
 
Reply to Anonymous Referee #1 
 
We are grateful for the comments and edits of the anonymous reviewer who 
invested time for the review of our manuscript. The reviewer’s text is reported in 
Italic and our responses in roman. 
 
The research topic is very timely, the manuscript is well written, and the model 
simulates seem to be well done. Furthermore, the authors have really made a lot of 
simulations and obviously went to great lengths. However, many things need to be 
addressed before the paper can be accepted. The most important points are: (a) 
Discussing Lacroix et al. (2021), (b) adding many more references to support the text, 
(c) evaluating the model results with observations and show where the model is good 
or bad, (d) evaluating the global news present-day river fluxes to understand how 
realistic they are, (e) discussing the far too low NPP in the Arctic Ocean, and (f) testing 
if results are statistically significant. In this state, the main conclusion that rivers might 
be of importance in coastal region has no underlying prove and large parts of the 
manuscript are not possible to review. I would focus more on regional coastal areas 
and discuss and analyze these further, but this is up to you. 

We thank the reviewer for this input and we have made a substantial effort to address 
her/his concerns in the updated manuscript. We have added more references to 
support the text and included comparison with Lacroix et al. (2021). We have added 
more discussion on the sensitivity of the results to the model performance, globally and 
for the Arctic Ocean in particular. We added statistical significance testing and 
robustness information. We reworked the text and clarified that “rivers might be of 
importance in coastal region” is not considered as a conclusion of this study. In our 
response to the specific comments, we provide arguments for why including an 
independent evaluation of the global news data product (which has been documented 
in literature) as well as an extensive model-data evaluation is beyond the scope of this 
short and focused scientific paper. Instead, we suggest extending the discussion to 
include specific aspects on uncertainties related to our model and data products we 
used. We have implemented most suggestions from the specific comments of the 
reviewer, such as including more detailed information of the global news scenarios and 
the riverine implementations in current Earth system models, and stated reasons if we 
did not implement a suggestion. More details are provided in our replies to the 
reviewer’s specific comments below.       

Major comments 

• References are often missing. One of the most important references missing is 
probably Lacroix et al. (2021) who performed very similar simulations. Comparison to 
their results would be essential.  
We have added comparison to their results at several places. However, they have 
applied temporally varying (increasing) riverine nutrients (only N and P) over 1905–
2010, in which period our riverine inputs are mostly kept constant (even in the transient 
experiments). Additionally, they didn’t add riverine carbon input, which makes it difficult 
to compare with. Their study focuses on the impact of changing (increasing) terrestrial 
nutrients on the marine primary production and carbon cycle, while our study explores 



the impacts in different riverine configurations. One important addition to their study is, 
e.g., while the riverine nutrients and C input is kept constant over the whole simulation 
time, its impact on projected PP and C uptake expresses differently in future period 
from the historical period. 
 
• Please revise the entire manuscript for the many missing references. Here 
some examples: 
o Lines 30/31: no references for this statement 

This sentence together with the sentence after is one complete statement, and the 
references are therefore given after the sentence in Line 32. We have changed to use 
“;” to connect both sentences. 

o Lines 33/34: no references for this statement 

Reference (Chester, 2012) added. 

o Lines 34/35: no references for this statement 

References (Meybeck and Vörösmarty, 1999; Liu et al., 2021) added. 

o Lines 37-48: Almost no references here! 

Line 37-38: Reference (Seitzinger et al., 2010) added. 

Line 39-41: References (Bouwman et al., 2009; Garnier et al., 2021; Van Drecht et al., 
2009; Eiriksdottir et al., 2016; Zhang et al., 2022) added. 

Line 41-44: Reference was given. 

Line 44-46: References (Liu et al., 2020; Frigstad et al., 2020; Wild et al., 2019; 
Pokrovsky et al., 2020; Mann et al., 2022) added. 

o Lines 49/50: No references 

We have added a new paragraph with more detailed information for individual models 
with corresponding citations (please see the answer to next comment). 

o … 
• Lines 49-54: A more detailed explanation is missing on how ESMs simulate 
rivers. Seferian et al. (2020) gives a good overview. There were already 5 ESMs in 
CMIP5 that simulated riverine C, N, and P (3 also simulated Fe) fluxes and there are 
now 8 in CMIP6. Some of them even simulate dynamically changing riverine fluxes. 

We have added more information on the riverine implementation in the introduction, 
especially with respect to new developments in some of the CMIP6 models (e.g. 
CESM2, CNRM-ESM2-1, MIROC-ES2L, IPSL-CM6A-LR): 
The latest generation of Earth system models (ESMs) have implemented some forms 
of riverine inputs in their ocean biogeochemistry modules (Séférian et al., 2020). The 
models that include riverine inputs use different implementations, from constant 
contemporary fluxes (e.g., IPSL-SM6A-LR and CESM2; Aumont et al., 2015; 
Danabasoglu et al., 2020) to interactive with terrestrial nutrient leaching transported by 



dynamical river routing (e.g., CNRM-ESM2-1 and MIROC-ES2L; Séférian et al., 2019; 
Hajima et al., 2020), and typically use the Redfield ratio to convert from one chemical 
compound to the others. For instance, in the latest version of IPSL model (IPSL-SM6A-
LR; Aumont et al., 2015) riverine nutrients (DIN, DIP, Si), dissolved organic nitrogen 
(DON), dissolved organic phosphorus (DOP), dissolved inorganic carbon (DIC) and 
total alkalinity (TA) are implemented as constant contemporary fluxes based on data 
sets from Global NEWS 2 (NEWS 2; Mayorga et al., 2010) and the Global Erosion 
Model of Ludwig et al. (1996). Similarly, in the CESM2 (Danabasoglu et al., 2020) 
riverine nutrients (except DIN and DIP), DIC and TA are held constant using data from 
NEWS 2 (Mayorga et al., 2010), but DIN and DIP are taken from a model (Beusen et 
al., 2015, 2016) and vary from 1900 to 2005, which is more sophisticated than using 
constant fluxes. Some ESMs have implemented interactive riverine nutrients input from 
terrestrial processes, e.g., in the CNRM-ESM2-1 the riverine dissolved organic carbon 
(DOC) is calculated actively from litter and soil carbon leaching in the land model, 
and the supply of the other nutrients, DIC and TA have been parameterized using the 
global average ratios to DOC from Mayorga et al. (2010) and Ludwig et al. (1996). In 
MIROC-ES2L model, N cycle is coupled between the ocean and land ecosystems, 
therefore, the inorganic N leached from the soil is transported by rivers and 
subsequently as an input to the ocean ecosystem. The riverine P is calculated from N 
using the Redfield ratio, but riverine carbon input is not implemented. Existing models 
with interactive riverine inputs typically do not consider biogeochemical processes in 
the freshwater system such as outgassing or sedimentation. 
 
• In the main manuscript, a large space is given to the Arctic Ocean. Please 
introduce the Arctic Ocean accordingly and explain in the Introduction already why it 
might matter if you want to keep it as one of the regional seas that you want to discuss 
(see Terhaar et al., 2019 & 2021 and citations within). 
Thank you for the suggestion and references. We have added a paragraph as below 
in the introduction. 
Some regions such as the Arctic Ocean may receive a higher impact from changes in 
riverine inputs than regions. The Arctic Ocean accounts for only 4% of the global ocean 
area (Jakobsson, 2002), but takes 11% of the global river discharge (McClelland et al., 
2012), and it is estimated that about one third of its net PP is sustained by nutrients 
originated from rivers and coastal erosion (Terhaar et al., 2021). Therefore, one can 
expect that Arctic PP will be affected by altered riverine transport of nutrients and 
carbon under future climate changes. Previous studies have shown that enhanced 
riverine nutrient input increases PP in the Arctic Ocean (Letscher et al., 2013; Le 
Fouest et al., 2013, 2015, 2018; Terhaar et al., 2019), while large riverine dissolved 
organic carbon (DOC) delivery reduces CO2 uptake in Siberian shelf seas (Anderson 
et al., 2009; Manizza et al., 2011).  
 
• The model is not evaluated. Only a reference to previous publications is 
mentioned (lines 111-113). However, to understand and discuss the changes in the 
future and the sensitivity to riverine fluxes a much more detailed model evaluation is 
needed. For example, NPP is far too low in the Arctic Ocean: for the 2nd half of the 
20th century the simulated NPP is around 100 TgC/yr. However, the observation-
based NPP in the last years of the 20th century is slightly above 450 Tg C/yr (Arrigo 
and van Dijken, 2015). If the model is not capable of simulating NPP in a part of the 



ocean, why should we trust any of the projections done by that model? Having 
demonstrated that this is the case in the Arctic Ocean, I cannot trust the other numbers. 
Especially, given that the model-obs differences (Fig 3b) are so much larger than the 
differences between rivers and no rivers (Fig. 3c). Please make a thorough comparison 
and evaluate your results on the background of the model performance and tell the 
reader about the models’ strong points and weaknesses when it comes to ocean 
biogeochemistry. 
Thank you for the comment. The NorESM model has been evaluated in different 
publications. For the Arctic domain, its skill in simulating the observed primary 
production was done in Lee et al. (2016) and the reviewer is correct that the NorESM 
is biassed low against observations. However, it is on par with other global ocean 
models. For instance, in their paper, Lee et al. (2016) assessed the relative skills of 21 
regional and global biogeochemical models in reproducing the observed contemporary 
Arctic primary production. The NorESM has a negative bias of -0.49, and is well within 
the multi-model mean bias of -0.31± 0.39. In another study, the NorESM model is 
compared with a regional model that comprises part of the Arctic region, and it shows 
that the NorESM simulates too late and too short bloom period than the regional model 
(Skogen et al., 2018), hence the annual integrated primary production is too low. Many 
coarse/intermediate resolution global models also show considerably lower NPP in the 
Arctic (e.g., 165Tg C/yr; Terhaar et al., 2019). Such common shortcomings in global 
scale marine biogeochemical models can partly be attributed by the simplified, not 
regionally adapted parameterization, which can be improved through data assimilation 
(Tjiputra et al., 2007; Gharamti et al., 2017). 
As the reviewer suggested, we have added a subsection (2.2 model evaluation) to 
assess the model performance of the relevant part, and especially in the Arctic Ocean. 
We have also assessed the robustness of our results (please see the response to the 
comment on “result significance” below). 
 
• Four different scenarios for the future riverine fluxes are introduced in line 125. 
However, it is impossible to know which scenario is which. Please introduce the 
scenarios carefully so that the reader knows these scenarios are.  
We added a table (Table 1) to introduce these four future scenarios in more detail. 
 
• Riverine data in general: How good is the data that you use? I would like to see 
a comparison to observations of larger important rivers such as the Amazon or the 
rivers in the Arctic that are observed by ArcticGRO (https://arcticgreatrivers.org/). 
Nutrient fluxes from Global News 2 in the Arctic can be off by 300% (Kaiser et al., 2017; 
Thibodeau et al., 2017; Terhaar et al., 2019). Without knowing the quality of the 
present-day riverine fluxes, it is not possible to evaluate the results. 
The Global NEWS 2 riverine dataset has been calibrated and assessed against 
measured yields (Mayorga et al., 2010) and has been widely used and evaluated for 
different river estuaries (A number of publications can be found in a special section of 
Global Biogeochemical Cycles: 
https://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)1525-
2027.NUTRIENT1). For example, van der Struijk et al. (2010) compared the Global 
NEWS nutrient yields to observed values for South American rivers. They stated that 
“For some rivers (such as the Amazon), the model performs better than for others. In 



general, the model seems to do better for DIN, DON and DOC than for DIP, although 
for the Amazon also modeled DIP yields also compare well to measured values. The 
variations in yields among rivers are described well by the NEWS models… 
Nevertheless, we may argue that the NEWS models in general perform reasonably 
well for South American rivers.”  
For the Arctic rivers, as the reviewer suggested, we have checked the ArcticGRO 
dataset, however, we had to use the early dataset from PARTNERS Project (Holmes 
et al., 2012) rather than the ArcticGRO data in order to compare with the NEWS 2 data 
for the year 2000. In the paper by Terhaar et al. (2019), they have compared riverine 
total dissolved nitrogen and phosphorus (TDN, TDP) between NEWS 2 and 
PARTNERS Project and stated 41-169% overestimate of TDN by NEWS 2. However, 
the NEWS 2 dataset does not provide TDN and TDP data directly, and we did not find 
the information on how the TDN and TDP data from NEWS 2 are derived in the work 
by Terhaar et al. (2019). Therefore, we did our own comparison between the two 
datasets (see Table C1 in Appendix C) of dissolved inorganic nitrogen (DIN) and 
dissolved organic nitrogen (DON), which are directly provided by both datasets (DIP 
and DOP are not provided by Holmes et al. (2012), therefore we did not compare them). 
Our comparison shows that the NEWS 2 dataset compares fairly well with the 
measured data, especially for the Eurasian Arctic rivers with 3.5-28.6% deviation in 
DIN and 7.3-34.8% in DON, while the discrepancy is larger in the Canadian-Alaska 
Arctic rivers (i.e., Yukon and Mackenzie rivers) with upto 80.8% and 100% deviation in 
DIN and DON, respectively. 
As the evaluation of the riverine data is out of the focus of our paper, we summarized 
the text above and added a brief evaluation of the dataset in section 2.3 and referred 
the readers to relevant publications. 
 
• Some of the organic nutrients are remineralized directly due to the fixed 
stoichiometric ratio in the marine organic matter (line 140). Please tell the reader how 
much is remineralized directly and discuss later if that influences the results. The lability 
of terrestrial organic matter is an important factor for the impact of riverine nutrient 
fluxes on NPP and carbon fluxes on air-sea CO2 fluxes (Terhaar et al., 2021). 
We have calculated the proportion of directly remineralized matter, including dissolved 
organic matter (DOM) and particulate (inorganic and organic) matter (PM), i.e., 
X/(DOMriv+PMriv) (X is the directly remineralized dissolved organic and particulate 
matter). The directly remineralized part on average accounts for 64.8%, 27.8% and 
62.8% of the total riverine organic and particulate matter of phosphorus, nitrogen and 
carbon, respectively. This approach may lead to bias in the enhanced primary 
production. We further calculated the contribution of the directly remineralized part on 
the enhanced primary production, by comparing X with the corresponding total riverine-
induced dissolved nutrient additions [X/(X+DIXriv)*100%], which accounts for 80.5%, 
33.3%, and 41.1% for phosphate, nitrate, and carbon, respectively. Assuming that all 
coastal regions are nutrient limited, this direct remineralization could be responsible for 
33.3%-80.5% of the enhanced primary production, depending on which nutrient 
species is limiting the primary production. In our model, phosphate is rarely limiting 
(Figure A1), therefore, the impact of this direct remineralization on primary production 
is likely on the lower end of this range (33.3%-80.5%). Given that the proportion of the 
direct remineralized organic matters in our model is comparable to those reported by 
Lacroix et al. (2021), who quantified that around 50% of the riverine DOM and 75% of 



the POM are mineralized in global shelf waters, the impact on enhanced PP should be 
less than 33.3%. 
We have added this discussion in section 4.3. 
 
• Is there a particular reason why you use fluxes from 1970 for the FIX run? Later 
you compare the NPP results to observation-based NPP from after 2000. Wouldn’t it 
be better to use the 2000 fluxes for the FIX run? 
In Section 3.3, we assess the effect of future changes in riverine inputs by comparing 
the future period 2050–2099 to the recent past reference period 1950–1999. This 
assessment was one of our main objectives when we designed the experiments. We 
chose the 1970 fluxes because they are more representative for the 1950–1999 period 
than the 2000 fluxes (Beusen et al., 2016). 
We agree with the reviewer that the use of 2000 fluxes for the FIX run would have been 
preferred when comparing with observation-based NPP from after 2000. In hindsight, 
choosing 1950–1999 as a present day reference was not an optimal choice 
considering better availability of observations estimates during the early 21st century.  
We have mentioned the above as a caveat in the discussion of the revised manuscript 
version as below. To be more precise, we also changed the wording “contemporary” 
or “present day” to “recent past” in various places.  
“Our spin-up experiment uses riverine nutrient and carbon inputs fixed at 1970 levels, 
as provided by NEWS 2. As a caveat, our post-1970 simulated changes in marine PP 
and CO2 fluxes miss out any legacy effects from riverine transport changes that 
occurred before 1970. However, Beusen et al. (2016) found that changes in riverine N 
and P are relatively small before 1970 compared to changes after 1970. Therefore, we 
expect the error due to missing legacy effects to be minor.    
In FIX, we applied riverine inputs at 1970 level over available inputs at 2000 level, 
because the former are more representative for the 1950–1999 baseline period that 
we used for future projections. However, the use of 1970 level inputs is suboptimal 
when evaluating simulated PP and CO2 fluxes against observations obtained after 
2000.” 
 
• As mentioned above, nutrient fluxes often do not scale at all with runoff as 
concentrations can decrease strongly when discharge increases. Furthermore, apart 
from DOM and DIP the global news scenarios all give very different future scenarios 
compared to RUN. I think the simulation RUN hence really makes very little sense and 
I do not know what its value is. I would certainly not make such strong statements in 
the Discussion (line 321). I am happy to be convinced otherwise. 
We agree with the reviewer that the RUN experiment has its uncertainties. It is an 
idealistic scenario, which assumes that future changes in riverine carbon and nutrient 
transports are directly linked to changes in riverine freshwater transports, ignoring 
other anthropogenic effects related to land surface processes. The comparison of RUN 
to the GNS experiments demonstrates that the anthropogenic and natural changes in 
nutrients and carbon on land are equally or more important than the direct effect of the 
changes in the hydrological cycle. Including RUN along with the more realistic GNS 
scenarios thus still provide valuable information, which e.g., may caution other 
modelling groups against adopting an over-simplified coupling of riverine nutrient and 



carbon transports to the hydrologic cycle. Another motivation for RUN was to introduce 
seasonal and interannual variability in nutrient and carbon transports that is linked to 
variability in riverine freshwater transport. Future work should explore if GNS and RUN 
can be integrated to produce more realistic long-term trends in riverine nutrient and 
carbon transports as well as short-term variability. 
We have clarify that to explore the best practical way of implementing the riverine 
inputs for modelling groups is one of the aims of this work. We have modified the 
statement in line 321 in the original version (in section 4.2 in the updated version). 
 
• It seems that large changes are always simulated in the Black Sea. However, 
results from ESMs in enclosed or semi-enclosed seas usually make no sense. Did you 
mask these seas, including the Mediterranean Sea? If not, how does masking these 
seas change your results? 
The reviewer is right that in global models the results in those enclosed or semi-
enclosed seas are often largely biassed. We did not mask those seas during simulation, 
but we masked Black Sea and Caspian Sea (not Mediterranean Sea) for plotting. The 
model result shows that the Black Sea, e.g., accounts for 1.7% of the global increase 
in PP due to riverine inputs (FIX-REF) during 2003–2012. As we said, this might be 
largely biased, therefore, we have excluded those seas from our calculation. 
 
• I am really struggling with the significance of the results. For example, in line 
192, I would like to see the inter-annual variability as a measure of the standard 
deviation to see how much they are really different. Similar, is there an uncertainty 
estimate for the observation-based estimates in line 197? Overall, the differences in 
annual NPP and RMSE seem to be so small that I am not sure if it makes sense to use 
terms such as ‘better’ or ‘improve’. Can you find any statistical way to evaluate if the 
changes are significant? This comment should be addressed to other numbers 
throughout the manuscript. Please be also careful with the word ‘significant’ as used 
in line 238 if it has no statistical meaning. 
We thank the reviewer for the comment. In the revised manuscript, we followed up the 
suggestions and added statistical robustness information for the numbers in the main 
text (global and regional integrated values) and to the spatial difference maps.  
The robustness assessment is detailed in the new Appendix B. The new Tables B1 
and B2 summarize the numbers of the main text (absolute values and absolute 
changes) and complement the values with standard-deviations. In this manner, we 
provide statistical robustness information to “all numbers throughout the manuscript”. 
In the main text, we refer the reader to the tables B1 and B2 for supporting robustness 
information. The main text does not discuss any changes that are not found statistically 
significant.  
As the reviewer suggested, we assessed the statistical robustness of the results with 
respect to sampling of interannual variability. We assessed the robustness of 
differences with Student’s t-test and found all values stated in the manuscript text 
significantly different from zero at a 95% confidence level. Additionally, we provide the 
standard-deviation of time-mean that we computed as the standard-deviation of annual 
series divided by the square root of the number of years (if one wants to compare 



directly against the interannual standard-deviation one merely needs to multiply with 
the square root of the number of years).  
We have added robustness information also to the spatial difference maps. Time-mean 
difference values are plotted only if they passed a t-test along the year-dimension. 
Additionally, areas are marked with dots where the signal is larger than the standard-
deviation of the mean of the absolute field featuring the full interannual variability (not 
the difference field which has interannual variability largely removed). In the marked 
regions, the signal is not only detectible in the idealized model world (in which the 
interannual variability removed) but also large enough to be competitive with real-world 
internal variability to have potential real-world implications and be detectible in 
observations. 
We moved the last paragraph of original Section 2.3—on the lack of biogeochemistry 
feedback onto the physical climate and implications for the comparison of 
simulations—to Appendix B. As stated in this paragraph, we expect even small values 
to be statistically significant because the interannual climate variability is the same in 
all simulations and thus most of the interannual signal is removed in the computation 
of the experiment differences. In the revised manuscript, we have illustrated this 
behaviour with Figure B1 that shows two time series from two different experiments in 
one panel and the time-evolving difference of these series in another panel, together 
with confidence intervals of the time-means. The figure clearly shows the dramatic 
reduction of interannual variability following the computation of the difference time 
series. 
Concerning the observation-based estimates, Carr et al. (2006) have assessed 24 
ocean-color-based models (including different variations of VGPM) and reported that 
the mean global PP estimated from those models for six months of 1998 ranging ~35-
70 Pg C yr-1, i.e., varying by a factor of two between models. In the paper by Westberry 
et al. (2008), they have discussed the uncertainties of the CbPM based on the global 
PP values spanning a range of a factor of ~1.5, from 44 to 67 Pg C yr-1. We have stated 
the inter-product range 55 to 61 Pg C yr-1 between the 3 different satellite-based 
estimates that have been used in our study.    
 
• Please refrain from making strong claims about the Arctic. Indicating a ~76% 
increase in NPP is misleading giving how bad the model simulates the present-day 
NPP. Based on an observation-based NPP of 450 TgC/yr, a change of 70-80 TgC/yr 
is only an increase in 17%. Moreover, the very low present-day NPP suggests either 
strong light or strong nutrient limitation. If it is strong nutrient limitation, riverine fluxes 
would have an overly strong effect because all nutrients would be used immediately. 
So maybe even the 17% are still too high. This goes back to the point that the reader 
must know how good the model performs locally. 
We agree that stating a relative change (in percentage) could be misleading given the 
biassed low primary productivity simulated in our model. Therefore, we have removed 
the relative change in the text. As with other Earth system models, the increased Arctic 
primary production in NorESM, which is not strongly nutrient limited, is driven by light 
and temperature constrain, associated with sea-ice loss (stated in the discussion). Our 
projected PP increase in the reference run is roughly 70 Tg C yr-1 by the end of the 
21st century. This is in the same order of magnitude estimated from 11 ESMs with 
mean change of 59 Tg C yr-1 (individual ESM ranges from -110 to +253 Tg C yr-1; 



Vancoppenolle et al., 2013). We have added a new subsection (Section 2.2) on model 
evaluation, especially in the Arctic Ocean. 
   
 General comments 

• Often ‘biogeochemistry is used as a synonym for PP and air-sea CO2 fluxes. 
But the word biogeochemistry also includes acidification, carbon and nutrient cycles, 
and other things. Please just say PP and air-sea CO2 fluxes. ( for example line 250). 

We have made respective specifications throughout the manuscript in order to be clear 
in these occasions. 
 
• Please adhere to the best practice guide 
(https://www.ncei.noaa.gov/access/ocean-carbon-data-
system/oceans/Handbook_2007/Guide_all_in_one.pdf) and use CT and AT instead of 
DIC and ALK. 
The best practices guide by Dickson et al. (2007) refers to best practices for 
measurements. We have checked 10 biogeochemical modelling studies (see the table 
below), and in nine of them DIC was used, while TCO2 was used in the remaining one. 
Concerning alkalinity, the acronym used in these studies are more diverse. ALK was 
used in two studies, while TA was used in three studies, and in the rest studies either 
no acronym was used for alkalinity or a mixture of TA, ALK or TALK was used. It seems 
to us that CT and AT are not widely used in modeling studies, although they are 
standard acronyms in observational fields. Therefore, we decided to replace ALK by 
TA but prefer to keep DIC as many of the modelling studies did.  
Model  Acronym used for 

dissolved inorganic carbon 
and total alkalinity 

Reference 

JCOPE_EC DIC, ALK Ishizu et al., 2020 
CMOC DIC, TA Zahariev et al., 2008 
CSIBv1 in NEMO DIC, TA Hayashida et al., 2019 
PISCES-v2 DIC, alkalinity Aumont et al., 2015 
TOPAZ2 in GFDL-ESM2.1 DIC, ALK Dunne et al., 2013 
COBALTv2 in GFDL-
ESM4.1 

DIC, alkalinity Stock et al., 2020 

NASA-GISS DIC, alkalinity Romanou et al., 2013 
Diat-HadOCC DIC, TALK Totterdell, 2019 
MEDUSA-1.0 DIC, TA/ALK Yool et al., 2013 
HAMOCC in MPI-ESM TCO2, TA Ilyina et al., 2013 

 
 



• I find the name ‘reference run’ misleading. It is rather a control run. Reference 
should be the best case or something. 

The term "reference experiment" is widely used in the Earth system modelling 
community in the way used in our study. It is standard for ESM modelling studies to 
have a "reference" experiment and one or several "sensitivity" experiments. The 
response is typically evaluated as the difference sensitivity minus reference. The term 
"control experiment" is typically reserved for a simulation where external forcings are 
fixed at pre-industrial (or some other) levels (e.g., in the work by Hajima et al., 2020). 
However, the external forcings used in this study are transient ones, therefore using 
"control" may confuse readers. 
Furthermore, the original NorESM1-ME (Tjiputra et el., 2012) and many other ESMs 
do not include riverine nutrient and carbon transports to the oceans. Therefore, we find 
the use of "reference" for the experiment without transports appropriate in our study 
and prefer to keep it in the revised manuscript version. 
 
• Significant digits should always be the same. For example, in lines 204 and 205 
you cite air-sea CO2 fluxes and use different number of digits. 
 We have checked and changed all numbers accordingly. 

 

Minor comments 

• Lines 19/20: Can one speak of improve based on such small changes in the 
RMSE? Is it significant? 
Referring to the response to major comment on the significance, we performed a 
statistical robustness analysis and have found the temporal sampling error well below 
the obtained change in RMSE (see new tables B1 and B2 and details in Appendix B). 
• Line 13: Suggest changing “not only regionally but also globally” to “regionally 
and globally” 

We changed it accordingly. 
• Line 18: Suggest changing “modelled” to “simulated” 

We changed it accordingly. 
• Line 22: Unclear what you mean by depending on the riverine configuration. 
There is no range in the numbers given in this sentence. 
We meant that by adding the riverine nutrients input, the projected future decline in PP 
can be alleviated maximum by 0.6 PgC yr-1 (27.3%) globally in our experiments. The 
range is given in Conclusion in line 367-369: “Riverine nutrient inputs into surface 
coastal waters alleviate the nutrient limitation and considerably lessen the projected 
future decline in PP from -5.4% without riverine inputs to -4.4%, -4.1% and -3.6% in 
FIX, RUN and GNS (averaged over four scenarios), respectively.” 
In order to avoid ambiguity, we removed “depending on the riverine configuration” from 
the original text. 
• Lines 23/24: the last part of the sentence should be rewritten 



We reformulated it to “The riverine impact on projected C uptake depends on the net 
effect of riverine nutrient induced PP increase and riverine C input induced 
outgassing.”   
• Lines 22-25: A lot of words that do not tell much. Nutrients increase CO2 uptake, 
CT fluxes decreases it. But where does it increase it and where does it decrease it? 
Maybe shorten this or explain. 

We have reformulated it. Please see the response to the last comment. 
• Line 26: Can you be more quantitative? 

We have changed the later part of the abstract to “Riverine nutrient inputs lessen 
nutrient limitation under future warmer conditions as stratification increases, and thus 
lessen the projected future decline in PP by up to 0.7 ± 0.02 Pg C yr-1 (29.5%) globally, 
when comparing 1950–1999 with 2050–2099 period.  The riverine impact on projected 
C uptake depends on the net effect of riverine nutrient induced C uptake and riverine 
C input induced CO2 outgassing. These two opposite impacts are comparable in 
magnitudes when they are globally integrated. Therefore, in the two idealized riverine 
configurations the river inputs result in a weak net C sink of 0.03–0.04 ± 0.01 Pg C yr-

1, while in the more plausible riverine configurations the river inputs cause a net C 
source of ~0.1± 0.03 Pg C yr-1. The results are subject to model limitations related to 
resolution and process representations that potentially cause underestimation of 
impacts. High-resolution global or regional models with an adequate representation of 
shelf processes should be used to assess the impact of future riverine scenarios more 
accurately.” 
 
• Line 31: Not sure if you can count runoff. 

We changed it to “river runoff plays an essential role in …”. 
• Lines 31/32: transporting nutrients where? Suggest adding “into the ocean” after 
“transporting nutrients”. 
We added it accordingly. 
• Line 34: What do you mean by “absolutely dominant” source? More than 50%? 
Please be clear. 

We added the information as follows. “For some substances such as total phosphorus 
(~90.0%) and total silicon (>70.0%), riverine input even acts as the absolutely dominant 
source.” 
• Line 34: Suggest adding “into the ocean” after “transport of carbon”. 

We added it accordingly. 
• Line 34: Suggest writing air-sea CO2 exchange instead of air-sea C exchange. 
It CO2 and not C that is exchanged across the air-sea interface. 
We changed it accordingly. 
• Line 36: What is “it”? 
We changed this sentence to “Despite our limited understanding on the  riverine carbon 
fluxes, they could play an important role in closing the global carbon budget 
(Friedlingstein et al., 2021) and could be very sensitive to regional and global changes 



such as weathering, land cover and climate (Meybeck and Vörösmarty, 1999).” They 
refer to riverine carbon fluxes. 

• Line 36: Do you mean global ocean carbon cycle or really global carbon cycle? 

We have removed this term. Please see above. 
• Line 36: Global and regional changes of what? 

Please see the response above. 
• Line 37: Suggest starting a new paragraph here 

We followed the suggestion in the revised version. 
• Line 55: In the Arctic, Terhaar et al. (2019) started to assess future changes. 

Thank you for the reference. We have included it in the introduction. However, Terhaar 
et al. (2019) have assessed the impact of idealized changes (increased by 1% per year 
until doubling) in riverine carbon and nutrient delivery on PP, CO2 fluxes and 
acidification, which is kind of sensitivity study, using historical climatology forcings. 
Their simulations did not extend to future time; therefore, they did not assess future 
projected changes in PP and CO2 fluxes.  
• Line 56: Please say which datasets you are referring to. 
We added “Global NEWS 2 and GLORICH” here. 
• Line 58: Why does more data make the impact study more ‘desirable’? 
“Taking the advantage of the latest improvement of global river nutrient/carbon export 
datasets, e.g., Global NEWS 2 (https://marine.rutgers.edu/globalnews/datasets.htm) 
and GLORICH (https://doi.pangaea.de/10.1594/PANGAEA.902360), and responding 
to the demand of development of ESMs with increasing model resolution, the 
assessment of the impact of riverine nutrients and carbon on future projections of 
marine biogeochemistry becomes feasible and desired, especially for impact studies 
along continental margins.” 
Here more data makes the assessment feasible, and increasing model resolution 
makes the assessment desirable. 
• Line 58: Please say why it is now feasible? One could argue that the CMIP6 
horizontal resolution is still not good enough to resolve the global ocean. 

More feasible refers to the latest development of riverine datasets. Please see the 
response above. 
• Line 68: Please already say here why you use RCP4.5. 
We changed it to “the RCP4.5 (middle-of-the-road) scenario” here. We put the detailed 
reason for the choice of the future scenario in section 2.4 “Experimental design”, which 
is a suitable place for that. We also added references to support our choice. Please 
also see the response to comment on Line 153 below. 
• Line 84: Configured sounds strange here. 

We changed “configured” to “implemented”. 
• Line 88: ‘d’ is missing in ‘based’. 

We have changed it. 



• Lines 88-113: Does the ocean biogeochemical component also have a name? 
It is very confusing that you say it is based on HAMOCC and then you only describe 
HAMOCC. That makes it impossible to understand what has changed. 
In the NorESM1-ME that we have used in this study, the biogeochemical model is still 
called HAMOCC5, even though its development diverts from the original HAMOCC5 
version, which was developed in Hamburg. However, in the newer version of NorESM2, 
the biogeochemical model is renamed as iHAMOCC.  
• Line 129: What is the motivation to use CT and AT data from Hartmann (2009)? 
What kind of data is that? Modeled, observed, extrapolated? What is the underlying 
data? Please explain what you use. 

The reason that we used CT and AT data from Hartmann (2009) is that the Global 
NEWS2 dataset does not include CT and AT data. The CT and AT data from Hartmann 
(2009) are produced from a high-resolution model for global CO2-consumption by 
chemical weathering. The dataset contains different forms of riverine carbon (dissolved 
and particulate, inorganic and organic), implemented to the Global NEWS2 river basin 
map. We have added this information in section 2.3. 
• Lines 129-133: Why do you use iron riverine fluxes from 1990? Is there nothing 
newer including observations since 1990? Does it make sense to weight iron river 
fluxes by runoff? Often nutrients do not scale at all with runoff (Holmes et al., 2012), 
so I would like to see some support for this assumption. 

To the best of our knowledge, the available global riverine iron dataset is rare. Previous 
studies have used various approximation approaches, e.g., constant Fe to dissolved 
inorganic carbon (DIC) ratio (Aumont et al., 2015), Fe to phosphorus ratio (Lacroix et 
al., 2020). In the study by Aumont et al. (2015), the Fe: DIC ratio is determined so that 
the total Fe supply also equals 1.45 Tg Fe yr−1 as estimated by Chester (1990). We 
are aware that our approximation likely has bias in regional scales, especially in Fe 
limiting regions like the Arctic. However, it has likely a minor impact on the projected 
PP, since it is the light rather than riverine nutrients input which controls the projected 
PP in the Arctic in our model. We have discussed this in the Limitation section 4.3. 
• Line 135: Is there a reason why you use 1000 km and 300 km here? 

The short answer is that NorESM1 is based on NCAR's Community Earth System 
Model (CESM; Hurrell et al., 2013). The configuration for distributing riverine runoff into 
ocean grid cells along with the 1-degree resolution ocean grid have been both inherited 
from CESM without modification.  
The exact reasoning behind the NCAR's choice of using a 1000 km e-folding length 
scale and 300 km cutoff value is not known to us. The effect of using an e-folding length 
scale that is considerably larger than the cutoff value is that approximately equal 
weights are used when distributing the runoff to ocean grid cells that lie within the cutoff 
range of the river mouth. The cutoff value must be large enough that at least one ocean 
grid cell midpoint lies within the range. For a 1-degree resolution ocean grid, a value 
of 100 km should be sufficient to satisfy this. Possibly, the large value of 300 km was 
chosen to also satisfy coarser grids, such as the 3-degree resolution grid used in 
NCAR's computationally efficient model configuration, and to avoid numerical 
instabilities by more smoothly distributing the runoff. 
In this study, we ensured that riverine nutrients and carbon are distributed in the same 
way as riverine freshwater. We considered this important especially for the RUN 



configuration that couples the variability of the riverine nutrient and carbon transports 
to the variability of the riverine freshwater transport. How sensitive the ocean 
biogeochemistry impacts are to the details of how riverine runoff is distributed into 
coastal grid cells and generally how well ocean shelf processes are represented 
warrants further investigation. 
• Line 145: Any reason why not GLODAPv2 is used?  

Our NorESM1-ME model configuration was finalised in the early 2010s, and 
GLODAPv2 was not available at that time. While there are improvements in the 
GLODAPv2 due to higher volume of data and improved interpolation scheme (Lauvset 
et al., 2016), since the model was then spun up for nearly 1000 years, we expect that 
these differences in initialization will not be significant for our purpose. 
• Line 147: Is the additional spin-up of 200 years is sufficient to get into a new 
equilibrium. 
The nutrient drift after 200 years spin-up is small (in the order of 1%/100 years). 

• Line 153: In what sense is RCP4.5 the most representative scenario? Most likely? 
Based on what? 
We rewrote this sentence as follows. "Here, we consider RCP4.5 as the representative 
future scenario following the CO2 emission rate based on the submitted Intended 
Nationally Determined Contributions, which projects a median warming of 2.6-3.1˚C by 
2100 (Rogelj et al., 2016)." We have also added a sentence in the discussion (section 
4.3) about its uncertainty. 
• Line 160: What means not considered? Deactivated? 
We changed “not considered” to “deactivated”. 
• Lines 168-170: It is not entirely clear that you make 4 simulations. Can you be 
a little bit more explicit? 

We have changed it to “GNS: Four different transient inputs following future projections 
of NEWS 2.” 
• Line 194: In the figure it does not look as if only 15% of the increase is in the 
coastal shelf seas. What do you mean by predominantly, can you be quantitative here? 

We have checked the number for increase on the shelves (it is 15.4% as we changed 
significant digits), and quantified the increased primary production in the North Atlantic 
and reformulated the text as follows: “The increase of PP in FIX occurs along 
continental margins (where seafloor is shallower than 300 m) and also in the North 
Atlantic region (0°N-65°N, 0°W-90°W), accounting for 15.4% and 24.9% of the global 
total increase, respectively (Figure 3c).”  
• Line 214: Is this a result or a speculation. If you cannot prove it, I suggest to 
either add it to the Discussion and add literature that supports this point or delete it. 

This is not a direct result. We removed it. 
• Line 244-245: Does it really make sense to say slightly higher if the difference 
is that small? 



We have added more information on the robustness of changes in the revised 
manuscript. Please also see the response to the comment on the significance of the 
results. 
• Line 272: Please be quantitative 

We changed it to “The projected global total PP shows up to 29.5% less decrease, if 
riverine inputs are present in the model.” 
• Line 279: Is not nitrogen the limiting nutrient in the Arctic Ocean (Tremblay et 
al., 2015)? 

Our model shows that a large area of the Arctic Ocean is indeed nitrogen limiting, while 
in some parts iron is limiting.  
• Line 286: Why do you not add CMIP6 data? 
We have added comparison with CMIP6 results (Kwiatkowski et al., 2020; Tagliabue 
et al., 2021) in the revised version. 
• Why do you speculate in the Discussion in lines 290 to 293: You can show that 
with your model results. 
Thank you for the comment. The statement was inferred from model results, i.e., FIX 
simulation produces higher NPP than REF simulation, which suggests that riverine-
induced nutrient addition alleviate the stronger nutrient limitation in the future. We have 
rephrased the sentence to clarify this and referred to the Figure A2b. 
• Figure 4c is almost impossible to read. 

We have improved this figure by smoothing the contour lines and using grey lines 
instead of green. 
• Figure 5a: Could you highlight the +38 more? I was confused first. 
We have changed “+38 [Pg C yr-1]” in bold and added a note in the figure caption as 
follows: “note that the positive numbers in the y axis (marked with stars) are scaled by 
minus 38 Pg C yr-1 so that the negative numbers are visible”. 
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Reply to Anonymous Referee #2 
 
We are grateful for the comments and edits of the anonymous reviewer who 
invested time for the review of our manuscript. The reviewer’s text is reported in 
Italic and our responses in roman. 
 
Using a global ocean biogeochemical model, the authors assess the future impacts of 
changing riverine inputs while performing simulations with several scenarios of riverine 
inputs. In the paper, the authors show a slight reduction in root mean square error of 
primary production with respect to observations on the continental shelf and in parts of 
the ocean highly affected by rivers. They show that, overall, riverine nutrients may 
alleviate part of projected primary production decline. The topic is very relevant and 
potentially important for fully constraining the ocean carbon cycle. However, while the 
modelling work is very sound in its closed framework, I believe the author’s review of 
literature seems to be lacking, which leads to, at times, questionable assumptions and 
too high confidence in a model setting not necessarily adequate for investing impacts 
of riverine tracers and their fate in the ocean. I do think the study should be published, 
but the authors should discuss the following points and, in my opinion, clearly point out 
uncertainties related to their framework in the abstract. 

We thank the reviewer for this input. We have extended the literature review with 
relevant global and regional studies and added more discussion on the sensitivity of 
our results to model and data limitations, including more discussion on the assumptions 
and adequacy of our model setting. The abstract now clearly points out that the results 
are subject to uncertainties related to model resolution and process representations 
and should be reassessed using models with improved spatial resolution and coastal 
process representations. We have implemented suggestions and addressed concerns 
from the specific comments of the reviewer. More details are provided in our replies to 
the reviewer’s specific comments below.   

General Comments 

It is debatable that the model configuration used here is actually adequate for the 
research question addressed in this paper. The model is limited in terms of resolution 
(~1 degree), and this is a strong constraint for representing fine-scale circulation 
features that are thought to be of particular importance in the coastal ocean. This is a 
topic that many studies have discussed previously, and these should be considered. 
Secondly, the model doesn’t consider specific biogeochemical processes relevant to 
the coastal ocean. For instance, organic matter decomposition rates are shown to be 
much higher in the coastal sediment than in the open ocean (Ardnt et al., 2013), bed 
shear stress also re-suspend biogeochemical from the shelf seafloor. I think omitting 
both of these physical and biogeochemical limitations lead to the important 
underestimation of primary production on river-dominated continental shelves shown 
in this study, which seems to indicate the model is underrepresenting. This also affect 
exports of riverine biogeochemical compounds to the open ocean, and thus this has 
very important consequences for the main outcomes presented in this study. The 
authors do mention these limitations briefly in the limitations section, but this should be 
considered omni-present in attempts to interpretate the results, and at the least 
mentioned in the abstract. 



Thank you very much for the comment. We are fully aware that in a coarse resolution 
model, not all physical and biogeochemical processes can be reproduced in detail and 
this has consequences on the model results, which have been mentioned in the 
limitations section. However, we think that the study is useful nevertheless, in order to 
see the effect of an addition (or omission) of respective land-sea fluxes of chemical 
compounds within the coarse resolution (~1 degree) context. Especially since such 
models are still regularly employed in IPCC reports on projecting future ocean carbon 
cycle response to climate change. We will clarify that the goal of this study is not to 
simulate the distributions of geochemical tracers near the coast precisely, but rather to 
assess the large-scale impact of adding another layer of (relatively simplistic) 
continental margin-to-open ocean biogeochemical process. Further, to explore the 
best practical way of implementing the riverine inputs for NorESM is also one of the 
aims of this work. 

We have modified the last part of the abstract to: “The riverine impact on projected C 
uptake depends on the net effect of riverine nutrient induced C uptake and riverine C 
input induced CO2 outgassing. These two opposite impacts are comparable in 
magnitudes when they are globally integrated. Therefore, in the two idealized riverine 
configurations the river inputs result in a weak net C sink of 0.03–0.04 ± 0.01 Pg C yr-
1, while in the more plausible riverine configurations the river inputs cause a net C 
source of ~0.1 Pg C yr-1. The results are subject to model limitations related to 
resolution and process representations that potentially cause underestimation of 
impacts. High-resolution global or regional models with an adequate representation of 
shelf processes should be used to assess the impact of future riverine scenarios more 
accurately.” 

At the end of the introduction, we haved added: “Another objective of the study is to 
explore the best practical way of implementing riverine inputs into newer versions of 
NorESM. Because of the coarse resolution of the version used here, a series of 
processes in the coastal zone cannot be represented in our study such as the high 
accumulation of organic sediment in shallow waters and respective remineralization 
rates of previously deposited material (Ardnt et al., 2013; Regnier et al., 2013). These 
processes can only be presented in models of much higher spatial resolution, which 
are at present too costly to be integrated long enough to simulate the large scale water 
masses adequately and project long-term scale climatic change. Given missing 
contributions from unresolved processes, our results are to be interpreted as lower 
bound estimates.” 

A second, perhaps less central point, but still relevant to the study, is that the authors 
spin-up their model to present day fluxes, whereas these are actually more strongly 
perturbed over the historical time period (Beusen et al., 2016), than what is projected 
in terms of their future changes. Since time-scales of the ocean carbon cycle are 
notably long, this historical perturbation could have important legacy effects 
propagating into the future, potentially enhancing the primary production more than is 
estimated here. This should, in my opinion, also be discussed in the limitations section. 

Thank you for the comment. In the revised manuscript, we changed the text to “fixed 
at recent-past level”, i.e., constant fluxes at 1970’s level, instead of “contemporary 
level”. Beusen et al. (2016) showed in their Figure 3 that the nutrient fluxes did not vary 
much before 1970. We agree that by using constant riverine fluxes rather than transient 



fluxes to spin-up the model, our results will miss out potential legacy effects from flux 
changes that date before 1970. We have added following discussion about this in the 
limitations section: Our spin-up experiment uses riverine nutrient and carbon inputs 
fixed at 1970 levels, as provided by NEWS 2. As a caveat, our post-1970 simulated 
changes in marine PP and CO2 fluxes miss out any legacy effects from riverine 
transport changes that occurred before 1970. The fixed inputs likely overestimate the 
accumulated inputs prior 1970, causing potential underestimation of the projected 
change impacts. However, Beusen et al. (2016) found that changes in riverine N and 
P are relatively small before 1970 compared to changes after 1970. Therefore, we 
expect the error due to missing legacy effects to be minor.    

 

Specific Comments: 

Abstract 

• L16 “With four riverine configurations: deactivated, fixed at a contemporary level, 
coupled to simulated freshwater runoff, and following four plausible future scenarios.” 
Are only the nutrients (and if yes which ones) changing, or also carbon and alkalinity? 
This should be stated here. 

We changed it to “...with four riverine transport configurations for nutrients (nitrogen, 
phosphorus, silicon and iron), carbon and total alkalinity: deactivated, fixed at a recent-
past level, coupled to simulated freshwater runoff, and following four plausible future 
scenarios.” 

• L17 “The inclusion of riverine nutrients and carbon…” Those numbers are valid for 
contemporary I guess? 

We changed it to “The inclusion of riverine nutrients and carbon at 1970’s level 
improves the simulated contemporary spatial distribution relative to observations…” 

• L20 “Riverine nutrient inputs alleviate nutrient limitation,…“ Should be reformulated, 
since riverine nutrient inputs are unlikely alleviated nutrient limitation in general, but 
reduce (?) it in some regions (?). 

We changed it to “Riverine nutrient inputs lessen nutrient limitation under future warmer 
conditions as stratification increases, and thus lessen the projected future decline in 
PP…”. It is not feasible to put detailed regions in the abstract due to word limit, but we 
have explained the regions in detail in section 3.2. 

Introduction 

• In general, there are very little citations in the introduction, and often the same ones 
are used repeatedly.  There are some recent modeling studies of implications of 
riverine inputs in the ocean that would be very relevant for this study. These should, in 
my opinion, be considered in the introduction: 



Lacroix, F., Ilyina, T., Mathis, M., Laruelle, G. G., & Regnier, P. (2021). Historical 
increases in land-derived nutrient inputs may alleviate effects of a changing physical 
climate on the oceanic carbon cycle. Global Change Biology, 27, 5491– 5513. 
https://doi.org/10.1111/gcb.15822 

Liu, X., Stock, C. A., Dunne, J. P., Lee, M., Shevliakova, E., Malyshev, S., & Milly, P. 
C. D. (2021). Simulated global coastal ecosystem responses to a half-century increase 
in river nitrogen loads. Geophysical Research Letters, 48, e2021GL094367. 
https://doi.org/10.1029/2021GL094367 

I would furthermore suggest citing some regional-scale studies that investigate 
implications of riverine inputs on biogeochemistry of specific shelves, literature is 
abundant here. In addition, I would read and refer to the last 2-3 Global Carbon Budget 
studies for potential importance of riverine carbon fluxes for the ocean. 

Thank you very much for the suggestion and the references. We have added a new 
paragraph on the modelling studies on the impact of riverine inputs in the introduction 
and thereby included the above mentioned literature as well as some other ones (e.g. 
Lacroix et al., 2020; Tivig et al., 2021), and have also added more references on 
regional studies, e.g., Arctic (Letscher et al., 2013; Le Fouest et al., 2013, 2015, 2018; 
Terhaar et al., 2019; Anderson et al., 2009; Manizza et al., 2011), South America rivers 
(van der Struijk and Kroeze, 2010) and Changjiang River (Yan et al., 2010). 

• L25 “The large range of the riverine input across our four riverine 26 configurations 
does not transfer to a large uncertainty of the projected global PP and ocean C 
uptake…“ In terms of global PP, one could argue this could be due to the 
representation of continental shelf in the model, which leads to heavily underestimated 
continental shelf PP. 

We agree completely with the reviewer on this point and we have changed this 
sentence to “Simulations with high-resolution global or regional models with an 
adequate representation of shelf processes are required to accurately assess the 
impact of future riverine scenarios.” 

We are fully aware of the underrepresented shelf process issue and the 
underestimated coastal PP in coarse-resolution models. We have discussed those 
issues in section 4.3 (Firstly, poorly represented physical shelf processes, as well as 
uncertainties in biogeochemical dynamic. For example, conversion of organic to 
inorganic carbon occurs rapidly via remineralization in estuaries before they are 
transported to the open ocean. Secondly, coarse-resolution models tend to 
underestimate primary production along the coast. Such well-known model issues may 
limit the impact induced by riverine inputs). We have pointed out in section 4.2 that 
“However, the scenario differences might be of importance in regional projections, 
such as in seas surrounded by highly populated nations and/or near river estuaries.” 

• L35 “Although riverine carbon only plays a minor role in the global carbon 
cycle, …“  Recent Global Carbon Budget publications disagree with this (Friedlingstein 
et al., 2021). If the higher estimates of outgassing of riverine carbon are true (up to 0.8 



Pg C yr-1), they could potentially play a large role in explaining discrepancies between 
CO2 estimates arising observation-based products and model-based results. 

We changed this sentence to “Despite our limited understanding on the  riverine carbon 
fluxes, they could play an important role in closing the global carbon budget 
(Friedlingstein et al., 2021) and could be very sensitive to regional and global changes 
such as weathering, land cover and climate (Meybeck and Vörösmarty, 1999).” 

• L44 Maybe add the more recent Beusen et al. (2016) estimates to this for the historical 
time period? 

We added the following sentence in the revised version: “Beusen et al. (2016) 
estimated that river nutrient transport to the ocean increased from 19 to 37 Tg N yr-1 
and from 2 to 4 Tg P yr-1 over the 20th century, taking into account of both increased 
nutrient input to rivers and intensified retention/removal of nutrients in freshwater 
systems.” 

Methods 

• L118 “The riverine influx includes carbon, nitrogen and phosphorus, each in dissolved 
inorganic, dissolved organic, and particulate forms, as well as alkalinity (ALK), 
dissolved silicon and iron (Fe).“ Are there specific ocean variables for terrestrial 
dissolved and particulate organic matter? If not how does not model deal with organic 
P-N-C ratios that differ from those of the Redfield ratio? This is an important point to 
clarify because high C-to-nutrient ratios are thought to be largely responsible for ocean 
outgassing. 

In the model there is one dissolved organic pool (DOM) and one particulate organic 
pool (DET, detritus). First, we calculate the riverine organic P-N-C ratios for both 
dissolved and particulate forms, then add the least abundant species (scaled by the 
Redfield ratio) to the DOM and DET pools, respectively. The excess budget from the 
remaining two species both in dissolved and in particulate forms are assumed to be 
directly remineralized into inorganic form and added to the corresponding dissolved 
inorganic pools (i.e., DIP, DIN, and DIC) in the ocean. We have elaborated on this in 
the revised version in Section 2.3.  

• L140 “Any remaining riverine organic matter is then added to its inorganic pool” This is 
not really clear. Is excess organic carbon is added to the DIC pool? If not I think this 
might be the reason why river inputs cause a net sink in the model, and not source as 
is relatively well acknowledged (see e.g.,  Global Carbon Budget, 2021). Also keep in 
mind that organic carbon mineralization has a small effect on alkalinity (which I don’t 
think would have a huge impact here). 

Please also see the response to the last point. Excess DOC is indeed added to the 
DIC pool, but yet the riverine fluxes in the model lead to a net C sink, which might be 
due to the overestimation of the organic-to-inorganic conversion of excess nutrients.  

Also, maybe more important here: are you assuming the large particulate fluxes 
(particulate P and N) from NEWS2 are organic? Because from my understanding, 



these can be inorganic (for P bedrock erosion, occluded etc..), and this would not at all 
be bio-available in the coastal ocean. 

Although the Global NEWS2 data provide the total particulate N and P rather than 
differentiated inorganic and organic particulate forms, particulate N occurs largely as 
organic matter while particulate P is typically dominated by inorganic forms (Mayorga 
et al., 2010). The reviewer is completely correct in stating that particulate P is mostly 
inorganic and not directly bio-available. Thus, adding the remaining particulate P (after 
calculating the least abundant species according to the Redfield ratio) into dissolved 
inorganic P pool may lead to bias in the enhanced primary production. Along the same 
line, adding the remaining riverine dissolved organic matter into the corresponding 
dissolved inorganic pool may also partly lead to bias in the enhanced primary 
production. Therefore, we have calculated the range of the impact of the directly 
remineralized dissolved organic and particulate matter on the enhanced primary 
production, by comparing with the corresponding riverine dissolved nutrients 
[X/(X+DIXriv)*100%] (X is the directly remineralized dissolved organic and particulate 
matter). Assuming that all coastal regions are nutrient limited, this direct 
remineralization could be potentially responsible for approximately 33.3-80.5% of the 
enhanced primary production (33.3% and 80.5% for nitrate and phosphate limiting, 
respectively). However, in our model, phosphate is rarely limiting (Figure A1), therefore, 
the impact of this direct remineralization on primary production is likely on the lower 
end of this range.  

We have elaborated on this point in the discussion Section 4.3 in the revised version. 

• L156 “REF: Reference run. Riverine nutrient and carbon supply is deactivated.“ Are 
there other sources of nutrients and carbon in the model? If riverine nutrients and 
carbon were the only inputs to the ocean model and their sediment loss is non-zero, I 
would expect all related variables to thrive to zero, which does not make a very 
interesting reference run. In the case there are other inputs, they should be given in 
numbers and explained. 

The only external inputs of nutrients are from aerial dust (iron) deposition and nitrogen 
fixation.  

The REF simulates primary production and ocean CO2 uptake evolution under climate 
change, without riverine input. It is interesting to see that the effect of riverine inputs 
on primary production is different between the historical and future time period (due to 
a different nutrient depletion level). This assessment is only possible to make by 
subtracting the climate effect on primary production in REF. 

• L179-L185 In my opinion the authors don’t need to specifically defend themselves on 
this particular point, at least not to this extent. I would consider shortening or removing. 

We agree that the lack of feedback from biogeochemistry on climate in our model setup 
is not a major limitation of our study that requires much justification. We mainly 
mentioned it to explain why we were able to obtain statistically robust results from 
single simulation experiments. In the revised manuscript, we have moved this part from 



the main part of the manuscript to the new Appendix B, where we (on the first 
reviewer’s request) address in more detail the statistical robustness of our results.  

Results 

• L198 “Although the total PP in FIX is still considerably lower than the satellite-based 
estimates, the inclusion of riverine nutrients and carbon does slightly improve the 
distribution of PP especially on continental margins (Figure 3), according to our area-
weighted root mean square error (RMSE) analysis. „ 

Figure 3 really shows that a large part of the underestimation of PP is originating from 
the continental shelf, in particular regions of riverine inputs. The improvement is minor 
compared to the actual bias. In my opinion, this actually shows that the model 
underestimates the impacts of rivers on PP, which does have a strong implication for 
the conclusions of this paper, and should be assessed somehow. 

We agree with the reviewer that the riverine nutrient input (at 1970’s level) does not 
largely improve the simulated contemporary primary production along the continental 
shelf. The reasons could be: 

 1) The underestimation of primary production on continental margins due to coarse 
model resolution and unresolved shelf processes is larger than the impact of riverine 
nutrient input. Therefore, it could not be compensated.  

2) The time period of contemporary primary production that we look into is 2003-2012, 
but the riverine nutrient input in the model is at 1970’s level. Beusen et al. (2016) have 
shown that the riverine nitrogen and phosphorus has increased by ~40.0% and 28.6% 
from 1970 to 2000. Therefore, the riverine impact may be underestimated. 

We have added this to the discussion Section 4.3. 

Figure 4: It’s a bit concerning to me that considering riverine inputs lead to a sink of 
carbon in the ocean. It is relatively well acknowledged that river inputs are thought to 
cause a source of carbon (e.g., Regnier et al., 2013; Resplandy et al., 2018). The 
reason for this is that carbon to nutrient ratio of the (bio-available) terrestrial inputs is 
larger than the Redfield ratio. I guess the fact that most particulate P and N is thrown 
in as dissolved inorganic species might be the explanation for this. How is the alkalinity 
to DIC ratio of riverine inputs constrained? Either way, either explain the reason for this 
or I would consider not discussing the CO2 flux for the “unperturbed” river simulation. 

Firstly, the riverine DIC to alkalinity ratio that we have applied is 1:1. 

Our model shows the ocean as a weak carbon sink when including riverine inputs (in 
FIX and RUN), which can be partly due to our model assumption that the excess 
dissolved organic and particulate matter immediately remineralized into bioavailable 
inorganic nutrients from rivers. This is because we have only one dissolved organic 
pool (DOM) and one particulate organic pool (DET) in the model, and the Redfield ratio 
needs to be kept. We have assessed the impact of this approach on our results (please 
see the response to the comments in the Method section). However, the riverine inputs 



cause a C source when we employ the GNS scenarios. Please also see the reply to 
the next comment. 

We have discussed this point in Section 4.1 and 4.3. 

• L305 “Our experiments show that riverine nutrient inputs have a dominant role over 
the organic matter inputs in FIX, enhancing CO2 uptake along continental margins via 
sustaining PP in both historical and future time periods.“ This is however purely a 
consequence of the ratio of (bio-available) nutrients to organic matter that is added to 
the ocean, which as mentioned, I don’t think is completely correct from a process-
based perspective. In fact, I think most river-dominated shelves show C outgassing, 
see regional CO2 fluxes from Chen and Borges (2009) or regional-based studies.   

Thank you for your comment. We also note that it has been shown that the riverine 
inorganic nutrients input to the ocean enhances marine primary production, which 
induces CO2 uptake (Tyrrell, 1999). The riverine organic nutrients (including DON, 
DOP, PON, POP) undergo remineralization in the ocean and release corresponding 
inorganic nutrients, which will at the end support primary production and CO2 uptake. 
On the other hand, riverine input of inorganic and organic carbon (DOC and POC) 
release DIC, causing CO2 outgassing. It is the competition between the riverine 
(inorganic and organic) nutrients input induced CO2 uptake and the riverine carbon 
input induced CO2 outgassing, which determines whether the shelf is a carbon sink or 
a carbon source. However, the composition of the riverine organic matter (i.e., carbon 
to nutrient ratio) and the degradation timescales which are the key factors, have been 
debated over the last 3 decades (Ittekkot, 1988; Hedges et al., 1997; Cai, 2010; Bianchi, 
2011; Blair and Aller, 2011; Lalonde et al., 2014; Galy et al., 2015). It is generally 
agreed that the riverine organic carbon to nutrient ratio is high (e.g., C:P weight ratio 
larger than 700, Seitzinger et al., 2010) and the degradation and resuspension rates 
in shallow shelf seas/sediment are higher than the open ocean (Krumins et al., 2013). 
It suggests that at shallow and near-shore areas the riverine carbon input usually 
results in a CO2 source for the atmosphere, while at deeper outer shelf areas the 
riverine nutrient input causes primary production increase and a CO2 sink, and the 
magnitudes of the carbon source and sink on the continental shelves almost 
compensate each other. This phenomenon has been discussed by both measurement-
based studies (Borges and Frankignoulle, 2005; Chen and Borges, 2009) and 
modelling studies (Lacroix et al., 2020). However, in our model, the spatial resolution 
is not fine enough to differentiate the near-shore and outer shelf physical and 
biogeochemical processes. This partly contributes to comparable CO2 outgassing near 
shore (due to riverine C) and CO2 ingassing on outer shelves (due to riverine inorganic 
and organic nutrients input), leading to a globally weak integrated C sink on the 
continental margins in FIX and RUN experiments for both historical and future time 
periods. On the other hand, in GNS the riverine inputs reduce globally integrated C 
uptake for both historical and future time periods. Simulations with high-resolution 
global or regional models with more realistic representation of shelf processes are 
required to accurately assess impact of riverine inputs on carbon cycling in the coastal 
ocean. In addition, future studies should also consider evaluating the sensitivity of CO2 
fluxes to the higher riverine carbon to nutrient ratio. 

• L337 “…do not transfer to large uncertainties in future global marine biogeochemistry 
projections in NorESM.” Yes, but if you would have taken uncertainties related to the 



coastal ocean into account, through e.g. sensitivity analysis of sediment degradation, 
I wonder if the conclusions would be different here, I would assume so. 

We changed the sentence to “A large range of the riverine inputs in GNS, e.g., temporal 
changes in DIN fluxes across scenarios ranging 24.8-63.0% of the annual flux in FIX, 
do not transfer to large uncertainties in future projections of global marine primary 
production in our model, which can be primarily attributed to unresolved shelf 
processes due to coarse model resolution.” 

Minor edits 

• L22 “and thus lessen the projected future decline in PP by up to 0.6 PgC yr-1 22 (27.3%) 
globally depending on the riverine configuration.“ -> , globally, 

We have changed it accordingly. 

• L55 “Taking the advantage of the latest improvement of global” Remove “the”. 

We have changed it accordingly. 

• L171 “By comparing FIX versus REF…“ Add comma here. 

We have changed it accordingly. 

• L332 “. Therefore, it is worth exploring the merits of using GNS in future projections of 
marine biogeochemistry.” Not really sure what is meant here. 

This sentence was to express that using future scenarios of transient riverine fluxes 
can be explored by future modelling studies on projection of marine biogeochemistry, 
especially on high-resolution regional scales. We removed this sentence in the revised 
version, since it has been explained in the end of this paragraph. 
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