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Abstract
The implications of climate change and other human perturbations on the oceanic 
carbon cycle are still associated with large uncertainties. Global- scale modelling stud-
ies are essential to investigate anthropogenic perturbations of oceanic carbon fluxes 
but, until now, they have not considered the impacts of temporal changes in riverine 
and atmospheric inputs of P and N on the marine net biological productivity (NPP) and 
air– sea CO2 exchange (FCO2). To address this, we perform a series of simulations using 
an enhanced version of the global ocean biogeochemistry model HAMOCC to iso-
late effects arising from (1) increasing atmospheric CO2 levels, (2) a changing physical 
climate and (3) alterations in inputs of terrigenous P and N on marine carbon cycling 
over the 1905– 2010 period. Our simulations reveal that our first- order approximation 
of increased terrigenous nutrient inputs causes an enhancement of 2.15 Pg C year−1 
of the global marine NPP, a relative increase of +5% over the simulation period. This 
increase completely compensates the simulated NPP decrease as a result of increased 
upper ocean stratification of −3% in relative terms. The coastal ocean undergoes a 
global relative increase of 14% in NPP arising largely from increased riverine inputs, 
with regional increases exceeding 100%, for instance on the shelves of the Bay of 
Bengal. The imprint of enhanced terrigenous nutrient inputs is also simulated further 
offshore, inducing a 1.75 Pg C year−1 (+4%) enhancement of the NPP in the open 
ocean. This finding implies that the perturbation of carbon fluxes through coastal 
eutrophication may extend further offshore than that was previously assumed. While 
increased nutrient inputs are the largest driver of change for the CO2 uptake at the 
regional scale and enhance the global coastal ocean CO2 uptake by 0.02 Pg C year−1, 
they only marginally affect the FCO2 of the open ocean over our study's timeline.
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1  |  INTRODUC TION

The intensity of the oceanic carbon uptake partly buffers the in-
crease in atmospheric CO2 caused by anthropogenic emissions 
(Friedlingstein et al., 2019; Peters et al., 2017). The carbon uptake 
through biological productivity and its vertical transfer to the deep 
ocean is an important pathway of the net air– sea CO2 exchange 
(FCO2, Falkowski et al., 1998; Sabine et al., 2004), although large 
uncertainties remain associated with its past and potential future 
efficiency over spatial and temporal scales (Beaulieu et al., 2013; 
Bopp et al., 2013; Henson et al., 2010; Kwiatkowski et al., 2020; 
Laufkötter et al., 2015; Maerz et al., 2020).

The ocean’s biological productivity is, to a large extent, con-
trolled by light availability and nutrient concentrations, which 
are dependent on physical characteristics such as ocean circu-
lation, stratification and temperature (Behrenfeld et al., 2006; 
Falkowski et al., 1998; Holt et al., 2018). These large- scale phys-
ical oceanic features have undergone significant alterations 
during the 20th century due to changes in the Earth's climate 
and atmospheric circulation (Church et al., 2011; Kuhlbrodt & 
Gregory, 2012; Rhein et al., 2013). Increased radiative forcing 
and an enhanced hydrological cycle as responses to anthropo-
genic greenhouse gas emissions have, for one, led to widespread 
decreases in upper ocean densities, causing a buoyancy- driven 
intensification of the permanent stratification of the ocean 
(Rhein et al., 2013). These physical changes, in turn, could have 
initiated a disruption of biogeochemical cycling in the biologi-
cally active upper ocean. Since increased stratification inhibits 
the vertical supply of dissolved inorganic nutrients from inter-
mediate ocean layers to the upper ocean, it likely affects the 
oceanic biological carbon uptake by limiting the net primary 
productivity (NPP), although the magnitude of this disruption 
is strongly uncertain at the global scale as demonstrated in 
the global model studies of Bopp et al. (2013), Laufkötter et al. 
(2013), Matsumoto et al. (2010) and Kwiatkowski et al. (2017, 
2020). Observational studies, based on either in- situ or from sat-
ellite data, have furthermore also disagreed with respect to the 
sign and magnitude of global oceanic NPP changes (Behrenfeld 
et al., 2006; Saba et al., 2011), which may arise from the short- 
term variability controlling NPP trends over decadal timescales, 
as suggested in the modelling studies of Beaulieu et al. (2012) 
and Henson et al. (2010). These studies have implied that the 
lengths of currently available NPP observational time- series are 
too short to conclusively estimate long- term trends.

In addition to the perturbations arising from changes in the 
physical climate, the global biogeochemical cycles of the essen-
tial macro- nutrients nitrogen (N) and phosphorus (P) have also 
been dramatically disrupted by anthropogenic activities over the 
past two centuries (Galloway, 1995; Gruber & Galloway, 2008; 
Stumm, 1973), causing alterations in the aeolian and riverine 
transports of N and P to the ocean (Doney et al., 2007; Holt et al., 
2018; Mahowald et al., 2017; Rabouille et al., 2001; St- Laurent 
et al., 2017; Ver et al., 1999; Yang & Gruber, 2016). The increased 

riverine transport of these nutrients from land to ocean has 
also led to important environmental deterioration in the coastal 
ocean, such as increased eutrophication, hypoxia and acidifica-
tion (Bauer et al., 2013; Breitburg et al., 2018; Diaz & Rosenberg, 
2008; Fennel & Testa, 2019; Holt et al., 2016; Laurent et al., 
2017; Terhaar et al., 2019). These detrimental effects have al-
ready been investigated through analysis of observational data 
(e.g. Diaz & Rosenberg, 2008) as well as through regional models 
(e.g. Laurent et al., 2017; St- Laurent et al., 2017) at the regional 
scale, but a global assessment is still withstanding. The pertur-
bation of the transfer of nutrients from land- to- ocean has also 
likely induced significant changes for the global coastal ocean 
carbon cycle (Mackenzie et al., 2002; Rabouille et al., 2001; Ver 
et al., 1999). For instance, conceptual box model studies suggest 
that increasing riverine nutrient fluxes have altered the net eco-
system productivity (NEP) of the coastal ocean towards autotro-
phy and stimulated the uptake of anthropogenic CO2 (Mackenzie 
et al., 2002; Rabouille et al., 2001; Ver et al., 1999). These re-
sponses are however entailed with important uncertainties 
since box models do not represent the three- dimensional fea-
tures of the coastal ocean (Lacroix et al., 2021). In contrast, gen-
eral ocean circulation models, which are typically components 
of Earth System Models (Aumont et al., 2015; Boucher et al., 
2020; Dunne et al., 2020; Jungclaus et al., 2013; Mauritsen et al., 
2018; Seland et al., 2020), can now broadly represent circulation 
features of the continental margins if applied at a high- enough 
resolution (Jungclaus et al., 2013; Lacroix et al., 2021; Liu et al., 
2019). The temporal changes associated with increasing riverine 
nutrient inputs have, however, been omitted in standard configu-
rations of state- of- the- art Global Ocean Biogeochemical Models 
(GOBMs) until now (Bopp et al., 2013; Laufkötter et al., 2013, 
2015; Matsumoto et al., 2010).

In the present study, we investigate the isolated and combined 
consequences of increasing atmospheric CO2 concentrations, a 
changing physical climate and enhanced terrigenous nutrient in-
puts on the oceanic NPP and FCO2 in a GOBM. To achieve this, we 
perform sequential transient simulations with (1) increasing atmo-
spheric CO2 levels, (2) changes in the physical climate and (3) per-
turbations of terrigenous nutrient inputs to the ocean for the time 
period 1905– 2010 while using a version of the GOBM HAMOCC 
that was enhanced for a better representation of coastal carbon cy-
cling. With this model setup, we address the following questions:

• What is the magnitude of the marine NPP change as a conse-
quence of altered terrigenous P and N inputs to the ocean over 
the past century and how does this contrast with changes driven 
by the physical climate?

• How do these nutrient- derived changes in NPP translate into 
changes in global FCO2 and how do they compare to those in-
duced by increasing atmospheric CO2 levels and changes in the 
physical climate?

• What is the contribution of the coastal ocean to changes in the 
global oceanic NPP and FCO2 over the simulated time period?
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2  |  MATERIAL S AND METHODS

2.1  |  Overview of the ocean model configuration

To simulate physical and biogeochemical processes in the ocean, 
we used a model configuration consisting of the ocean general 
circulation model Max Planck Institute Ocean Model (MPI- OM; 
Jungclaus et al., 2013; Mauritsen et al., 2019) coupled to a version 
of the global ocean biogeochemical model HAMburg Ocean Carbon 
Cycle (HAMOCC, Ilyina et al., 2013; Paulsen et al., 2017) that was 
enhanced for an improved representation of carbon cycling in the 
coastal ocean (Lacroix et al., 2020, 2021).

The MPI- OM simulates oceanic circulation, which dictates the 
transport of biogeochemical tracers through advection and eddy 
diffusion. In this study, we used an eddy- permitting horizontal res-
olution of around 0.4° (MPI- OM TP04 configuration, see Jungclaus 
et al., 2013), which is 2– 4 times higher than what has been con-
ventionally used in GOBM studies in global analysis. Although this 
resolution remains insufficient to accurately represent some of the 
fine- scale processes taking place in the coastal ocean (Fennel et al., 
2006; Gruber et al., 2011; Pätsch et al., 2017), the model setup 
simulates plausible regional coastal water residence times and dis-
tributions of biogeochemical indicators (Lacroix et al., 2021). The 
atmospheric state used to drive the oceanic physics was obtained 
from the ERA- 20C 20th- century reanalysis (Poli et al., 2016). In this 
reanalysis product, a coupled atmosphere– land surface– ocean wave 
model was forced with observational data for sea- ice cover, surface 
temperature, solar forcing and atmospheric composition changes to 
assimilate surface pressure and marine wind observations. In our 
study, we applied the ERA- 20C data over the entire simulation pe-
riod (1905– 2010), with 1905 being the earliest year for which a com-
plete dataset is available at a 3- hourly temporal resolution.

The standard version of HAMOCC simulates the main processes 
that affect the organic and inorganic cycling of carbon and nutrients 
in the water column and in the sediment, as well as the dynamics of 
gases in the ocean and their exchanges at the air– sea interface (Ilyina 
et al., 2013; Lacroix et al., 2021; Mauritsen et al., 2019). The organic 
carbon cycling module is based on an extended NPZD (Nutrients, 
Phytoplankton, Zooplankton and Detritus) formulation with the ad-
dition of marine dissolved organic matter (Six & Maier- Reimer, 1996), 
cyanobacteria (Paulsen et al., 2017) and terrigenous dissolved or-
ganic matter pools (Lacroix et al., 2020) as additional model tracers. 
The inorganic pools in HAMOCC include dissolved inorganic phos-
phorus (DIP), dissolved inorganic nitrogen (DIN), dissolved silica, dis-
solved iron, dissolved inorganic carbon (DIC), and alkalinity as well as 
opal and calcium carbonate as particulate constituents. The model 
also resolves the marine transport and air- sea exchange of CO2, O2, 
N2 and N2O gases.

HAMOCC was extended with prescribed pre- industrial river-
ine inputs of carbon, alkalinity, P, N, silica and iron, along with their 
speciation as described in Lacroix et al. (2020), which we use here 
to initialize the pre- industrial state of the model. Due to likely un-
derestimations of riverine carbon inputs in Lacroix et al. (2020), 

we use the higher tDOM inputs of 0.24 Pg C year−1, as is described 
in Lacroix et al. (2021). Furthermore, the coastal sedimentary 
Particulate Organic Matter (POM) degradation rate constant was 
increased (water depth <250 m) to 0.0026 day−1, in contrast to the 
0.001 day−1 rate applied in the open ocean, to capture the generally 
higher rates of organic matter decomposition reported for shallow 
marine environments as shown in Lacroix et al. (2021).

In addition to riverine inputs, the model accounts for additional 
inputs of nitrogen to the ocean originate via N- fixation through cy-
anobacteria (Paulsen et al., 2017) and atmospheric deposition as 
given by a climatological flux field of Doney et al. (2007) for 1850– 
1905 for the pre- industrial timeframe. Iron is added to the model fol-
lowing a spatially resolved climatological dust deposition flux field, 
as described in Mahowald et al. (2005).

2.2  |  The anthropogenic perturbation of nutrient 
inputs to the ocean

The changes of riverine P and N exports to the ocean over the 1905– 
2010 period were derived using data from the Global- NEWS2 study 
(Mayorga et al., 2010; Seitzinger et al., 2010), which is an established 
spatially explicit statistical model that was developed to produce 
hindcast and future scenarios of yearly averaged, global riverine nu-
trient exports to the ocean. These changes in nutrient inputs over 
1905– 2010 were prescribed to the ocean biogeochemical model on 
top of the prescribed pre- industrial riverine loads as estimated for 
the year 1905 (described in detail in Lacroix et al., 2020), the begin-
ning of our transient simulations.

We used the simulated NEWS2 anthropogenic components of 
DIP and DOP loads to estimate anthropogenic perturbations of 
riverine P inputs, and of DIN and DON to estimate anthropogenic 
perturbations of riverine N inputs for the year 2000, which are all 
explicitly quantified in the Global- NEWS2 run5 c00 simulation 
(Seitzinger et al., 2010). To estimate the temporal evolution of the 
P and N increase over the timespan, we constructed a global tem-
poral evolution of the anthropogenic P and N loads similar to the 
model results of Beusen et al. (2016). The global riverine P and N rise 
was relatively weak between 1900 and 1925, followed by a four-
fold faster increase over the 1925– 2000 period (Figure 1a– d). For N 
loads, results from the Beusen et al. (2016) show that the increase 
might be even steeper and nonlinear from 1975 onwards. For the 
period 2000– 2010 that was investigated in more detail by Seitzinger 
et al. (2010), we averaged over their ‘business- as- usual’ scenario (CI, 
same increase in riverine P and N loads as for 1925– 2000; Figure 1), 
and two contrasting scenarios from Global- NEWS2 that consider 
distinct agricultural policy and water management strategies (the 
Global Orchestration (GO) and Adapting Mosaic (AM) trajectories). 
These first- order linear estimations of temporal dynamics of river-
ine loads imply some limitations for our study, which we discuss in 
Section 5. Since we focus on long- term, century- scale trends here, 
we believe these temporal patterns likely have only minor effects on 
the results presented here for the global scale.
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The computed mean annual riverine inputs were injected at their 
river mouths homogeneously over the course of the year, thus ig-
noring the intra- annual variability in anthropogenic P and N riverine 
loads. Furthermore, we assumed that the anthropogenic DOP and 
DON is highly reactive and easily bioavailable in the coastal ocean 
due to the increased quality of tDOM with higher relative N and P 
contents (Lønborg & Álvarez- Salgado, 2012). Therefore, the riverine 
exports of these organic species were also added to the DIP and DIN 
pools in HAMOCC.

In the Global- NEWS2 study, particulate P and N were suggested 
to remain approximately constant compared to pre- industrial river-
ine inputs over the simulation timescale, and therefore, particulate 
loads in our model were assumed to remain constant over the 1905– 
2010 period.

In addition to riverine inputs, we considered increased atmo-
spheric N deposition inputs from 1905 to 2010 constructed from 
the dataset of Doney et al. (2007).

2.3  |  Model initialization and experiment design

Taking into account the long timescales of the marine carbon cycle 
feedbacks, we initialized the 1905– 2010 model simulations in a way 
that minimizes trends of model variables arising from previous dis-
equilibrium of the model. This was realized using a three- step proce-
dure. First, we performed a model simulation over 1000 years using 
its complete configuration, thus using all MPIOM- HAMOCC mod-
ules. Secondly, to reduce computing cost associated with the initiali-
zation of the sediment module (Heinze et al., 1999), an average of 
the particulate fluxes from the last 10 years of the above simulation 
was extracted to drive the sediment module in standalone mode for 

10,000 years. Thirdly, the resulting sediment state was coupled back 
to the water column, and the full MPIOM- HAMOCC configuration 
was run again for another 1000 simulation years. During the initiali-
zation, the ocean circulation of MPIOM was driven by the ERA20C 
dataset repeatedly over the timeframe 1905– 1930 to represent pre- 
industrial conditions as closely as possible from the available dataset.

Once the initialization was completed, we performed four tran-
sient simulations to isolate the effects of three individual drivers of 
the marine carbon cycle perturbations (Figure 2). We first performed 
two simulations from 1800 to 2010: control_sim and CO2_only. The 
simulation control_sim was carried out at pre- industrial atmospheric 
conditions, and was only used as a reference simulation to check for 
any remaining model drifts. Simulation CO2_only accounts for the 
increase in atmospheric CO2 concentrations from 278 to 389 ppm 
over the 1800– 2010 period (Etheridge et al., 1996), while still being 
driven by the prescribed pre- industrial physical climate state and riv-
erine loads. We then performed two additional simulations starting 

F I G U R E  1  Evolution of global 
anthropogenic riverine (a) DIP, (b) DIN, (c) 
dissolved organic phosphorus (DOP) and 
(d) dissolved organic nitrogen (DON) loads 
[Tg year−1] as derived in our study [Colour 
figure can be viewed at wileyonlinelibrary.
com]

F I G U R E  2  Summary of the simulation strategy [Colour figure 
can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
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at year 1905 of CO2_only, which were carried out until 2010. The 
first of these simulations, clim_CO2, accounts for changes in the 
physical climate forcing of the ocean as constrained by the atmo-
spheric ERA- 20C 1905– 2010 forcing in addition to the changes in 
atmospheric CO2 concentrations over the time period. The second 
simulation, terr_nut, accounts for perturbations in riverine and atmo-
spheric deposition inputs of P and N over 1905– 2010, as described 
above, in addition to changes in atmospheric CO2 concentrations 
and of the physical climate, thus all perturbations combined.

2.4  |  Analysis strategy

To evaluate our results in the context of contemporary observa-
tional datasets and estimates, we averaged the final 20 years (i.e. 
over 1990 to 2010) of the simulation terr_nut, which accounts for all 
perturbations. We computed trends in nutrient concentrations and 
NPP through linear regressions over the entire 1905– 2010 period. 
The significance of the regressions was tested through Student’s t 
tests for p < 0.05. The evolution of the FCO2 over the investigated 
time span, however, was clearly not linear in our study due to the ac-
celeration in the increase in atmospheric CO2 throughout the 20th 
century. We therefore compared temporal means for 1890– 1910 
with temporal means for the 1990– 2010 period to quantify the ef-
fects of the different perturbations on the change in FCO2 in order 
to reduce effects of decadal variability.

We decomposed effects arising from increasing atmospheric 
CO2 levels, CO2- induced, by subtracting control_sim from only_CO2. 
Hydrodynamical and biogeochemical perturbations arising from the 
changes in the physical climate, climate- induced, were estimated by 
subtracting only_CO2 from clim_CO2. Biogeochemical perturbations 
from increasing terrigenous P and N inputs, both from atmospheric 
deposition and riverine runoff, terr. nut- induced, were quantified by 
subtracting clim_CO2 from terr_nut.

Note that control_sim and CO2_only do not differ significantly in 
terms of global nutrient concentrations and oceanic NPP, since the 
drivers of biological productivity in the two simulations remain es-
sentially the same, except for small model drifts. We therefore use 
the CO2_only experiment as reference in our analysis of temporal 
changes in surface nutrient concentrations and NPP.

2.5  |  Segmentation of the open and coastal ocean

In our analysis, we differentiate between the responses of the 
open and coastal ocean to the different anthropogenic perturba-
tions. Definitions of the boundary between coastal and open ocean 
vary considerably in the literature (Chen & Borges, 2009; Laruelle 
et al., 2013, 2014, 2017, 2018; Muller- Karger et al., 2005). In our 
analysis, we used a simple depth- dependent coastal ocean thresh-
old of 250 m, which is in consistency with Lacroix et al. (2021). This 
definition is more inclusive than the often used 200 m isobath limit 
(Chen & Borges, 2009), with the goal to include numerous shelves 

that extend significantly further than 200 m, such as Arctic Ocean 
shelves (Laruelle et al., 2013). The depths of the seafloor in the 
model originate from modification and interpolation of the ETOPO2 
bathymetry (NOAA National Geophysical Data Center, 2006) for the 
MPIOM TP04 model grid configuration (Jungclaus et al., 2013).

In addition to this, we differentiated between shelf regions of 
the Pacific, Atlantic, Indian and Arctic basins to perform a high- level 
regional analysis of the various perturbations while also delineating 
in terms of northern and southern mid- latitude shelves (from 23.5 
to 60° of both southern and northern hemispheres, respectively), 
as well as tropical shelves (from 23.5°S to 23.5°N, Figure S1a). To 
analyse the differences between individual regions at a finer- scale, 
we also selected three shelf regions (eastern North America, East 
China Sea and Sunda shelf) that are reported to be to a large part 
driven by open ocean inflows, as well as three other regions (south-
ern North Sea, Louisiana Shelf and Bay of Bengal shelves), where 
riverine perturbations are thought to have a larger impact on the 
aquatic biogeochemistry (Figure S1b).

3  |  RESULTS

3.1  |  Perturbations of riverine and atmospheric 
deposition of P and N inputs to the ocean

Our calculations that combine data from Lacroix et al. (2020) and the 
Global- NEWS product indicate an increase in the global riverine DIP 
export to the ocean from 0.5 Tg P year−1 in 1905, with 0.2 Tg P year−1 
already being of anthropogenic origin, to 1.6 Tg P year−1 in 2010. 
We also estimate an increase in the global riverine DIN load 
from 3.6 Tg N year−1 (2.1 Tg N year−1 of anthropogenic origin) to 
17.1 Tg N year−1 over the same period. Changes in dissolved or-
ganic P and N loads are less pronounced in absolute magnitudes, 
with global riverine DOP and DON loads increasing from 0.1 to 
0.4 Tg P year−1 and 1.5 to 5.4 Tg N year−1, respectively. Biologically 
available riverine P (DIP and DOP) and N (DIN and DON) loads are 
therefore projected to have undergone significant increases of 
around 1.4 Tg P year−1 (+233%) and 17 Tg N year−1 (+349%) over 
the simulation period. When also accounting for particulate P and 
N loads, total global riverine P and N loads increase from 3.7 to 
5.3 Tg P year−1 (+43% increase) and from 27 to 46 Tg N year−1 (+70% 
increase), respectively. Our global riverine P and N exports to the 
ocean are, therefore, comprised within the previously estimated 
range for the pre- industrial time period of 2– 4.5 Tg P year−1 (Beusen 
et al., 2016; Compton et al., 2000) and 14– 21 Tg N year−1 (Beusen 
et al., 2016; Green et al., 2004), and within the estimated range 
of 4– 21 Tg P year−1 for and 36– 60 Tg N year−1 for the present day 
(Beusen et al., 2016; Bouwman et al., 2005; Green et al., 2004; Lee 
et al., 2019; Meybeck, 1982; Seitzinger et al., 2010; Van Drecht et al., 
2005). The N:P mole ratio of the estimated anthropogenic increase 
is 19:1 over the 1905– 2010 period, which is slightly higher than the 
Redfield N:P ratio of 16:1, the classically assumed ratio of organic 
matter production in the ocean (Takahashi et al., 1985).
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At the ocean basin scale, the largest relative increases in global 
P and N loads take place in the Indo- Pacific (+39% P, +44% N) 
while the Atlantic also exhibits a large perturbation (+28% P and 
+29% N). The Ganges, providing increased inputs of 0.1 Tg P year−1, 
1.40 Tg N year−1 to the Indian basin (Table 1), shows by far the largest 
perturbation, with changes in this catchment's biogeochemical char-
acteristics also reported in literature (Sattar et al., 2014). Increased 
P and N inputs to the western Pacific Ocean (Figure 3a,b) are mainly 
attributed to Southeast Asian catchments being affected by in-
creased riverine P and N inputs originating from agriculture and sew-
age (Wang et al., 2015). The riverine inputs to the tropical Atlantic 
are also estimated to have strongly increased due to enhanced 
transports from the Amazon and Congo rivers (Table 1). Additionally, 
rivers discharging onto the North Atlantic shelves show a strong de-
gree of perturbation (Figure 3a,b), confirming increased nutrients on 
these shelves documented as early as the 1970s (Radach & Pätsch, 
2007; Van Bennekom et al., 1975). The Mississippi river is another 
catchment that has undergone strong anthropogenic disturbances 
(Fennel & Testa, 2019; Laurent et al., 2017; Rabalais et al., 2002), 
with increases reaching 0.032 Tg P year−1 and 0.23 Tg N year−1 ac-
cording to our framework. The P and N loads from Arctic rivers only 
change marginally over the simulation period according to Global- 
NEWS2, with large watersheds such as the Lena or the Mackenzie 
rivers remaining in nearly pristine conditions, a result in agreement 
with those of Beusen et al. (2016), although it should be noted that 
changes induced by permafrost thawing are not included in both 
studies.

In addition to enhanced oceanic nutrient inputs from riverine 
loads, we consider global atmospheric N deposition to contribute 
to an additional increase in N inputs to the ocean, increasing from 
14.6 Tg N year−1 in 1905 to 20.9 Tg N year−1 in 2009 (Doney et al., 

2007). Out of this 6.3 Tg N year−1 increase, 1.4 Tg N year−1 is de-
posited to the coastal ocean. Spatially, the strongest increases in N 
deposition fluxes occur in the North Atlantic, as well as in the West 
Pacific off the Asian continent (Figure 3b).

3.2  |  Contemporary (1990– 2010) ocean variables 
evaluated against observational data

The 1990– 2010 global mean sea surface temperature (SST) of 
17.7 ± 0.8°C in the terr_nut simulation is in good agreement with the 
global World Ocean Atlas 2018 (WOA18, Boyer et al., 2018) mean 
value of 18.2 ± 1.7°C over 1981– 2010. The spatial distribution of 
observed SST is also well captured in the model (Figure S2a,b).

The present- day global annual mean surface nutrient con-
centrations, which accounts for approximately the first 10 m of 
ocean water depths, are 0.37 ± 0.01 µM DIP and 4.61 ± 0.01 µM 
DIN in terr_nut. These values are comparable to those derived 
from the WOA18 observational data (0.47 ± 0.08 µM DIP and 
5.04 ± 0.01 µM DIN). The simulation also captures the observed 
spatial patterns of dissolved inorganic nutrient concentrations 
reasonably well (Figure 4a– d). Distributions of DIP and DIN, as 
well as their biases with respect to global observational datasets, 
have been extensively discussed in previous studies that used 
the standard HAMOCC model (Ilyina et al., 2013; Paulsen et al., 
2017). Further validation in the context of the implementation 
of pre- industrial riverine fluxes in HAMOCC can also be found 
in Lacroix et al. (2020), and the inclusion of the temporal dynam-
ics of terrigenous P and N inputs here only marginally modifies 
the overall oceanic concentration patterns reported previously 
(Figure 4e,f). A substantial bias in the model version is the 

TA B L E  1  Comparison of our model- derived DIP and DIN river loads against published values from the literature for 10 of the largest 
rivers in terms of freshwater discharge (Seitzinger et al., 2010)

Rivers

DIP load (our study) 109 g 
P year−1

DIP load (literature) 
109 g P year−1 DIN load (our study) Tg N year−1

DIN load 
(literature) Tg 
N year−1

1905 2010 Present day 1905 2010 Present day

Amazon1 73 103 221 0.53 0.89 1.09

Congo2 2.3 9.4 18 0.02 0.19 0.16

Ganges- Brahmaputra3 21 124 165 0.17 1.57 0.95

Yangtze4 30 73 92 0.22 1.04 0.78

Yenisei5 8.8 10.4 7.9 0.06 0.09 0.16

Lena5 8.2 8.5 4.4 0.06 0.06 0.17

Mississippi6 16 48 19.5 0.12 0.35 0.79

Mekong7 7.2 20 0.9 0.05 0.25 0.29

Ob5 14.1 28 20.4 0.1 0.19 0.05

Mackenzie5 6.0 6.0 1.5 0.04 0.04 0.06

Global 0.5 × 103 1.6 × 103 0.5– 1.4 × 103 8,9 3.6 17.1 16.2– 18.9 9,10

Note: References: DIP loads from Harrison et al. (2010); DIN loads from 1Martinelli et al. (2010); 2Peierls et al. (1991); 3Whitehead et al. (2015); 
4Shuiwang et al. (2000); 5Le Fouest et al. (2013); 6Sprague et al. (2011); 7Liljeström et al. (2012); 8Compton et al. (2000); 9Seitzinger et al. (2010); 
10Turner et al. (2003).
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overestimation of nutrient concentrations in the Arctic (Lacroix 
et al., 2020). Since P and N riverine inputs to the region are as-
sumed to have remained approximately constant during the 20th 
century (Seitzinger et al., 2010); this region is, however, not a 
strong area of focus in our study.

The model simulates a mean global NPP of 48.1 ± 1.1 Pg C year−1 
for the present day, which is in good agreement with global estimates 
of 42– 56 Pg C year−1 based on satellite- derived products (Carr et al., 
2006; Field et al., 1998; Muller- Karger et al., 2005) as well as previous 
global model applications yielding values in the 45– 50 Pg C year−1 range 

F I G U R E  3  Increase in riverine (a) 
P (DIP + DOP) and (b) N (DIN + DON) 
inputs to the ocean, estimated from the 
difference between 1905 and 2010. In 
(b), the spatial distribution of changes 
in atmospheric N deposition (atm. N 
Depos.) are also shown for the same time 
period [Colour figure can be viewed at 
wileyonlinelibrary.com]

F I G U R E  4  Global annual mean 
distributions of surface ocean DIP 
and DIN from WOA18 (a, b) and their 
modelled fields averaged over the 1990– 
2010 period in simulation terr_nut (c, d). 
The simulated changes over the 1905– 
2010 are also reported (e, f), and were 
calculated as the difference between 
1890– 1910 and 1990– 2010 annual 
means [Colour figure can be viewed at 
wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
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(e.g. Lacroix et al., 2020; Paulsen et al., 2017). Other key biological indi-
cators are also relatively well reproduced with respect to observation- 
based estimates (Table S1). Furthermore, the 1990– 2010 mean oceanic 
sink of atmospheric CO2 amounts to 1.5 ± 0.2 Pg C year−1, which is 
comparable to recent estimates of between 1 and 2 Pg C year−1 for the 
same time period (Landschützer et al., 2016).

The addition of terrigenous P and N input perturbations during 
the 1905– 2010 period leads to a strong increase in simulated surface 
DIP and DIN concentrations in individual coastal regions (Figure 5a– 
f), which also drastically increases the regional NPP (Figure 5g– i). The 
regions presented here (Bay of Bengal, Louisiana Shelf and Southern 
North Sea) are regions where important increases in eutrophication 
have been reported in literature (Fennel & Testa, 2019). Since our 
model is limited in its representation of the coastal ocean due to its rel-
atively coarse spatial resolution, DIP and DIN concentrations in these 
regions are expectedly not in complete agreement with values found in 
literature. These caveats of our study are further discussed in Section 
4.3, where we reflect on the role of the coastal ocean in the overall 
marine carbon cycle. Our model, by explicitly representing the increas-
ing terrigenous P and N inputs, however diminishes the bias in DIN 
and DIP concentrations in these regions for the contemporary period.

Simulated coastal water residence times (CWRTs, Figure 6a) com-
pare relatively well to observations, with six out of eight simulated 
regional CWRTs falling within the observational range, confirming 
that the MPIOM- TP04 grid configuration used here reproduces 
CWRTs reasonably well at the global scale (Lacroix et al., 2021). 

Nine out of 14 simulated regionalized FCO2 flux densities are also in 
agreement with observational ranges (Figure 6b), albeit we note that 
the spread in the regional observational values is often very large. 
Additionally, we observe an overall good spatial agreement between 
the simulated pCO2 distribution and the one generated by the neural 
network interpolation approach of Laruelle et al. (2017; Figure 6c,d).

3.3  |  Physical climate- induced changes in SST and 
Mixed Layer Depth (MLD) over 1905– 2010

The ERA- 20C reanalysis data, which is used as atmospheric forcing 
to drive the oceanic circulation here, reveals an increase in the global 
near- surface air temperature of around 1°C between 1905 and 2010 
(Table 2, including land and ocean), determined here via linear trend 
calculation. The ocean responds to these climate- induced perturba-
tions with an increase in global SST of a lower magnitude (~0.4°C 
over the same period), which is in line with the range of values 
previously reported in published literature (0.2– 0.5°C increase for 
the upper 100 m of the ocean over the last 50 years according to 
Levitus et al. (2005) and Rhein et al. (2013). The simulated spatial 
SST changes are very variable, with increases exceeding 1°C locally 
(Figure 7a) while other regions actually present an SST decrease over 
the analysis period. The aggregated oceanic surface warming trend 
is simulated to be the strongest in the tropics (+0.37°C for 0– 23°), 
subtropics (+0.33°C for 23– 35°) and mid- latitudes (+0.77°C for 

F I G U R E  5  Simulated temporal changes in spatially averaged surface DIN (a– c), surface DIP (d– f) and NPP (g– i) in the Bay of Bengal, 
Louisiana Shelf and Southern North Sea over 1905– 2010. The * corresponds to spatially averaged observational data points for the Bay of 
Bengal (Das et al., 2017), the Louisiana Shelf (Sylvan et al., 2006) and the Southern North Sea (OSPAR, 2017) along with their error bars, if 
available [Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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35– 66°). In contrast, the trend is weak in the higher latitudes (>66°), 
with increases of 0.16 and 0.10°C in the Arctic and Southern Oceans 
on average over the simulation period, respectively.

The simulated mean annual MLD decreases by 19 m globally over 
1905– 2010 (Table 2). This annual mean decrease is mainly driven by a 
decrease in the winter- time MLD, when oceanic layers show permanent 
stratification (considering June– August and December– February as win-
ter in the Southern Hemisphere and in the Northern Hemisphere, re-
spectively). During this season of particular importance for the re- supply 
nutrients to the euphotic zone, the MLD decreases by 42 m globally over 
the simulation period globally. In contrast, the summer- time mean MLD 
of around 31 m (considering December– February and June– August as 
summer in the southern hemisphere in the northern hemisphere, respec-
tively) is not statistically significantly altered over the simulation period.

Spatially, our model simulates both increasing and decreasing 
MLDs in many regions over the simulation period (Figure 7b), that 
sometimes, but not always follow local trends in SST. The averaged 
MLD in mid- latitudes decreases by 35 m on average over all seasons, 
mirroring the SST trend of the latitudinal band. The tropics and sub-
tropics, which have a strong baseline stratification, show very small 
decreases in the average MLD of 1 and 2 m, respectively. In contrast, 
increasing MLDs are simulated in the North Atlantic, parts of the 
Southern Ocean and in the Arctic, all regions of high complexity with 
respect to their circulation patterns.

In the global coastal ocean, we simulate an annual mean increase 
of 0.5°C in the SST over 1905– 2010, a warming trend that is practically 
indistinguishable from the trend for the whole ocean. Surprisingly, our 
analysis does not reveal a statistically significant decrease in the annual 

F I G U R E  6  Regional- scale comparison of simulated (terr_nut, 1990– 2010 period) against contemporary observation or regional model- 
based annual mean estimates of Coastal Water Residence Times CWRT [months] (a) and present- day FCO2 [Tg C year−1] (b). References 
for data points in panels (a) and (b) are available in Table S2. In panel (b), a positive flux corresponds to a source to the atmosphere. Panels 
(c) and (d) compare simulated (terr_nut, model 1990– 2010 period) global coastal annual mean pCO2 distribution with the observation- 
based pCO2 climatology of Laruelle et al. (2017; annual mean for 1998– 2015 period), respectively [Colour figure can be viewed at 
wileyonlinelibrary.com]

TA B L E  2  Modelled SST trend over 1905– 2010, averaged 1990– 2010 SST, modelled MLD temporal trend over 1905– 2010 and averaged 
1990– 2010 MLD for the terr_nut simulation. Temporal trends and 1990– 2010 averaged values are also provided for the MLD during the 
winter period (both hemispheres combined). Only trends with statistical significance at p < 0.05 are reported

1905–  2010 
SST trend [°C]

1990– 2010 mean 
SST [°C]

1905– 2010 MLD 
trend [m]

1990– 2010 mean 
MLD [m]

1905– 2010 winter 
MLD trend [m]

1990– 2010 Winter 
average MLD [m]

Global Ocean 0.4 17.8 ± 0.8 −19 95 −40 148

Open Ocean 0.4 18.2 ± 0.8 −21 101 −44 153

Coastal Ocean 0.5 14.8 ± 0.3 — 34 — 80

https://onlinelibrary.wiley.com/
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mean coastal MLD, globally. This is likely due to the winter- time MLDs of 
coastal waters already reaching the sea floor in many regions, since we 
simulate a global winter- time mean MLD of 80 m in contrast to the shelf 
sea floor depth of 89 m on average. Despite the non- significant global 
coastal MLD trend, we observe strong local trends in coastal MLDs an-
nually and in the winter- time (Figure 7b,d). For instance, a strong de-
crease in winter- time MLD of up to 20 m is simulated on south- western 
African shelves, whereas we simulate a slight increase in MLD in the East 
China Sea, despite the winter- time SST increase simulated in the region.

3.4  |  Resulting changes in surface nutrient 
concentrations and oceanic biological productivity

Due to climate- induced perturbations, surface ocean global mean N 
and P concentrations decrease by 0.12 µM N and 0.07 µM P over 
the 1905– 2010 period, accounting for combined total organic and 

inorganic N and P inventories. As a result of the same climate- induced 
perturbations, DIN and DIP concentrations, however, surprisingly 
slightly increase at the global scale (+0.19 µM N and +0.04 µM 
P), although the global increase is driven by local changes in large 
parts of the Southern Ocean and the North Pacific (Figure 8a– d), 
where strong seasonal variability may prevent the efficient use of 
nutrients made available through complex changes in circulation 
patterns. In turn, the tropics, subtropics and mid- latitudes largely 
undergo decreases in surface DIN and DIP concentrations. The terr. 
nut- induced changes cause increases in both total N and P glob-
ally (+0.17 µM N and +0.09 µM P). While DIN concentrations rise 
by 0.09 µM over 1905– 2010 on average due to terr. nut- induced 
perturbations, DIP surface concentrations surprisingly decrease  
(‒ 0.003 µM) at the global scale. The global surface ocean increase 
in DIN and decrease in DIP is also reflected in global coastal ocean 
means (changes of +0.7 µM N DIN and ‒ 0.5 µM DIP, respectively), 
suggesting a strengthening in DIP limitation in the model due to 

F I G U R E  7  Simulated trends in (a) 
annual mean and (c) winter- time mean 
sea surface temperatures (SSTs) and (b) 
annual mean and (d) winter- time mean 
mixed layer depths (MLDs) induced by 
climate- induced perturbations over the 
1905– 2010 period, derived via linear 
trend analysis. Dashed lines show areas 
with a statistically significant trend 
(p < 0.05) [Colour figure can be viewed at 
wileyonlinelibrary.com]

F I G U R E  8  Simulated changes in annual 
mean surface (upper 12 m) ocean DIP/
DIN concentrations as a result of (a/d) 
changes in the physical climate (climate- 
induced perturbations), (b/e) changes in 
terrigenous nutrient inputs (terr. nut- 
induced), and (c/f) their combined changes 
over the 1905– 2010 period. Dashed 
areas represent areas where trends are 
statistically significant at p < 0.05 [Colour 
figure can be viewed at wileyonlinelibrary.
com]

https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
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larger relative increases in terrigenous N inputs with respect to P 
inputs. Decreasing surface DIP concentrations are indeed found in 
the Western Pacific, the Indian basin and the North Atlantic, basins 
which undergo a strong degree of perturbation of N inputs from 
both river transports and atmospheric deposition (Figures 3b and 
8b,e). In terms of total changes, thus as a result of climate- induced 
and terr. nut- induced perturbations combined, surface concentra-
tions DIN and DIP both slightly increase (+0.24 µM N and +0.01 µM 
P, respectively). However, both strong increasing and decreasing 
trends in DIN and DIP are simulated locally as a result of all pertur-
bations (Figure 8c,f).

We also approximate that the net cross- shelf export of inorganic 
and organic P and N combined are increased by 0.4 and 12 Tg year−1 
for P and N, respectively (Figures S3 and S4), largely resulting from 
increased riverine inputs to the coastal ocean.

The climate- induced changes cause a statistically significant 
global NPP decrease of 1.14 Pg C year−1 in the model (Figures 9a,d 
and 10a), corresponding to a decrease of around 3% over the 1905– 
2010 period. This climate- induced decline is of 1.19 Pg C year−1 in the 
global open ocean, whereas the global coastal ocean NPP does not 
show significant changes. Regionally, negative NPP trends are simu-
lated in the eastern Equatorial Pacific and Pacific subtropical gyres 
while positive NPP trends are mostly simulated in coastal upwelling 
regions (e.g. the Benguela Current System), the Southern Ocean, the 
western Equatorial Pacific and the North Pacific (Figure 11a).

Terr. nut- induced changes cause a significant global oceanic an-
nual mean NPP increase of 2.15 Pg C year−1 in our model (Figures 
9a,d and 10a), which translates into a relative NPP increase of around 
5% for the 1905– 2010 period. The increase is stronger in magnitude 
at low latitudes (Figure 11b), where light limitation of biological pri-
mary productivity is less prevalent than at high latitudes. Higher nu-
trient inputs thus enable an efficient enhancement of phytoplankton 
growth there. The coastal ocean is directly responsible for a substan-
tial part of the enhanced NPP signal (+0.40 Pg C year−1). Indeed, the 
relative NPP increase reaches 14% there, being larger than the rel-
ative NPP increase in the open ocean (+4%), although the latter un-
dergoes a larger increase in absolute magnitude (+1.75 Pg C year−1). 
In some parts of the coastal ocean, regional NPP increases exceed 
80 g C m−2 year−1 (Figure 11b), and a doubling of the coastal NPP 
is simulated regionally over the simulation period. NPP increases in 
the open ocean are generally much weaker per surface area, but a 
disproportionate enhancement of the NPP is still simulated in parts 
of the open ocean, such as in the Tropical Atlantic and Indian Ocean 
basins, as well as in the Caribbean Sea.

The climate- induced and terr_nut perturbations of the global oce-
anic NPP nearly completely counteract each other at the global scale 
(Figure 10a), leading to a non- significant global NPP trend overall. 
Our results, however, show a significant positive NPP trend in the 
global coastal ocean due to the strong perturbation of nutrient in-
puts there. The model also simulates strong regional trends, both in-
creasing and decreasing, in large parts of the open ocean (Figure 11c).

Despite the substantial decrease/increase in NPP caused by 
climate- induced/terr. nut- induced changes, vertical exports of organic 

matter are minorly perturbed over the simulation period. We only 
compute a slight global ocean increase in vertical organic mat-
ter export at 90 m depth as a result of terr. nut- induced perturba-
tions (+0.06 Pg C year−1), whereas climate- induced perturbations 
do not cause a significant change in the organic matter export at 
90 m in our simulations. Due to terr. nut- induced perturbations, the 
coastal ocean experiences a statistically significant increase in POM 
deposition to the sediment (+0.04 Pg C year−1) and in POM burial 
(+0.01 Pg C year−1). In contrast, the horizontal export of organic car-
bon from the coastal to the open ocean, that is, the net offshore 
transport, is increased by 0.02 Pg C year−1 (Figure S5) due to in-
creased nutrient inputs.

3.5  |  Consequences for changes in FCO2

The rise in atmospheric CO2 levels, reflected in CO2- induced per-
turbations (Figures 9g,j and 10d), is by far the dominant driver of 
changes in FCO2 at the global scale, causing an increased uptake 
of 1.69 Pg C year−1 from the atmosphere over the 1905– 2010 pe-
riod. The open ocean is the major contributor to this increased sink 
owing to the ocean carbon dissolution pump, with an uptake of 
1.63 Pg C year−1 (Figure 10d). The uptake of the coastal ocean in 
this scenario contributes only 0.06 Pg C year−1. This corresponds to 
only around 4% of the global uptake of anthropogenic CO2 by the 
global ocean.

The climate- induced perturbation of the ocean leads to a de-
crease in the total oceanic uptake of atmospheric CO2 by about 
0.1 Pg C year−1 over the simulation period (Figures 9g,i and 10d). 
While the changes caused by the perturbation of the hydrodynam-
ical features are spatially very heterogeneous, the global simulated 
outgassing signal is mostly driven by the open ocean at northern 
tropical and subtropical latitudes, as well as in the southern mid- 
latitudes (Figures 10e and 12b), in regions where the model also sim-
ulates a strong increase in SST (Figure 7a). Despite the global mean 
increase in coastal ocean temperature, the model does not simulate 
a statistically significant change in the global coastal FCO2 as a result 
of the changing physical climate.

In contrast, terr. nut- induced perturbations lead to a marginal in-
crease in the global oceanic CO2 uptake (+0.03 Pg C year−1), with the 
model simulating an increase in uptake of atmospheric CO2 by the 
coastal ocean of 0.02 Pg C year−1 as a result of these perturbations 
(Figures 10d and 12c).

Taking into account all perturbations, the oceanic CO2 uptake ap-
proximately increases by 1.77 Pg C year−1 between 1905 and 2010 
(Figure 10d), with total increases of 1.66 and 0.09 Pg C year−1 for 
the open and coastal oceans, respectively. The increases in the CO2 
uptake flux density in the coastal and open ocean are thereby 3.6 
and 5.4 g C m−2 year−1 for global areas of approximately 25 × 106 km2 
and 336 × 106 km2, respectively. In the coastal ocean, generally, an 
uptake of atmospheric CO2 of over 8 g C m−2 year−1 is simulated re-
gionally due to all perturbations, especially in mid- to- high latitudes. 
Many tropical regions, such as the Sunda and west tropical Atlantic 
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shelves, however, are simulated as areas with much lower increases 
in net CO2 uptake flux density than the global ocean average, and 
large parts of the Arctic do not show a statistically significant change 
with respect to the change in FCO2 (Figure 12d).

3.6  |  Regional- scale changes for coastal 
NPP and FCO2

Changes in both NPP and FCO2 arising from CO2- , climate-  and terr. 
nut- induced perturbations differ strongly from one coastal region to 
the next over the simulated 1905– 2010 time period (Figures 11 and 
12). At the large scale, the most important terr. nut- induced changes 
in NPP are simulated for tropical Indian ocean shelves (Figure 13a,b). 
Here, riverine P and N inputs increase by 0.2 Tg P year−1 and 
3.6 Tg N year−1, respectively, causing a regional NPP increase of 
38 g C m−2 year−1, or 37% in relative terms. In general, northern mid- 
latitude shelves undergo the largest changes, thus reflecting the dis-
tribution of riverine perturbations (Figure 4). Indeed, rivers supplying 
nutrients in these regions undergo increases of 0.53 Tg P year−1 
(+31%) and 5.2 Tg N year−1 (+78%), causing increases in the northern 

mid- latitude Pacific and Atlantic shelves NPP of 36 g C m−2 year−1 
(+24%) and 23 g C m−2 year−1 (+17%), respectively. Despite these 
large terr. nut- induced increases in NPP at the regional large scale, 
these perturbations do not substantially affect the large- scale re-
gional FCO2 (Figure 13c,d) in comparison to atm. CO2-  and climate- 
induced changes. While CO2- induced perturbations have a consistent 
negative effect on the sign of the FCO2, meaning increased uptake or 
decreased outgassing, for all segments of the coastal ocean analysed 
here (Figure 13c), climate- induced perturbations lead to both positive 
and negative changes in FCO2, depending on the region (Figure 13d).

At the finer regional scale, the impacts of different perturbations 
on regionalized NPP and FCO2 vary even more (Figure 14a– l). While 
the trends in NPP caused by climate- induced changes over the whole 
simulation period are weak for our chosen regions, strong inter- 
annual to decadal variability are simulated, for instance during years 
1970– 1980 on the eastern North American shelf, as well as after year 
2000 for the Sunda shelf and southern North Sea (Figure 14a,c,d). 
Increased terrigenous nutrient inputs increase the NPP in all se-
lected regions and clearly dominate the NPP trend throughout 
the simulation period, although the relative changes vary strongly 
from one region to another. For instance, while the annual mean 

F I G U R E  9  Temporal evolution of global annual mean NPP (two left columns) and FCO2 (two right columns) over the 1905– 2010 period 
for the global ocean (top row), coastal ocean (middle row) and open ocean (bottom row) in the simulations only_CO2, clim_CO2 and terr_nut 
(panels a– c and g– i). Panels (d– f) and (j– l) illustrate changes in NPP (two left columns) and FCO2 (two right columns) as a result of increases 
in atmospheric CO2 levels (CO2- induced), perturbations in the physical climate (climate- induced) and increased terrigenous P and N inputs to 
the ocean (terr. nut- induced )perturbations. A positive FCO2 corresponds to a flux from the ocean to the atmosphere [Colour figure can be 
viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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NPP increases by only around 12% in the eastern North American 
shelf, the perturbation is more substantial in the East China Sea, 
the southern North Sea, the Louisiana shelf and on the shelves of 
the Bay of Bengal, with relative increases of 42%, 41%, 97% and 
162% simulated in these regions, respectively (Figure 14b,d,e,f). For 
the Louisiana shelf and the Bay of Bengal shelves, riverine P and 
N inputs rose more than threefold and fivefold, respectively. While 
simulated CO2- induced perturbations are responsible for the larg-
est impacts on the FCO2 trend in the East China Sea and Eastern 
North American shelf for 1905– 2010, terr. nut- induced perturbations 
are the most important contributors to the change in FCO2 on the 
Sunda shelf, in the southern North Sea, on the Louisiana shelf and 
on shelves of the Bay of Bengal. Indeed, dramatic increases in the 
regional FCO2 of over 10 g C m−2 year−1 are simulated in the latter 
two regions. We note that these strong changes in FCO2 for these 
riverine- dominated shelves are, however, not representative of the 
behaviour of the coastal ocean as a whole (Figure 12c).

4  |  DISCUSSION

4.1  |  Role of changes in the physical climate for 
oceanic carbon cycling

The increased storage of heat in the ocean caused an increase in 
near- surface seawater temperatures over the historical time period 
(Rhein et al., 2013), which should, in theory, increase the stratification 
of the upper ocean. Increased stratification, in turn, decreases verti-
cal mixing in near surface ocean waters, thus inhibiting the supply of 

nutrients from intermediate depths to the euphotic zone. The NPP 
should thus also decrease as a result (Behrenfeld et al., 2006). Our 
model results confirm this hypothesis to a certain degree, since they 
first show widespread increases in ocean surface temperatures as a 
result of changes in the air– sea heat flux balance. This leads to a glob-
ally integrated decrease in the mean MLD, thus signalling increased 
stratification. Our simulations suggest that the strongly heterogene-
ous spatial patterns in MLD changes are dictated by local changes in 
circulation, which are themselves driven by either changes in atmos-
pheric circulation, in physical features within the ocean (e.g. density) 
or a combination of these. Indeed, both changes in atmospheric cir-
culation and in physical oceanic features have been reported to be 
disturbed at coarse and fine scales (Church et al., 2011; Kuhlbrodt & 
Gregory, 2012; Pershing et al., 2018; Rhein et al., 2013). As a result, 
the same geographical locations in the ocean may progressively be 
supplied with waters of different physical characteristics, explaining 
why local SST trends are not always reflected in the MLD trends 
(Figure 7a,b). Despite this complex spatial evolution of the simulated 
MLD, over the global scale, we simulate a decline of the oceanic 
NPP of about 3%, likely owing to the inhibition of vertical mixing 
and of nutrient supply at the large- scale during winter. Here again, 
however, local changes in NPP are also strongly variable, with both 
areas of substantial increases and decreases simulated in the model. 
Our simulations thus suggest that changes in ocean circulation might 
have a much larger regional importance on the NPP than the sole ef-
fect of large- scale stratification from the perturbation of the air– sea 
heat exchange at the local scale.

Local changes in ocean circulation seem to be of even larger 
importance in the coastal ocean, where hydrodynamical circulation 

F I G U R E  1 0  Mean annual changes in 
(a) NPP and (d) FCO2 over the 1905– 2010 
period for the global, coastal and open 
ocean. Panels (b) and (e) show climate- 
induced perturbations for different 
latitudinal bands and (c) and (f) show terr. 
nut- induced changes for different ocean 
basins. Dashed lines indicate a statistically 
significant trend at p < 0.05. A positive 
FCO2 corresponds to a flux from the 
ocean to the atmosphere [Colour figure 
can be viewed at wileyonlinelibrary.com]
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changes along the shelf break play a major role in the spatial vari-
ability of the SST and MLD, since the open ocean supplies waters 
with very different physical characteristics to the coastal ocean. 
For instance, the perturbation of the exchange with open waters at 
the shelf break has already been demonstrated at the regional scale 
(Gulf of Maine: Pershing et al., 2018; Outer North Sea shelf: Mathis 
et al., 2019). The very different magnitudes of change in our simu-
lations show the difficulty to assess at the global scale due to the 
heterogeneity and complexity of coastal ocean circulation features.

While decadal variability of the ocean system currently pre-
vents definite conclusions regarding the impacts of climate- induced 
changes on the biological productivity from observations alone, mod-
elling studies have addressed these perturbations at global (Bopp 
et al., 2013; Laufkötter et al., 2013, 2015; Matsumoto et al., 2010) 
and regional scales (Fennel et al., 2006; Frischknecht et al., 2018; Holt 
et al., 2016, 2018; Mathis et al., 2019). In Laufkötter et al. (2013), the 
trend in the aggregated global NPP was quantified over the second 

half of the 20th century, yielding a decrease in both the global NPP 
and biological export production in the magnitude of 6%, whereas in 
Matsumoto et al. (2010), no substantial change in the biological ex-
port production was found. The differences between these results, 
and those presented here, which suggest a climate- induced NPP de-
crease of around 3%, may be a consequence of the use of different 
modelling frameworks in each study. First, our horizontal spatial res-
olution is around fourfold higher than in most previous global model-
ling studies on historical changes in oceanic NPP, allowing a finer- scale 
representation of hydrodynamics in the ocean. The higher resolution 
of our model therefore likely simulates the regional response of the 
ocean circulation to changes in atmospheric drivers more accurately. 
Second, however, Laufkötter et al. (2013) and Matsumoto et al. (2010) 
used a fully coupled Earth System Model that accounts for feed-
backs between atmospheric and oceanic processes while our mod-
elling framework relies on a prescribed atmospheric state. Third, the 
global response of hydrodynamical and biogeochemical processes 

F I G U R E  11  1905– 2010 changes in 
the annual mean NPP arising from (a) 
perturbations in the physical climate 
(climate- induced), (b) increased terrigenous 
P and N inputs to the ocean (terr. nut- 
induced) and (c) both perturbations 
combined. Dashed areas represent areas 
with significant trend (p < 0.05) [Colour 
figure can be viewed at wileyonlinelibrary.
com]

https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
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to changes in the physical climate has been shown to strongly vary 
from one model to the other (Bopp et al., 2013; Kwiatkowski et al., 
2017, 2020; Laufkötter et al., 2015; Mathis & Mikolajewicz, 2020; 
Matsumoto et al., 2010). Thus, the trend in the marine NPP is also 
strongly affected by the different architectures and formulations for 
hydrodynamical and biogeochemical processes in different models.

4.2  |  Role of increased terrigenous nutrient inputs 
for oceanic carbon cycling

Regional observation- based and model- based studies have reported 
both strong alterations of coastal biogeochemical indicators caused 
by increases in riverine P and N inputs. These perturbations include 

F I G U R E  1 2  1905– 2010 changes in the annual mean FCO2 arising from (a) increases in atmospheric CO2 levels (CO2- induced), (b) changes 
in physical climate (climate- induced), (c) increased terrigenous nutrient inputs (terr. nut- induced) and (d) changes in the physical climate and 
increased terrigenous nutrient inputs combined (climate- induced+terr. nut- induced). A positive FCO2 indicates a flux from the ocean to the 
atmosphere. Dashed areas represent areas with statistical significance at p < 0.05 [Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E  1 3  Large- scale regionalized 
changes in annual NPP and FCO2 caused 
by CO2- , climate-  and terr. nut- induced 
perturbations over the 1905– 2010 period. 
Panels (a) and (b) show the impacts of terr. 
nut- induced perturbations (x- axis) against 
climate- induced (y- axis) perturbations in 
absolute and relative terms, respectively. 
Panels (c) and (d) show the impacts of terr. 
nut- induced perturbations (x- axis) against 
CO2- induced (y- axis) and climate- induced 
(y- axis) perturbations, respectively. A 
positive FCO2 flux indicates a flux from 
ocean to atmosphere [Colour figure can 
be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
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changes in nutrient regimes, increased biological productivity and 
decreasing oxygen concentrations in the coastal ocean (Breitburg 
et al., 2018; Diaz & Rosenberg, 2008; Fennel & Testa, 2019; Rabalais 
et al., 2002). Even substantial regional FCO2 changes have been 
traced back to terrigenous nutrient supplies locally (Cotovicz et al., 
2015; Tseng et al., 2011). In GOBMs, which are essential compo-
nents of Earth system models that are used for climate change pro-
jections (e.g. Aumont et al., 2015; Bourgeois et al., 2016; Dunne 
et al., 2012, 2020; Mauritsen et al., 2019; Tjiputra et al., 2020), tem-
poral changes in riverine nutrient fluxes and their impacts on and be-
yond the coastal ocean have, however, yet to be taken into account.

In our model simulations, we simulate a 5% increase in the 
global ocean NPP between 1905 and 2010 due to the augmented 
terrigenous nutrient supply to the ocean. This increase is slightly 
larger in magnitude than our simulated decline of the global NPP 
induced by the physical perturbation of the ocean and is compara-
ble to the climate- induced decrease in NPP of around 6% reported 
by Laufkötter et al. (2013), although it should be noted that the 
Laufkötter et al. (2013) study accounts only for the second half of the 
20th century. The coastal ocean is, unsurprisingly, strongly affected 
in relative terms, undergoing an NPP increase of 14% induced by 
increased land- derived nutrient inputs, confirming reported wide-
spread increases in biological productivity and eutrophication in 

coastal regions over the past century (Fennel & Testa, 2019). The in-
crease is, thus, for the coastal ocean overall, considerably lower than 
the relative increase in riverine P and N supplies to the ocean (+43% 
and +70%, respectively), although this effect is certainly regionally 
dependent. It is also lower than increases in biological productivity 
of up to +50% reported in early conceptual box model assessments 
(Andersson et al., 2005; Mackenzie et al., 2004; Rabouille et al., 
2001; Ver et al., 1999). As demonstrated in our analysis of individ-
ual regions (Figure 14), however, increases in terrigenous nutrient 
supplies to the ocean may have caused more than a twofold NPP 
increase regionally since 1905. This, in turn, might have contributed 
to adverse environmental impacts such as increased hypoxia (Fennel 
& Testa, 2019). Despite these potential dramatic consequences re-
gionally, our results suggest that open ocean inflows have a very 
prominent role in supplying global coastal waters with nutrients, as 
suggested by ocean inflows versus freshwater contributions to the 
global coastal ocean in Lacroix et al. (2021). Inflows from the open 
ocean have been demonstrated to majorly dictate biogeochemical 
dynamics in a multitude of coastal regions (Outer North Sea: Mathis 
et al., 2019; Thomas et al., 2005, North America East Coast: Fennel 
and Wilkin, 2009, California Current System: Frischknecht et al., 
2018; South China Sea: Dai et al., 2013) while others are clearly 
driven by riverine inputs (Amazon plume: Louchard et al., 2021, 

F I G U R E  14  Regionalized changes 
in annual NPP (panels a– f) and FCO2 
over the 1905– 2005 period as a result 
of CO2- induced and climate- induced and 
terr- nut- induced perturbations. A positive 
FCO2 indicates a flux from ocean to 
atmosphere [Colour figure can be viewed 
at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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Louisiana Shelf: Große et al., 2019, Sylvan et al., 2006), or for which 
the dominant controls are still debated (East China Sea: Große et al., 
2020; Zhang et al., 2019).

The simulated nutrient input- induced increase of the NPP in the 
open ocean also suggests that perturbations of nutrient inputs to the 
coastal ocean, arising largely from rivers, impact biological productiv-
ity beyond the coastal ocean. This is caused, on the one hand, by an 
increase in the nutrient cross- shelf export from the coastal ocean to 
the open ocean (+0.4 Tg P year−1 and +12 Tg N year−1) and, on the other 
hand, by increased N inputs to the open ocean resulting from direct 
atmospheric deposition (around 4 Tg N year−1) over the 20th century. 
According to our model, the increased supply of N to the open ocean is, 
therefore, larger as a result of exports from the coastal zone rather than 
increased inputs from atmospheric deposition. The relative increase in 
the open ocean NPP of around 4% as a result of the increased land- to- 
ocean inputs, however, remains low due to the dilution effect of the vast 
open ocean basin. Our model realizations also show that some open 
ocean regions could be disproportionally impacted by perturbations 
in riverine nutrient transports, such as the Indian Ocean, the Tropical 
Atlantic and North Atlantic, as well as the Caribbean Sea (Figure 11).

Despite a considerable increase in biological productivity, the sen-
sitivity of the global oceanic FCO2 to the land- induced perturbation 
is low in the model because the ocean NEP is only marginally altered. 
This low sensitivity of the FCO2 to the NPP increase stems from the 
inefficient transfer of biologically fixed carbon to the deeper layers 
of the ocean due to the fast remineralization of organic matter in the 
stratified open ocean. For parts of the shallow coastal ocean, however, 
the increase in the uptake of atmospheric CO2 induced by increased 
riverine P and N inputs is significant, due to the faster removal of the 
newly produced organic matter through either horizontal (i.e. offshore 
export) or vertical transport (i.e. deposition and burial on the seafloor). 
This is in particular the case for the East China Sea, the southern North 
Sea, the Louisiana shelf, as well as on Bay of Bengal shelves, where nu-
trient increases appear to be the largest contributor to changes in the 
regionalized FCO2. This importance of nutrient inputs for changes in 
regional CO2 uptake corroborates with observation- based findings for 
a tropical and a subtropical coastal system (Brazilian shelf: Cotovicz 
et al., 2015; East China Sea: Tseng et al., 2011).

4.3  |  Implications for the anthropogenic CO2 
uptake of the coastal ocean

The role of the coastal ocean in taking up anthropogenic CO2 has been 
strongly debated over the past three decades (Andersson et al., 2005; 
Bauer et al., 2013; Bourgeois et al., 2016; Cai, 2011; Chen and Borges, 
2009; Laruelle et al., 2014, 2018; Mackenzie et al., 1998; Rabouille et al., 
2001). While conceptual box models have suggested that the coastal 
ocean is a stronger atmospheric sink of anthropogenic CO2 than the open 
ocean (Andersson et al., 2005; Mackenzie et al., 2004; Rabouille et al., 
2001), model results from the only globally spatially resolved study on 
the anthropogenic perturbation of the coastal FCO2 published to date 
(Bourgeois et al., 2016) suggest that coastal ocean is an inefficient sink of 

anthropogenic carbon. Temporal changes in riverine nutrient inputs were, 
however, not considered in the simulations of Bourgeois et al. (2016), a 
factor considered to be significant for the global coastal FCO2 uptake in 
the conceptual box model studies. Our model, in turn, indicates that the 
effects of enhanced terrigenous nutrient inputs on the coastal FCO2, at 
the global scale, might be smaller than previously thought. A likely expla-
nation for this is the strong overestimation of CWRT in the conceptual 
box model studies, as shown in Lacroix et al. (2021), which certainly cause 
a slower export of increased nutrients offshore than in our study, thus 
increasing their exposure time in the coastal ocean (Monsen et al., 2002).

In addition to this, results from the observation- based study of 
Laruelle et al. (2018) imply that the coastal ocean could be more effi-
cient at taking up anthropogenic CO2 per unit surface area than the open 
ocean. Our model, in turn, simulates a smaller global increase in the coastal 
CO2 flux density than in the open ocean. These differences may be ex-
plained by the spatial coverage of observational data in the Laruelle et al. 
(2018) study, which to a large degree, relies on data from mid- to- high lat-
itudinal shelves, for which we find intense sinks of anthropogenic CO2 in 
our model results (e.g. Eastern Coast of North America, Barents Sea, East 
China Sea). In addition to this, our model indicates that the CO2 flux in sev-
eral mid- to- high latitude regions may have additionally been substantially 
enhanced as a consequence of increased nutrient inputs of terrigenous 
origin and their enhancement of biological productivity (Figure 14, e.g. in 
the southern North Sea). In contrast, for large tropical regions and parts of 
the Arctic Ocean, our model indicates that the coastal ocean might be an 
inefficient sink of anthropogenic CO2 per area. These regions have, until 
now, been sampled very sparsely and are thus underrepresented in the 
observational time- series of Laruelle et al. (2018).

Our model, while providing global coverage and a broad repre-
sentation of coastal circulation features, is still very coarse with re-
spect to the spatial scale of many processes taking place in the coastal 
ocean (Liu et al., 2019; Pätsch et al., 2017). For instance, biogeochem-
ical transport via eddies, fine- scale currents, including currents at the 
shelf- break, and fronts are likely not adequately captured at our mod-
el's resolution, in contrast to regional models (e.g. Frischknecht et al., 
2018; Gomez et al., 2020; Gruber et al., 2011; Hauri et al., 2020). 
These limitations likely affect the degree to which increased ter-
rigenous nutrients impact the biological productivity of the coastal 
ocean, as well as the amount of nutrients exported offshore and how 
they may stimulate the biological productivity in the open ocean.

4.4  |  Limitations induced by scenarios of 
riverine and atmospheric inputs

In addition to the model limitations in representing the fine- scale 
features of the coastal ocean discussed above and in Lacroix et al. 
(2021), the magnitudes of riverine P and N inputs to the ocean and 
their temporal changes are still associated with large uncertainties. 
This is reflected in the large spread of global estimates derived from 
upscaling of a relatively small number of catchments to the global 
scale (e.g. Compton et al., 2000; Meybeck, 1982). Global catchment- 
scale models (Beusen et al., 2016; Green et al., 2004; Seitzinger et al., 
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2010; Van Drecht et al., 2005) have also proved difficult to calibrate 
and validate due to the strong hydrological and biogeochemical het-
erogeneity across temporal (i.e. seasonality, inter- annual variability) 
and spatial (e.g. basin characteristics) scales. As a result, the magni-
tudes of contemporary P and N fluxes to the ocean are substantially 
different in, for instance, the global modelling studies of Seitzinger 
et al. (2010) and Beusen et al. (2016), although the anthropogenic 
perturbations estimated in these studies are similar. The temporal 
changes in riverine P and N inputs are resolved in a simplified man-
ner in our study, using first- order approximation between the start 
and end of the 20th century and thus, our results might deviate 
due to the assumed linear increases for individual river basins. For 
instance, in the Baltic Sea, riverine nutrient inputs are reported to 
have first increased from beginning to the middle of the 20th cen-
tury, but to have decreased since the 1980s, which may have led 
to a stabilization of NPP trends in the region (Meier et al., 2019). In 
addition to this, we also do not account for the seasonality of the 
riverine nutrient inputs.

Inputs of other terrestrial- derived species, such as carbon and 
silica, have also been significantly perturbed by human activities 
(Maavara et al., 2017; Regnier et al., 2013) over the same period. 
While there is an overall consensus on an increase of the inputs of 
these elements to freshwater systems during the 20th century, the 
global retention of land- derived material has also increased along the 
land– ocean continuum, potentially counteracting increasing inputs to 
freshwater systems (Goll et al., 2014; Laruelle et al., 2009; Lauerwald 
et al., 2020; Maavara et al., 2014, 2017; Regnier et al., 2013). In this 
study, we focussed on changes to P and N inputs to the ocean that 
have arguably been the most perturbed by anthropogenic activities 
and thus omitted potential additional effects caused by alterations of 
other terrestrial- derived compounds.

We also did not consider changes in atmospheric P deposition 
throughout the simulation period. This choice was guided by the rela-
tively small pre- industrial background atmospheric deposition flux of 
biologically available P to the ocean (0.2 Tg P year−1, Mahowald et al., 
2008) compared to riverine P fluxes (2– 11 Tg P year−1, Beusen et al., 
2016; Compton et al., 2000; Seitzinger et al., 2010), and by the small 
anthropogenic perturbation of this flux, estimated in the order of 10% 
(Mahowald et al., 2008).

5  |  CONCLUSIONS

Large uncertainties are still withstanding regarding processes that con-
trol the oceanic carbon fluxes and their anthropogenic perturbations. In 
this study, we assessed, for the first time, the implications of increased 
terrigenous inputs of the nutrients P and N for the oceanic carbon 
cycle over the past century in a global ocean biogeochemical model, 
and contrasted these changes to those induced by increasing atmos-
pheric CO2 levels and a changing physical climate. Our results, which 
cover the 1905– 2010 period, indicate that the perturbation induced 
by terrigenous nutrients causes a notable increase in the global ocean 
NPP that could be of similar magnitude to the highly uncertain NPP 

decline arising from changes in the physical climate. Thus, they may al-
leviate the certain effects induced by physical climate changes on the 
ocean carbon cycle. Our results are especially relevant for the biological 
productivity of the global coastal ocean, and in particular in northern 
mid- latitudes and low latitudes, where changes in NPP are dominated 
by the enhanced riverine fluxes of nutrients over the simulation times-
pan. These changes in organic matter production could be important 
triggers of coastal hypoxia, which have been reported to have dramatic 
effects for coastal ecosystems and marine life (Fennel & Testa, 2019). In 
the coastal ocean, the increase in P and N inputs also increases the air– 
sea CO2 uptake via enhancement of the biological carbon pump. These 
increased P and N inputs are the major drivers of change in the FCO2 
in certain river- dominated regions (southern North Sea, Louisiana shelf, 
Bay of Bengal shelves). Nevertheless, this globally enhanced coastal 
CO2 uptake is smaller than what has been suggested using conceptual 
box models until now, confirming a weak efficiency of the coastal ocean 
in taking- up anthropogenic CO2 reported in Bourgeois et al. (2016) and 
Lacroix et al. (2021). The increase in terrigenous nutrient inputs also has 
a further- reaching effect on the NPP of the ocean as a whole than pre-
viously assumed. In particular, increased riverine nutrients may be ex-
ported offshore relatively efficiently where they could potentially affect 
ecosystems in the open ocean. On the whole, our study indicates that, 
along with improvements in the representation of both biogeochemical 
and physical processes taking place in the coastal ocean, past and fu-
ture temporal dynamics of riverine nutrient inputs should be included in 
global ocean biogeochemical models to better constrain oceanic carbon 
fluxes and their anthropogenic perturbations.
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