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and please find our responses to comments below. 
 
Anonymous Referee #1 comments:  
Received and published: 15 July 2019 
 
General Comments 
1. The paper addresses the implication of nitrogen sources on ecosystem production in the Gulf 

of Mexico (GOM) and the coastal sea off Korea (CSK) using a mass-balance approach. It is 
generally well-written, but there are some confusing aspects. One of the aims of the study is to 
test a hypothesis about the controls on coastal productivity originally laid out by Rowe and 
Chapman (2002), which divides coastal waters into brown, green and blue zones, based on 
productivity. Unfortunately, figure 5 also codes stations in different subregions (each of which 
span these zones) using a different color scheme. 
 
Response: The brown-green-blue hypothesis of Rowe and Chapman is based on distance from 
the riverine input, as shown in Fig. 5, but for operational reasons stations were occupied in 
three different regions along the coast, near the Mississippi (red dots, A), an intermediate 
region (grey dots, B), and near the Atchafalaya (blue dots, C).  To prevent a confusion, we 
added further explanation in the main text (lines 283-285) and caption of Fig. 5 (line 968-970), 
as follows: 
 
“For operational and modeling purposes, stations were grouped into three regions – near the 
Mississippi (A), near the Atchafalaya (C) and an intermediate region between ~90°-91°W.” 
 
Added to caption of Fig. 5: “Red, grey and blue stations correspond to sub-regions A (near the 
Mississippi River), B (between the Mississippi and Atchafalaya), and C (near the Atchafalaya) 
respectively.” 
 

2. The study involves considerable data synthesis using datasets from both the GOM and CSK 
regions. Perhaps the reason for comparing these two regions is simply the availability of data, 
but the paper does not otherwise suggest why these particular regions were chosen. Is there a 
compelling reason to compare only Korean coastal waters with the GOM instead of broadening 
the comparison to include other data-rich regions (e.g. the Baltic or other European regions)? 
Some further explanation is required. 

 
Response: Thanks for the comments.  We were not trying to cover the globe, and the available 
data were from the CSK and GOM.  The main reason to compare the CSK with the GOM 
because of the difference in nitrogen supply via AN-D.  The AN-D source is considerably 
larger in the CSK region than in the GOM (Wade and Sweet, 2008; Zhao et al., 2015).  
Comparing our results with data from other regions could be a future effort.  We added further 
explanation in the main text (lines 22-25) as follows:   
 
“The GOM and CSK were selected in this study because while the major input source to the 
coastal ocean in both regions is riverine, the AN-D and SGD are considerably more important 
in the CSK region (Wade and Sweet, 2008; Zhao et al., 2015).” 



 
3. The authors have chosen a mass-balance approach, and similar approaches have been used in 

many other studies. Some earlier modelling studies are cited (lines 23-26) but mass-balance 
approaches have been used successfully in many regions and individual coastal systems to 
estimate ecosystem metabolism, nutrient and carbon fluxes (e.g. the large literature generated 
by the LOICZ project to name a single program, as well as detailed mass balance studies of 
the Chesapeake Bay, the Baltic and other regions by individual research groups over the years). 
It seems as if the literature cited could reflect more of this earlier and ongoing work. 

 
Response: Thank you for your suggestions.  As we mentioned above response (#2), we 
focused on the CSK and GOM regions in this paper, not on a global synthesis.  Thus, we 
focused on papers that discuss the hypoxia and physical processes in the GOM and CSK (rather 
than those that cover estuary and riverine systems).  We have added references to some mass 
balance model studies on other regions as you suggested in the main text (lines 31-37) as 
follows:   
 
“…and such models have been successfully used in many regions and individual coastal 
systems to estimate ecosystem metabolism, e.g., in the Patuxent River estuary of the 
Chesapeake Bay (Hagy et al. 2000; Testa et al., 2008) and in the LOICZ (Land Ocean 
Interactions in the Coastal Zone) project (e.g., Ramesh et al., 2015).  However, there are few 
such model studies in the GOM and CSK.  All previous models for the GOM and the CSK 
have considered only riverine N as the predominant input source, and no one has considered 
AN-D as an input in either region.”  

 
4. I found the presentation of the steady-state mass balance approach to be a little weak in that 

the equations inadequately representing all the terms present in each of the 3 regions being 
considered (2 layers for each of the red, brown, and blue subcompartments). 
 
Response: Our original Fig. 3a only showed each input/output terms, so we modified Fig. 3a 
more correctly based on reviewer’s comments (each term contains several factors such as 
denitrification, vertical sinking etc.) as follow:  

 



Especially, both regions have the same input/output terms although the percentages of each 
term are different, and both regions include sedimentary denitrification as an output factor in 
the sub-pycnocline layer box. This factor is included within 𝑭𝑩𝒐𝒕𝒕𝑫𝑰𝑵 	, which defined as net DIN 
release from the bottom sediment including nutrient regeneration, groundwater nutrient inputs, 
and an uptake of nitrate and nitrite by sedimentary denitrification.  Also, denitrification from 
the water column in the bottom box is another significant N removal process, so we used direct 
measurement of the water column denitrification from the McCarthy et al., (2015) as another 
output term (𝑭𝑫𝒆𝒏𝒊𝑫𝑰𝑵 ) for the GOM.  In contrast, in the CSK, we could estimate that there is a 
very little water column denitrification based on the data of oxygen concentration.  Thus, we 
only considered the sedimentary denitrification factor below the pycnocline layer in the CSK.  
We explain this more in responses #8 and #9.  We added further explanation of each terms 
correctly in the main text (lines 153-277) with yellow highlights as follow: 
 
“The N mass balance box model is modified from previous models to calculate the net removal 
of DIN inside each box, which represents potential primary production (PPP) (De Boer A.M. 
et al., 2010; Kim (G) et al., 2011) (Equation 1).  In this model, DIN concentration includes 
ammonium (NH4), nitrate (NO2), and nitrite (NO3).  

𝑭𝑹𝒊𝒗𝒆𝒓𝑫𝑰𝑵 + 𝑭𝑨𝒕𝒎𝒐𝑫𝑰𝑵 + 𝑭𝑩𝒐𝒕𝒕𝑫𝑰𝑵 − 𝑭𝑬𝒙𝒑𝒐𝒓𝒕𝑫𝑰𝑵 − 𝑭𝑫𝒆𝒏𝒊𝑫𝑰𝑵 = 	𝑭𝑹𝒆𝒎𝒐𝒗𝒂𝒍𝑫𝑰𝑵  – Eq. 1 

where, 	𝑭𝑹𝒊𝒗𝒆𝒓𝑫𝑰𝑵 , an input term, is DIN flux from each river discharge and calculated with 𝑪𝑩𝒐𝒙𝑫𝑰𝑵, 
the DIN concentration in each box, 𝑨𝑩𝒐𝒕𝒕, the bottom area of each quarter degree box, and 
𝑭𝑹𝒊𝒗𝒆𝒓 , river discharge rate (𝑪𝑩𝒐𝒙𝑫𝑰𝑵 	×	𝑨𝑩𝒐𝒕𝒕 	×	𝑭𝑹𝒊𝒗𝒆𝒓).  As another input term, 𝑭𝑨𝒕𝒎𝒐𝑫𝑰𝑵  is the 
flux from atmospheric nitrogen deposition.  𝑭𝑩𝒐𝒕𝒕𝑫𝑰𝑵 , the benthic flux is additional input term in 
the sub-pycnocline layer box.  The one quarter degree blue boxes located closest to the 
Mississippi and Atchafalaya river mouths were assumed to be the only ones affected by 
riverine input (Figure 3b).  As an output term, 𝑭𝑬𝒙𝒑𝒐𝒓𝒕𝑫𝑰𝑵  as an advection term was calculated 
from the current velocity in each region from observations (Nowlin et al., 1998a, b) and from 
literature data (Jacob et al., 2000; Lim et al., 2008) and the exchange between boxes from the 
residence time in each box.  Note that water and nutrient exchange can take place through all 
four sides of each box, so the array is two-dimensional.  𝑭𝑬𝒙𝒑𝒐𝒓𝒕𝑫𝑰𝑵 	 for water mixing was 
calculated from these factors; 𝑪𝑬𝑿𝑫𝑰𝑵	 is the difference in DIN concentration between adjacent 
boxes, 𝑽𝑺	 is the water volume of each box, and 𝝀𝑴𝒊𝒙  is the mixing rate of each box 
@𝑪𝑬𝑿𝑫𝑰𝑵	 ×	𝑽𝑺 	× 	𝝀𝑴𝒊𝒙A.  We used a reciprocal of the water residence time that we considered 
to represent horizontal mixing, i.e. dispersion.  Another output term is 𝑭𝑫𝒆𝒏𝒊𝑫𝑰𝑵 , denitrification 
process from the water column, and 𝑭𝑹𝒆𝒎𝒐𝒗𝒂𝒍𝑫𝑰𝑵  is removal by biological production.  The details 
of the model definitions are given below in Table 3 and shown in Figure 3.  Each arrow 
indicates input (blue) and output (red) terms (Figure 3).  Input/output terms vary based on 
whether the boxes are above/below the pycnocline, while there are separate inputs from the 
Mississippi and Atchafalaya rivers in the GOM and Keum and Han rivers in the CSK, 
respectively. 

In order to calculate the net removal of DIN in a box above the pycnocline layer, we used 
our N mass balance model in Equation 2.    

𝑭𝑹𝒊𝒗𝒆𝒓𝑫𝑰𝑵 + 𝑭𝑨𝒕𝒎𝒐𝑫𝑰𝑵 − 𝑭𝑬𝒙𝒑𝒐𝒓𝒕𝑫𝑰𝑵 	−	𝑭𝑺𝒊𝒏𝒌𝑫𝑰𝑵 = 	𝑭𝑹𝒆𝒎𝒐𝒗𝒂𝒍𝑫𝑰𝑵  – Eq. 2 



The boxes above the pycnocline layer have two input terms:  1) 𝑭𝑹𝒊𝒗𝒆𝒓𝑫𝑰𝑵 , riverine N, which 
affects only a subset of boxes along the edge of each region, and 2) 𝑭𝑨𝒕𝒎𝒐𝑫𝑰𝑵 , atmospheric 
nitrogen deposition (AN-D), which affects every box equally.  The mean value of Asian data, 
as shown in Table 2 (Kim (JY) et al., 2010; Luo et al., 2014; Shou et al., 2018; Zhao et al., 
2015), is used for 𝑭𝑨𝒕𝒎𝒐𝑫𝑰𝑵 	of the CSK region, which is initially five times higher than that of the 
GOM (1.4 X 105 mol day-1; Wade and Sweet, 2008).  We also considered vertical sinking as 
an input for the sub-pycnocline layer box and as an output from the upper layer.  Other possible 
input factors might be upwelling/downwelling processes; however, these factors are neglected 
in the model because both regions are shallow and close inshore (Feng et al., 2014; Lim et al., 
2008) and we have no observational data on upwelling/downwelling rates.  The output terms 
are the following: 1) 𝑭𝑬𝒙𝒑𝒐𝒓𝒕𝑫𝑰𝑵 , the exchange rate between each box (obtained from the different 
N concentrations in each box and the mass transfer between them), and 2) 𝑭𝑺𝒊𝒏𝒌𝑫𝑰𝑵 , removal by 
biological production, including sinking (assuming that any other removal factors are 
neglected above the pycnocline).  We tested the RC02 three zone hypothesis in the upper box 
layer, in which we can also examine the horizontal influence (horizontal extent) of the river 
plume based on production rates.   

Below the pycnocline layer we used the revised Equation 3.  
𝑭𝑩𝒐𝒕𝒕𝑫𝑰𝑵 + 𝑭𝑺𝒊𝒏𝒌𝑫𝑰𝑵 − 𝑭𝑬𝒙𝒑𝒐𝒓𝒕𝑫𝑰𝑵 − 𝑭𝑫𝒆𝒏𝒊𝑫𝑰𝑵 = 	𝑭𝑹𝒆𝒎𝒐𝒗𝒂𝒍𝑫𝑰𝑵  – Eq. 3 

Equation 3 has two separate input terms; 1) The benthic flux 𝑭𝑩𝒐𝒕𝒕𝑫𝑰𝑵  term contains all the 
potential input from the bottom sediment (defined here as net DIN release from the bottom 
sediment) including nutrient regeneration by bacteria, groundwater nutrient inputs, and an 
uptake of nitrate (NO2-) and nitrite (NO3-) mainly by sedimentary denitrification (McCarthy et 
al., 2015; Nunnally et al., 2014), and 2) 𝑭𝑺𝒊𝒏𝒌𝑫𝑰𝑵  term as a vertical sinking from the box above 
the pycnocline layer, for which we used data from Qureshi (1995).  The unit of 𝑭𝑺𝒊𝒏𝒌𝑫𝑰𝑵  was 
converted to mol day-1 from the unit of original data (gN m-2 day-1) with area of box (0.25 m x 
0.25 m) and molar mass of N (14 g mol-1). 

In the GOM, benthic sediments provide excess ammonium to overlying water by 
regeneration processes such as remineralization (Lehrter et al., 2012; Nunnally et al., 2014; 
Rowe et al., 2002).  Generally, there is an uptake of nitrate and nitrite mainly by sedimentary 
denitrification (McCarthy et al., 2015) or dissimilatory nitrate reduction to ammonium (DNRA) 
and assimilation by benthic microalgae (Christensen et al., 2000; Dalsgaard, 2003; Thornton 
et al., 2007).  Due to this, net DIN flux was used as the value of 𝑭𝑩𝒐𝒕𝒕𝑫𝑰𝑵 , which shows DIN 
release from bottom sediments to overlying water column.  For example, in the GOM, the sum 
of nitrate and nitrite fluxes to bottom sediments (e.g., May: -10.05, July -61.9, August: -48.42 
µmol N m−2 h−1) were similar or smaller than the flux of ammonium from bottom sediments 
(e.g., May: 203, July: 152, August: 156 µmol N m−2 h−1) off Terrebonne bay (McCarthy et al., 
2015).  In the CSK, the sum of nitrate and nitrite flux to bottom sediments and ammonium flux 
are 0.5 ~ 1.4 mmol N m−2 d−1 and 1.3 ~ 9.6 mmol N m−2 d−1, respectively, which indicated that 
excess ammonium with additional nitrate and nitrite were released from sediments in this 
region (Lee et al., 2012).  The release of nitrate and nitrite in the CSK unlike the GOM can be 
estimated due to high inputs of nitrogen by groundwater in the CSK (Kim (G) et al., 2011) 
even though there is minor uptake of nitrate and nitrite.  Diffusion from groundwater can 
probably be ignored in the GOM as Rabalais et al. (2002) reported that the groundwater 
discharge is very low in coastal Louisiana, but is likely important elsewhere and is known to 



be important in the CSK.  Based on this, we averaged and sum the fluxes data of nitrate, nitrite, 
and ammonium from McCarthy et al., 2015 for the GOM and Lee et al., 2012 for the CSK, 
respectively, and then applied 𝑭𝑩𝒐𝒕𝒕𝑫𝑰𝑵 	value as 1.2 mmol N m−2 day−1 in the GOM and 6.2 mmol 
N m−2 day−1 in the CSK.  Thus, in equation 3, the benthic flux term is calculated from existing 
literature results after considering all DIN fluxes as above (Lee et al., 2012; McCarthy et al., 
2015), and then multiplied by the area of each box.   

The output terms are; 1) 𝑭𝑬𝒙𝒑𝒐𝒓𝒕𝑫𝑰𝑵 , the exchange rate between each box in the lower layer, 
and 2) 𝑭𝑫𝒆𝒏𝒊𝑫𝑰𝑵 , the denitrification rate from the water column.  Due to high stratification at the 
pycnocline, upward transfer of dissolved material from the lower layer to the upper layer is 
assumed not to occur in our model.  Also, denitrification from the water column below the 
pycnocline is a significant N removal process, which removes up to a maximum 68% of total 
N input from the Mississippi River in the GOM (McCarthy et al., 2015).  As the value of 𝑭𝑫𝒆𝒏𝒊𝑫𝑰𝑵  
in the GOM, we used a direct measurement of denitrification rates from the McCarthy et al., 
(2015) in the water column (88 µmol m-2 h-1, which converted to 2.1 mmol N m−2 day−1) where 
the stations were exactly same as our sub-region A, B, and C.  We assumed this applied only 
below the pycnocline where oxygen concentrations decrease.  However, in the CSK, there is 
no water column denitrification data because the dissolved oxygen concentration has never 
been down below about 4 mg L-1 during our data periods.  Based on this, we estimated that 
there is a very little water column denitrification in the CSK, so we did not count this term in 
the CSK.  Thus, we only considered the sedimentary denitrification term for the CSK region.  

Water transport in the region is generally from the east, i.e., from near the Mississippi River 
in Sub-region A to the west, near the Atchafalaya River in Sub-region C during non-summer 
periods.  During summer, the winds change direction from easterly to westerly, blocking the 
water flow to the west (Cho et al., 1998).  We calculated advection from current meter data 
collected during the LATEX program (Nowlin et al., 1998a, b) from April 1992 to December 
1994, from which we determined U (west to east flow) and V (south to north flow) components 
(cm s-1).  Figure 4 shows the mean values of coastal ocean current velocities.  The annual range 
of the currents is 0 to 30 cm s-1 for the longshore component, with standard deviation of about 
8 cm s-1, and 0 to 7 cm s-1 for the cross-shelf component, with a similar standard deviation, but 
these current velocities are not constant and change depending on time and day.  The annual 
current velocities in the CSK are more affected by tidal exchange and the presence of the 
Yellow Sea Current, but velocities are similar to those in the GOM (Jacob et al., 2000; Lim et 
al., 2008).  The annual range of the currents is around 0 to 28 cm s-1 and 0 to 7 cm s-1 for the 
cross-shelf component.  Thus, we used the mean value of the current velocity for the time of 
year during each cruise in both the GOM and the CSK for calculating the advective flow in 
both alongshore and onshore/offshore directions. 

To run the box model, we assumed three factors: 1) the study area is in a steady state 
condition, with equal input sources and outputs, 2) AN-D is evenly distributed across each area, 
and 3) DIN is fully utilized by phytoplankton growth in the layer above the pycnocline, so we 
can neglect other removal factors.  However, in the layer below the pycnocline, as we 
mentioned above, denitrification, which leads to a main loss of DIN as nitrogen gas, is 
considered as another output term in Equation 3.  Because we assumed that all DIN removed 
is fully consumed by primary production above the pynocline, we can calculate potential 
carbon fluxes and oxygen consumption using the Redfield ratio (C: N: O: P = 106: 16: 138: 1).  
The PPP can be compared with 14C measurement data (Lohrenz et al., 1998, 1999; Redalje et 



al., 1994; Quigg et al., 2011) and dissolved oxygen data from MCH mooring C at 29° N, 92° 
W (4/3/2005 ~ 7/10/2005) (Bianchi et al., 2010).” 

 
5. The equations are not well-linked to the figures illustrating processes and transport (figs 2 and 

3). The only advective transport terms appears to be that associated with riverine inputs, which 
presumably occur only in the brown regions, or is this incorrect? 
 
Response: Figure 2 is taken from RC02 and shows the hypothesized physical and biochemical 
processes that initiate and sustain hypoxia on the Texas-Louisiana Shelf (Rowe and Chapman, 
2002).   Equations 1-3 are linked with figure 3a and b (GOM) and were applied in the same 
way to the CSK data.  All four faces of each box have input/output advective terms, while the 
top and bottom of the upper layer include air-sea deposition and a sinking term into the bottom 
layer respectively.  The latter is an input term for the lower layer, while sediment/water 
exchanges are considered across the bottom face of the lower layer.  Thus, riverine input 
applies only to the inshore boxes in the brown zone.  The term Export N (Mixing) incorporates 
the advective transport term between boxes in 2 dimensions.  The values of advection term 
(𝐹DEFGHIJKL ) in the GOM and CSK showed similar range in the previous studies of each regions 
(Jacob et al., 2000; Lim et al., 2008; Nowlin et al., 1998a, b), so we applied the same value to 
both regions.  We explained more details of advection term in the main text (lines 166-170, 
lines 261-266) and the caption of Fig. 3 (lines 954-960) as follows: 
 
“As an output term, 𝑭𝑬𝒙𝒑𝒐𝒓𝒕𝑫𝑰𝑵  as an advection term was calculated from the current velocity in 
each region from observations (Nowlin et al., 1998a, b) and from literature data (Jacob et al., 
2000; Lim et al., 2008) and the exchange between boxes from the residence time in each box.  
Note that water and nutrient exchange can take place through all four sides of each box, so the 
array is two-dimensional.” 
 
“The annual current velocities in the CSK are more affected by tidal exchange and the presence 
of the Yellow Sea Current, but velocities are similar to those in the GOM (Jacob et al., 2000; 
Lim et al., 2008).  The annual range of the currents is around 0 to 28 cm s-1 and 0 to 7 cm s-1 
for the cross-shelf component.  Thus, we used the mean value of the current velocity for the 
time of year during each cruise in both the GOM and the CSK for calculating the advective 
flow in both alongshore and onshore/offshore directions.” 

 
Added to caption of Fig. 3: “Export N (Mixing) represents the advective transport term.  The 
processes of biogeochemical and transport processes of both regions are the same and each 
in/out put factor is the same in the GOM and CSK.  Note that transfer between boxes occurs 
in both directions alongshore and onshore/offshore and is not a one-dimensional process as 
suggested in the diagram.” 

 
6. Neither layers seem to include advective terms related to upwelling, though upwelling is 

indicated to be important in some areas (e.g. lines 329-331). In my view, it is better to include 
all terms specific to each type of compartment rather than to generalize, even if more equations 
are needed in the text or in supplementary material (perhaps an equation for each layer in each 
of the blue, green and brown categories? unless they are identical). Also, the compartments 
appear to be treated as two-layer, 1-d longitudinal profiles instead of two 2-d layers (lateral 



extent in 2 d), i.e. the implication of a grid with an upstream and downstream neighbor in open 
water, not 4 neighbors, one on each face of the gridcell. Can this be clarified? The units of each 
term in the mass balance are inconsistent, based on the definitions in table 3 (see below). 

 
Response: We think this is a good suggestion for the future model improvement. However, 
given that both regions are very shallow and are generally subject to well-established 
pycnoclines, this suggests that in summer at least, upwelling is not very important.  This agrees 
with a previous study in the GOM (Feng et al., 2014).  We added this further explanation in 
the main text (lines 190-194) as follows: 
 
“We also considered vertical sinking as an input for the sub-pycnocline layer box and as an 
output from the upper layer.  Other possible input factors might be upwelling/downwelling 
processes; however, these factors are neglected in the model because both regions are shallow 
and close inshore (Feng et al., 2014; Lim et al., 2008) and we have no observational data on 
upwelling/downwelling rates.” 
 

7. It seems odd that figure 3 illustrates the biogeochemical and transport processes of regions in 
the GOM, but there is no analogous figure for the Korean coastal waters. Is such a figure 
assumed to be redundant? 

 
Response: Yes, we have assumed that biogeochemical and transport processes of both regions 
are the same, so we only illustrated the GOM region in Fig. 3.  However, the importance of 
each term is different in the two regions.  For example, AN-D occurs in both regions, but the 
percentage in the GOM is less than that in the CSK region (Wade and Sweet, 2008; Zhao et 
al., 2015).  As we mentioned above response (#5), the values of advection term (𝐹DEFGHIJKL ) in 
the GOM and CSK showed similar range in the previous studies of each regions (Jacob et al., 
2000; Lim et al., 2008; Nowlin et al., 1998a, b), so we applied the same value to both regions.  
We added this further explanation in the main text (lines 166-170, lines 261-266) and the 
caption of Fig. 3 (lines 954-960).  Please see above response (#5). 

 
8. The four “factors” (i.e. assumptions) necessary to run the model (lines 196-203) include the 

assumptions of steady state, spatial homogeneity, equivalence of biomass and primary 
production(!) and neglect of denitrification. These assumptions are a bit breathtaking, and at 
the very least require additional discussion, clarification (specifically, how is primary 
production rate calculated from chlorophyll measurements) and justification. The carbon 
equivalent of chlorophyll represents a carbon pool, not a rate of carbon production, so more is 
needed to estimate primary production than the chlorophyll:C ratio.  

 
Response: We have removed all references to EPP (calculated from the carbon:chlorophyll 
ratio) from the text and instead now compare our results with published 14C productivity 
measurements and satellite-derived estimates of productivity. Actually, we considered 
sedimentary denitrification within the benthic flux term (𝑭𝑩𝒐𝒕𝒕𝑫𝑰𝑵 ) and DIN concentration 
includes ammonium (NH4), nitrate (NO2), and nitrite (NO3) in our model.  Sedimentary 
denitrification in the lower layer and dissimilatory nitrate reduction to ammonium (DNRA) is 
an important nitrogen removal process, but regeneration processes such as remineralization 
provides excess ammonium to overlying water (Lehrter et al., 2012; McCarthy et al., 2015; 



Rowe et al., 2002).  Due to this, net DIN flux was calculated and used as the value of 𝑭𝑩𝒐𝒕𝒕𝑫𝑰𝑵  in 
the GOM and CSK, respectively.  In our model, sedimentary denitrification is not shown as an 
output term in the equation since it is already considered inside the benthic flux factor.  
Denitrification from the water column in the bottom box is also another significant N removal 
process.  Due to this, we used direct measurement of the water column denitrification from the 
McCarthy et al., (2015) as another output term (𝑭𝑫𝒆𝒏𝒊𝑫𝑰𝑵 ) and added in the Equation 3 for the 
GOM.  In contrast, in the CSK, we could estimate that there is a very little water column 
denitrification based on the data of oxygen concentration.  Thus, we only considered the 
sedimentary denitrification factor below the pycnocline layer in the CSK.  We added further 
explanation and calculation in the main text (lines 213-236, lines 238-250) as follows: 

 
“In the GOM, benthic sediments provide excess ammonium to overlying water by regeneration 
processes such as remineralization (Lehrter et al., 2012; Nunnally et al., 2014; Rowe et al., 
2002).  Generally, there is an uptake of nitrate and nitrite mainly by sedimentary denitrification 
(McCarthy et al., 2015) or dissimilatory nitrate reduction to ammonium (DNRA) and 
assimilation by benthic microalgae (Christensen et al., 2000; Dalsgaard, 2003; Thornton et al., 
2007).  Due to this, net DIN flux was used as the value of 𝑭𝑩𝒐𝒕𝒕𝑫𝑰𝑵 , which shows DIN release 
from bottom sediments to overlying water column.  For example, in the GOM, the sum of 
nitrate and nitrite fluxes to bottom sediments (e.g., May: -10.05, July -61.9, August: -48.42 
µmol N m−2 h−1) were similar or smaller than the flux of ammonium from bottom sediments 
(e.g., May: 203, July: 152, August: 156 µmol N m−2 h−1) off Terrebonne bay (McCarthy et al., 
2015).  In the CSK, the sum of nitrate and nitrite flux to bottom sediments and ammonium flux 
are 0.5 ~ 1.4 mmol N m−2 d−1 and 1.3 ~ 9.6 mmol N m−2 d−1, respectively, which indicated that 
excess ammonium with additional nitrate and nitrite were released from sediments in this 
region (Lee et al., 2012).  The release of nitrate and nitrite in the CSK unlike the GOM can be 
estimated due to high inputs of nitrogen by groundwater in the CSK (Kim (G) et al., 2011) 
even though there is minor uptake of nitrate and nitrite.  Diffusion from groundwater can 
probably be ignored in the GOM as Rabalais et al. (2002) reported that the groundwater 
discharge is very low in coastal Louisiana, but is likely important elsewhere and is known to 
be important in the CSK.  Based on this, we averaged and sum the fluxes data of nitrate, nitrite, 
and ammonium from McCarthy et al., 2015 for the GOM and Lee et al., 2012 for the CSK, 
respectively, and then applied 𝑭𝑩𝒐𝒕𝒕𝑫𝑰𝑵 	value as 1.2 mmol N m−2 day−1 in the GOM and 6.2 mmol 
N m−2 day−1 in the CSK.  Thus, in equation 3, the benthic flux term is calculated from existing 
literature results after considering all DIN fluxes as above (Lee et al., 2012; McCarthy et al., 
2015), and then multiplied by the area of each box.” 
 
“2) 𝑭𝑫𝒆𝒏𝒊𝑫𝑰𝑵 , the denitrification rate from the water column.  Due to high stratification at the 
pycnocline, upward transfer of dissolved material from the lower layer to the upper layer is 
assumed not to occur in our model.  Also, denitrification from the water column below the 
pycnocline is a significant N removal process, which removes up to a maximum 68% of total 
N input from the Mississippi River in the GOM (McCarthy et al., 2015).  As the value of 𝑭𝑫𝒆𝒏𝒊𝑫𝑰𝑵  
in the GOM, we used a direct measurement of denitrification rates from the McCarthy et al., 
(2015) in the water column (88 µmol m-2 h-1, which converted to 2.1 mmol N m−2 day−1) where 
the stations were exactly same as our sub-region A, B, and C.  We assumed this applied only 
below the pycnocline where oxygen concentrations decrease.  However, in the CSK, there is 
no water column denitrification data because the dissolved oxygen concentration has never 



been down below about 4 mg L-1 during our data periods.  Based on this, we estimated that 
there is a very little water column denitrification in the CSK, so we did not count this term in 
the CSK.  Thus, we only considered the sedimentary denitrification term for the CSK region.” 

 
Even with this assumption, our model result (PPP) is similar to measured rates from 14C 
incubation reported by Quigg et al., 2011 in the three subregions A, B, and C.  In the future 
study, we will fully consider incubation comparison in the same station.  However, at this point, 
our assumption and all we can do are provided and our model results based on the assumption 
are similar range with Actual primary production from 14C incubation data from previous 
literature paper (Dagg et al., 2007; Lohrenz et al., 1998, 1999; Redalje et al., 1994).  We added 
further explanation in the main text (lines 333-349, 499-511) as follows: 
 
 “Additionally, Quigg et al., (2011) pointed out that these higher PP values were affected by 
high riverine nutrients input from the MR that flows westward during that time period. 

The actual PP ranges were similar with our model-based PPP (Figure 6).  However, this 
was different from RC02’s brown zone.  This might be due to the differences between methods 
such as 14C, our N-mass balance model, and RC02’s theoretical model.  Typically, RC02 
assumed that the brown zone is light limited due to high sediment turbidity, but our model does 
not account for this and only considered DIN concentrations.  Except for this, our PPP results 
are similar to direct productivity measurements from the 14C incubations (Quigg et al., 2011).  
Our model result (PPP) showed the same range of values as 14C incubations (e.g., Dagg et al., 
2007; Lohrenz et al., 1998, 1999; Quigg et al., 2011; Redalje et al., 1994) in the three sub-
regions.  

Note that our model assumed all the biological uptake could be converted directly to 
production rates, which we considered as PPP.  The PPP from cruises MCH M1 ~ M8 for 
samples from above the pycnocline calculated using our model is reasonable based on 
comparison with previous PP values (Figure 6a).  The PPP ranges (0.01 ~ 5.05 gC m-2 day-1) 
were similar to previous 14C measurement PP values of between 0.04 ~ 5.9 gC m-2 day-1.” 
 
“RC02 considered their model to be theoretical.  In the brown zone, close to the river mouth, 
they assumed turbidity leads to light-limited conditions.  Their results agree well with 
measured 14C PP numbers from Quigg et al. (2011) who found the lowest integrated PP is near 
the MR delta mouth.  However, our N mass balance model did not consider light limitation 
and therefore PPP in the brown zone is high.  Such good agreement suggests that our model 
can be applied to a wide region, while 14C measurements are typically conducted at a few 
specific points, as long as such limitations are taken into account.   

In the CSK, most previous production studies focused on inshore areas such as estuaries or 
rivers.  Our research focused for the first time on the coastal ocean off Korea.  Our results 
explained that diverse nitrogen sources need to be recognized as potential issues for future 
nutrient management concerned with hypoxia, eutrophication, or other environmental 
issues.  The agreement between our results and the pattern of production based on satellite-
sensing in the CSK (Son et al., 2005), suggests that our model is reasonable.” 

 
9. The absence of consideration of denitrification, especially in regions of high N enrichment 

such as the Korean waters discussed here, seems strange. Also, the authors note that primary 
production of coastal waters is jointly controlled by nitrogen and phosphorus (first paragraph 



of introduction). It would be useful to have some sense of the N:P ratios of these waters to 
determine whether the assumption of control of productivity by nitrogen is always reasonable, 
and when it breaks down. 

 
Response: As we mentioned above response (#8), sedimentary denitrification was considered 
within a net DIN flux term (𝑭𝑩𝒐𝒕𝒕𝑫𝑰𝑵 ) and water column denitrification was added as another 
output term (𝑭𝑫𝒆𝒏𝒊𝑫𝑰𝑵 ) in our model.  We added further explanation in the main text (lines 214-
237, lines 239-254).  Please see our answer to response (#8). 
 
We have also added something on using N:P ratios to determine nutrient limitation.  As we 
explain, in the coastal GOM especially near the Mississippi delta mouth, the P may be more 
important than N (Sylvan et al., 2006) depending on the time of year (lines 10-11).  However, 
previous studies demonstrated that both GOM and CSK regions are N-limited most of the time 
(Kim (G) et al., 2011; Turner and Rabalais, 2013).  Related to this, we confirmed N-limited 
condition in our study regions in the GOM and CSK based on plotting N against P.  Minimum 
P concentrations were about 0.5 µM/L which suggests there was always enough P for 
continued phytoplankton growth. We added a new figure (Fig. 9) and further explanation in 
the main text (lines 471-480) as follows: 

 

 
Figure 9.  DIN against DIP during sampling periods in the GOM and CSK.  Nearly all samples 
had an N:P ratio of < 16, which indicated potential N-limited condition.  At a few points near 
the brown zone the ratio was between 16 -18; this is where light-limitation is expected 
according to RC02. 
 
“Our results also agree with previous studies that demonstrated that both the GOM and CSK 
regions are N-limited for most of the year (Kim (G) et al., 2011; Turner and Rabalais, 2013).  
This compares with the results of Sylvan et al., (2007), who reported that the coastal GOM 
could be P-limited in the MR delta mouth area where our brown zone is located, while RC02 
suggested light-limitation rather than N- or P-limitation.  However, this P-limited condition 



appears to occur when N concentrations are very high.  In particular, the N/P ratios in the both 
the GOM and CSK during our sampling were less than 16, indicating that both regions were 
N-limited, although a few stations in the brown zone near the MR river area had ratios of 
between 16 and 18 (Figure 9).  These higher N/P ratios may result from the high sediment 
turbidity causing light-limited conditions in this zone near the river mouth (Rowe and 
Chapman, 2002).” 

 
 
Specific Comments 
1. The mass-balance approach used here consists of three steady-state equations for DIN removal, 

i.e. net inorganic N uptake associated with biological production (referred to as potential 
primary production; it seems like a better choice would be overall net ecosystem production). 
It appears that eq 1 is meant to represent a generic mass balance, and eqs 2 and 3 represent 
surface and bottom layers (above and below the pycnocline). Where is denitrification? Is it 
considered part of the sink related to FDINremoval? 
 
Response: Yes, Equation 1 is total consideration for upper/lower boxes and Equations 2 and 
3 are applicable to the surface and bottom layers respectively.  𝑭𝑺𝒊𝒏𝒌𝑫𝑰𝑵  is considered to be an 
output term from the upper layer and an input term for the lower layer.  In the lower layer this 
includes contributions from both sinking and sediment-water transfer.  For denitrification 
factor, we already considered as another output term below the pycnocline layer as we 
explained above.  Please see our responses to #8 and #9.  We added further explanation related 
to our assumption in the main text (lines 270-272) as follows: 

 
“…in the layer below the pycnocline, as we mentioned above, denitrification, which leads to a 
main loss of DIN as nitrogen gas, is considered as another output term in Equation 3.” 
 

2. FDINsink is obtained from sediment trap data (see table 3). Does this term (never explicitly 
defined in the text, but only in table 3) represent organic N particles, adsorbed DIN on mineral 
sediment, or both? 

 
Response: Yes, vertical sinking data is from Qureshi (1995).  Based on her dissertation, the 
number represents Organic N. 

 
3. Eqs 1-3: components of the equations are presented without units, except in table 3, and there 

they are inconsistent (see below #5). 
 

Response: When we run our model calculation, we made sure to consider the same units of 
factors.  We have added units for all factors in Table 3.  For example, to calculate the total 
equation 1-3, we converted the unit of 𝑭𝑺𝒊𝒏𝒌𝑫𝑰𝑵 	term to mol/day from gN m-2 day-1(original data 
from Qureshi (1995) with area of box (0.25 x 0.25 size) and mol-N from gN using molar mass 
of N (14 g/mol).  We added details in the caption of Table 3 (lines 1004-1007) as follows: 
 
Added to caption of Table 3: “** The unit of 𝑭𝑺𝒊𝒏𝒌𝑫𝑰𝑵  was converted to mol day-1 from the unit 
of original data (gN m-2 day-1) with area of box (0.25 m x 0.25 m) and molar mass of N (14 g 
mol -1).  All unit were converted to mol day-1 multiplied by area of box (0.25 m x 0.25 m).” 



 
4. Following the development of eqs 1-3, there is some discussion of water transport in the GOM, 

as if the equations pertain only to this case and not the Korean waters. I think that perhaps the 
paper should be structured so that the conditions for each site are discussed in parallel sections, 
as in the Results sections. Table 2 provides estimates of atmospheric N deposition to various 
watersheds and water bodies from several references for different periods. It is well known 
that atmospheric N deposition has been declining over most of the US in recent years, and may 
be increasing or decreasing in Asia, depending upon the locale and period. The authors point 
out the difference between the increasing trends of N deposition in Korea and the decreasing 
or flat trends in the GOM, so it seems important to compare the two regions over the same time 
period. It seems like a better option (or at least a useful additional comparison) would be to 
include regional N deposition estimates from a global, gridded database over a common period, 
even if the values are generated by models. Several options exist to obtain such data, including 
Lamarque et al. (2013). 

 
Response: Please see above response (#7).  We added this further explanation in the main text 
(main text (lines 166-170, lines 261-266) and the caption of Fig. 3 (lines 954-960).  Please see 
above response (#5).  
 
Our model calculation is based on the observational data, not model simulation.  Comparing 
our results with model simulation from previous studies could be a future effort.  So, for the 
AN-D concentration, we have AN-D measurement data (observational data) from Sweet and 
Wade 2008 in the GOM and from Kim (JY) et al., 2010 in Korea.  The important thing is that 
the AN-D concentrations are quite different in both regions (Table 2).  Thus, we used different 
value of 𝐹MINGJKL  for the GOM and CSK and added further explanation in the main text (lines 
187-194) and the caption of Table 3 (line 1003-1004) as follows: 
 
“The mean value of Asian data, as shown in Table 2 (Kim (JY) et al., 2010; Luo et al., 2014; 
Shou et al., 2018; Zhao et al., 2015), is used for 𝑭𝑨𝒕𝒎𝒐𝑫𝑰𝑵 	of the CSK region, which is initially 
five times higher than that of the GOM (1.4 X 105 mol day-1; Wade and Sweet, 2008).  We 
also considered vertical sinking as an input for the sub-pycnocline layer box and as an output 
from the upper layer.  Other possible input factors might be upwelling/downwelling processes; 
however, these factors are neglected in the model because both regions are shallow and close 
inshore (Feng et al., 2014; Lim et al., 2008) and we have no observational data on 
upwelling/downwelling rates.” 
 
Added to caption of Table. 3: “*𝑭𝑨𝒕𝒎𝒐𝑫𝑰𝑵 	of CSK region is used as mean values of Asia data in 
Table 2, which is initially 5 times higher than that of GOM (1.4 X 105 mol day-1).” 
 

5. Table 3 defines some terms not explicitly defined in the text and provides units for the terms. 
The units shown are not always dimensionally consistent. For example, Friver is given units 
of 1/days, CDINbox has units of m (1e-6 moles/l = 1e-3 moles/m3), and area has units of m2, 
so that the N flux associated with river input is 1e-3 moles/m/day. FDin removal has units of 
1/day, which is inconsistent with this term and that of FDin atmo, which has units of mol/day. 
The values provided in column 3 of the table are not always in the same units as those in 
column 1. A good start at fixing this would be to define the units of FDin removal, preferably 



in the text, and ensure that each of the terms in the equation match the units of the overall 
equation. Vs, the water volume of a “box” id stated to be the product of bottom area and 
pycnocline depth. What about the volume of the bottom layer in eq 3? 

 
Response: As we mentioned above response (#3 of specific comments), we converted the unit 
of 𝑭𝑺𝒊𝒏𝒌𝑫𝑰𝑵 	to mol day-1 from the original data 0.1 ~ 1 gN m-2 day-1.  We added this explanation 
in the caption of Table 3 (lines 1004-1005).  The volume of the bottom layer in equation 3 is 
area multiplied by each sampling data’s pycnocline depth. 
 

6. The comparison made between figures 6a and 8 in lines 367-373 (Lahiry’s salinity-based 
classification vs that estimated here) is qualitative and unhelpful. Why not indicate the 
proportion of stations with the same classification in each period, i.e. a quantitative comparison? 
Rather than straining to say that there is some agreement, why not point out that there really 
isn’t much and why. The salinity-based estimate of a large brown zone in the west in April 
2004 is absent in the current estimate, and the large blue region in the center is much smaller. 
Why should there be much agreement given the differences in the approaches, except where 
the dominant driver is the massive flow of the Mississippi, which affects both salinity and 
nutrients? More discussion of this is warranted. 

 
Response:  We would expect better agreement, since given that hypoxia is supposedly 
dependent on nitrate input, which is related to freshwater flow and stratification, even if the 
relationship is not simple.  We revised the discussion to compare our results with previous 
literatures more detailed in the main text (lines 456-480) as follows: 

 
“Our zonal boundaries can be compared with the results of Lahiry (2007), who used salinity 
to define the edges of each zone for the three cruises MCH M1, M2, and M3 (Figure 8) and 
defined the edges of the RC02 zones in the coastal GOM based solely on salinity.  Her limited 
simulation results indicated similar patterns to our model based on DIN concentration near the 
Mississippi River mouth (e.g., during MCH M1, M2, and M3).  Mixing was more conservative 
in this region than further west because the low salinity water with high nutrients was less 
diluted with offshore water.   

Away from the MR in sub-regions B and C, however, her results gave very different 
boundaries for the three zones compared with our results (Figure 8).  In particular, the results 
near the Atchafalaya River were very different (compare Figures 6 and 8).  For example, our 
data showed only green and blue zones off Atchafalaya Bay during MCH M1, with no brown 
zone. Similarly, the extent of the blue zones in sub-region C during MCH M2 and M3 is also 
very different.  We believe that our DIN-model based classification can cover more complex 
biological processes than the Lahiry (2007) method, which considers only advection and 
mixing and the DIN-model is a more sensible way to look at biological processes in the GOM.   

Our results also agree with previous studies that demonstrated that both the GOM and CSK 
regions are N-limited for most of the year (Kim (G) et al., 2011; Turner and Rabalais, 2013).  
This compares with the results of Sylvan et al., (2007), who reported that the coastal GOM 
could be P-limited in the MR delta mouth area where our brown zone is located, while RC02 
suggested light-limitation rather than N- or P-limitation.  However, this P-limited condition 
appears to occur when N concentrations are very high.  In particular, the N/P ratios in the both 
the GOM and CSK during our sampling were less than 16, indicating that both regions were 



N-limited, although a few stations in the brown zone near the MR river area had ratios of 
between 16 and 18 (Figure 9).  These higher N/P ratios may result from the high sediment 
turbidity causing light-limited conditions in this zone near the river mouth (Rowe and 
Chapman, 2002).” 

 
7. The differences between the above- and below-pycnocline layers are quite evident in the GOM 

(fig 6a,b) but not so much in the CSK. Specifically, around 90% of the grid cells in figs 7a and 
7b (above and below the pycnocline) show the same classification (blue, green, brown) across 
all months evaluated, but less than half of the grid cells are in agreement in Fig 6a, b. Does this 
suggest differences in stratification in the GOM and CSK that control the homogeneity of the 
water column, or other factors? Again, more discussion is warranted. 

 
Response: We believe this is due to different amounts of freshwater flow in both regions.  
Typically, because the MARS provides a lot more freshwater to the GOM than the local rivers 
do to the CSK, we can get more stratification in the GOM than off Korea. Our model results 
in the CSK (Fig. 7a, b) show 90% agreement for the boxes above and below the pycnocline 
layer.  We added further explanation in the main text (lines 400-414) as follow: 
 
 “Around 90% of the grid cells in the CSK are in the same zones above and below the 
pycnocline (Figure 7 a and b) during all four cruises; however, in the GOM (Figure 6 a and b) 
this was found for fewer than half of the grid cells.  This is probably due to the difference in 
freshwater discharge rate in the two regions, which leads to a much larger stratified area in the 
GOM than in the CSK.   

One question that has not been investigated is the temperature dependence of primary 
productivity in the two areas.  While the GOM is temperate throughout the year, winter 
temperatures in the CSK fall to ~5°C.  However, according to the ocean color remote sensing 
images from near the CSK river mouth reported by Son et al., (2005), primary production in 
the CSK does not appear to be strongly affected by temperature.  The PPP results of our model 
(0.2 to 2.2 gC m-2 day-1) agreed with their ocean color remote sensing results (0.4 to 1.6 gC m-

2 day-1) in the CSK.  Also, during all seasons, the Keum River consistently supplies high 
amounts of DIN (average: < 60 µM) (Lim et al., 2008) to the coastal zone (especially close to 
the Keum mouth).  We believe, therefore, that the higher value of PPP in winter near the Keum 
mouth (brown zone in figure 7a), is reasonable.” 
 

 
Technical issues/typos/language 
1. Line 4: phosphorus is misspelled 

 
Response: Yes. We corrected the misspelled word (line 4). 
 

2. Bierman et al 1994 is cited a few times in the text, but only Bierman et al 2004 appears in the 
references. Incorrect year?   
 
Response: Yes. We corrected. 

 



3. Table 2 cites Castro and Driscoll 2002 and Castro M.S. et al. 2000. The references include a 
Castro et al. 2002 only. 
 
Response: Yes. We corrected. 

 
4. Line 227: The PPP rate wasn’t defined: : :.it is the brown zone boundary that is defined as 

being the region in which PPP is over the 2 g C/m2/day level: : :at least, this is my 
understanding. The text should be modified accordingly. 

 
Response: Yes. We modified the text.  
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