (1) Win 0.07±0.02 0.05±0.04 0.05±0.04 

 Spr 0.07±0.03 0.01±0.04 0.01±0.04 
 Sum 0.06±0.03 0.01±0.03 0.01±0.03 
 Aut 0.06±0.03 0.04±0.04 0.03±0.04 

CA, deep water (1) Win 0.11±0.05 0.11±0.03 0.09±0.01 
 Spr 0.11±0.07 0.11±0.02 0.09±0.01 
 Sum 0.11±0.05 0.14±0.01 0.12±0.01 
 Aut 0.13±0.05 0.15±0.01 0.14±0.01 

SA, surface water (1) Win 0.06±0.03 0.08±0.02 0.09±0.02 
 Spr 0.06±0.03 0.01±0.01 0.01±0.00 
 Sum 0.04±0.03 0.01±0.01 0.01±0.00 
 Aut 0.06±0.06 0.04±0.02 0.03±0.01 

SA, deep water (1) Win 0.08±0.03 0.12±0.01 0.12±0.01 
 Spr 0.07±0.03 0.12±0.01 0.13±0.01 
 Sum 0.08±0.03 0.13±0.01 0.14±0.01 
 Aut 0.11±0.07 0.14±0.01 0.14±0.01 

Gulf of Trieste, surface(2) Win 0.06±0.06 0.04±0.02 0.03±0.03 
 Spr 0.07±0.09 0.01±0.00 0.01±0.01 
 Sum 0.05±0.05 0.02±0.00 0.01±0.00 
 Aut 0.07±0.05 0.04±0.01 0.05±0.04 
Gulf of Trieste, bottom(2) Win 0.06±0.05 0.07±0.04 0.02±0.01 
 Spr 0.07±0.06 0.04±0.01 0.02±0.01 
 Sum 0.12±0.14 0.08±0.02 0.02±0.02 
 Aut 0.11±0.10 0.04±0.01 0.06±0.03 
central part of CA, surface (3)  Annual mean <0.06 0.03±0.03 0.03±0.04 
central part of CA, bottom (3) Annual mean 0.09 0.11±0.03 0.10±0.02 
Tab. B2. Seasonal mean and standard deviation of DIP for selected areas. Data derive from (1) 
Zavatarelli et al., 1998, (2) Cossarini et al., 2012, (3)Fig. 3 of Vilibic et al., 2012. 
 



B.3. Dissolved oxygen dynamics 
 
Mean seasonal profiles of dissolved oxygen are reported in Fig. B6. Model reproduces fairly well 
the seasonal cycle and the vertical profiles, indicating that the overall dynamics of production and 
consumption of oxygen are, at least qualitatively, well reproduced. 
The main differences between model and observation are registered for the bottom values of the 
coastal area during summer and autumn. The model, which lacks of an explicit benthic model, 
might underestimate the benthic respiration for the very coastal areas. 

 
Fig. B6. Mean seasonal profiles of dissolved oxygen for selected areas in the northern Adriatic Sea 
defined in Solidoro et al., (2009): a shallow coastal area influenced by Po river discharge (Zone5, 
upper plots) and an offshore area (Zone11, lower plots). Horizontal lines report the range of 
mean±standard deviation for observations and model results. 
 
 
B.4. DOP dynamics 
 
The DOP represents a large reserve of phosphorus, as important as the DIP, in the marine 
ecosystems (Karl and Björkman, 2002), and therefore DOP is an important variable to be 
considered in the validation. The model reproduces values of DOP of the same order and higher 
than DIP values. Simulated values are almost in the range of the observed ones for all the areas 
(Tab. B3). A slight underestimation is shown for the northern sub-basin. The high variability of 
available data does not allow to appreciate the capability of the model results in reproducing the 
seasonal cycle and differences in the water column. 
 
 
DOP  
mmol/m3 

 MODEL OBSERVATIONS 

Area Depth Time Median Min–max  Type of 
data 

Reference 

NA Surf Sum 0.07 0.04-0.16 0.05-0.1 min-max 
range 

Ivancic et al.(2010a), sampling stations 
along Po-Rovinj section Fig. 4 

 Surf Aut 0.05 0.03-0.26 0.1-0.4 min-max 
range 

Ivancic et al. (2010a), sampling stations 
along Po-Rovinj section, Fig. 4 

NA, 
western 

Surf Aut-
Win 

0.08 0.04-0.26 0.3-0.4 min-max 
range 

Ivancic et al. (2010b), sampling stations 
along Po-Rovinj section Fig. 3 

 Bottom Aut-
Win 

0.05 0.03-0.16 0.2-0.5 min-max 
range 

Ivancic et al. (2010b), sampling stations 
along Po-Rovinj section Fig. 3 

 Bottom Sum 0.09 0.06-0.16 0.1-0.2 min-max 
range 

Ivancic et al. (2010b), sampling stations 
along Po-Rovinj section Fig. 3 



 Bottom Sum 0.05 0.04-0.13 0.1-0.3 min-max 
range 

Ivancic et al. (2010b), sampling stations 
along Po-Rovinj section Fig. 3 

NA Whole 
column 

Win 0.08 0.05-0.14 0.085 
(0.005-0.2) 

mean and 
min-max 

Cozzi et al. (2002), sampling Feb-Mar 
1997 

 Whole 
column 

Annual 0.1 0.04-0.38 0.13 Mean Lipizer et al. (1998), data of PRIMA 
project 

CA Surf Annual 0.05 0.02-0.10 0.01-0.2 min-max 
range 

Danovaro et al. (2005) 

 
Tab. B3. Comparison between model and observation reported in literature for DOP (mmol/m3).  
 
 
B.5. Ecosystem processes 
 
The range of variability of the primary production among the different areas of the Adriatic Sea is 
considerable (Tab. B4). The model reproduces the main observed spatial gradients: from the 
eutrophic western coastal strips to the off-shore areas, and from the NA to the CA and SA. Means 
and standard deviations of the model outputs are within the range of observed ones. It is worth 
noting that a perfect match between model and observation is not expected given that observations 
typically refer to limited areas and moments. 
The observed range of the bacterial carbon production in coastal and off-shore areas of NA is well 
reproduced by the model (Tab. B4), confirming the capability of the model to reproduce some of 
the most relevant processes of the carbon cycle of this ecosystem. 
Simulated sinking values are reported at the same depth of observations (by linearly interpolating 
the values at the nearest vertical model grid-points). The simulated sinking values of POC are in the 
range of the observed data in the different areas, except during the post bloom phase (March-June) 
in SA. The model, indeed, simulates an increment of sink for the post bloom phase (see Fig. 9 in the 
manuscript), but lower than that reported in the literature. 
The table B4 shows a slight underestimation of the POC sinking at 1050 m in SA. This is likely due 
the organic matter remineralisation that occurs during the sinking phase, whereas in the model, that 
does not take into account refractory organic material dynamics, might overestimate the 
remineralization rate. 
The simulated values of sinking at the central part of the CA is higher than that reported by 
Giordani et al. (2002), however, considering the sum of the reported values for burial and 
mineralization, the authors propose values of 15.7 g/m2/y (43mg/m2/d) for the organic carbon that 
has reached the bottom, which is consistent with the model values. 
 
 
Primary Production 
mg/m2/d 

Model 
2007 and 2008 

Observations 

 mean±std range data Type of data Reference 
NA, within WAC  
 

366±137 102-755 356-575 Range annual values Pugnetti et al. (2006) 

   591.8 
410.9 

Mean 20-40m depth 
Mean 40m depth 

Giordani et al. (2002) 

NA, offshore area 210±77 68-346 329 Mean  Zoppini et al. (1995) 
   164-246 Range annual values Pugnetti et al. (2006) 
   172.6-284.9 Range Degobbis et al. (1986) 

reported by Giordani et 
al. (2002) 

CA, central pit 153±97 41-430 180±63 Mean and st.dev. Giordani et al. (2002) 
   164-246 Range Pucher- Petkovic and 

Marasovic (1988) 
reported by Giordani et 
al. (2002) 



CA, eastern part 141±92 38-423 175 (125-250) Mean (interannual 
range) 

Grbec et al. (2009)  
Fig. 3, data after 1998 

SA, central pit 185±111 38-542 265±50 Mean and st.dev. Giordani et al. (2002) 
SA, within coastal strip 175±95 76-456 250 Average Miserocchi et al. (1999) 
      
Bacterial Carbon Production 
µg/l/h 

Model 
2007 and 2008 

Observations 

 Median IRQ data Type Reference 
NA, coastal area 0.40 0.11-0.67 0.5 (0.10-1.0) 

1.15 (0.4-6.0)* 
Median (range IQ) 
(*very coastal point) 

Del Negro et al. (2008) 

NA, offshore area 0.07 
 

0.03-0.19 0.125 (0-0.8) 
<0.01 (0-0.4) 

Median (range IQ) Del Negro et al. (2008) 

      
Sink of organic matter (POC) Model 

2007 and 2008 
Observations 

mgC/m2/d Mean±std IQR range data Type Reference 
SA, central Pit at 150m depth  
 

18.9±5.7 15.5-21.6 9.7 mean of 1 and half 
year samplings 

Boldrin et al. (2002) 

SA, central pit at 150 depth  
(values for March-June) 

25.2±3.1 22.5-27.3 ~22-42 Range of values 
from Fig. 9 

Boldrin et al. (2002) 

SA, central pit at 1050 depth  5.1±0.5 4.6-5.4 6.99 mean of 1 and half 
year samplings 

Boldrin et al. (2002) 

SA, central pit at 1050 depth 
(values for March-June) 

5.2±0.3 5.0-5.4 ~9-20 Range of values 
from Fig. 9 

Boldrin et al. (2002) 

SA, central pit at the bottom 5.1±0.5 4.6-5.4 7.1 Mean values of 
moored trap (from 
Fig. 6) 

Giordani et al. (2002) 

CA, central part at 180m 33.5±11.3 26.8-42-2 9.3 Data from Hamilton 
et al. (1999) 

Giordani et al. (2002) 
 

 
Tab. B4. Values of primary production (mgC/m2/d), bacterial carbon production (µgC/l/h), and sink 
of organic matter (mg/m2/d) for several area of the Adriatic sea. 
 
 
B.6. Carbonate system variables 
 
The simulated values of pCO2 in the Gulf of Trieste (Fig. B7) are in agreement with the data 
reported in Figure 2 of Turk et al. (2010), in terms of both values and annual trend. A slight 
overestimation is simulated for spring values, being the model values 50 µatm higher than those 
reported by Turk et al. (2010). Further, the model reproduces qualitatively the differences between 
the 2007 and 2008 trends, based on available observations. In particular the model simulates lower 
values in April-May 2008 than April-May 2007 and lower values in autumn 2008 than autumn 2007 
as it is reported by Turk et al. (2010). The observed values of pCO2 in August 2008, much higher 
than during the previous year, is not adequately simulated by the model. However, Turk et al. 
(2010) report that the thermal component of pCO2 (Fig. 10f of Turk et al. 2010) are very similar for 
the two years. This suggests the possibility that important local biogeochemical processes for this 
very shallow area of the basin are not well reproduced by the model, due to its coarse spatial 
resolution, although it could account correctly for the thermal effect on the CO2 solubility. 
Table B5 reports the comparison of seasonal values of pCO2 for the central part of the SA. 
Modelled values are in good agreement with estimates proposed by d’Ortenzio et al., 2008. 
Using the statistics of DIC and alkalinity reported by Luchetta et al., (2010) for a winter cruise in 
NA, it is possible to assess that the simulated values are in the range of variation of observations 
(Tab. B6), even if, a slight underestimation for both modelled alkalinity and DIC values can be 
noted. The effect of the underestimation of DIC and alkalinity partly compensate in the calculation 



of pCO2. However, it is possible to assess and error of 20% in the comparison of pCO2 calculated 
using the mean simulated and observed values. 
 

 
Fig B7. Trend of pCO2 in the Gulf of Trieste, to be compared with Figure 2 of Turk et al., 2010. 
 
 
 Model 

Mean 2007-2008 
Observations 

pCO2  Mean±std data Type Reference 
SA, surface central pit, 
winter 

345±11 350 Value extracted 
from Fig.10. 

D’Ortenzio et al., (2008) 

SA, surface central pit, spring 411±44 400 Value extracted 
from Fig.10. 

D’Ortenzio et al., (2008) 

SA, surface central pit, 
summer  

491±27 450 Value extracted 
from Fig.10. 

D’Ortenzio et al., (2008) 

SA, surface central pit, 
autumn  

391±28 350-375 Value extracted 
from Fig.10. 

D’Ortenzio et al., (2008) 

Tab. B5. Values of pCO2 [µatm] in the central part of the Southern sub-basin. 
 
 
 Model 

February 2008 
Observations 

Alkalinity µmol/kg at 25°C Mean±std Min-max data Type Reference 
NA, surface off-shore area 2648±6 2636-2657 2658.9 ±18.1 Mean±st.dev of 

February 2008 (Tab. 3) 
Luchetta et al. (2010) 

DIC µmol/kg at 25°C      
NA, surface off-shore area 2335±15 2285-2371 2366.6 ±21.6 Mean±st.dev of 

February 2008 (Tab. 3) 
Luchetta et al. (2010) 

Tab. B6. Values of alkalinity and DIC for the off-shore northern sub-basin. 
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