Point-by-point response to the reviewers’ comments

The comments from the reviewers are in bold followed by our responses in regular text. The
text in quotation marks represents the content we revised in the new manuscript. And
following the reviewer's suggestion, we renamed the model developed in this study from

ORCHIDEE_NLAT to LSM Nlateral Off.

m Reviewer 1

This study introduced a newly developed offline model of lateral N transfers, called
ORCHIDEE_NLAT, within the framework of the land surface model ORCHIDEE. The
ORCHIDEE_NLAT was used to simulate historical changes in riverine DON, PON, and
DIN exports across the globe. Overall, it is an important work of global riverine N
transport model development. The manuscript is well written, and the model structure
is clearly illustrated. Currently, the accuracy of the model in simulating riverine N
exports is actually low, especially at regional scale. I understand it is very challenging to
accurately simulate N transfers at the global level, but I still have some suggestions for

authors to improve the model in the future.

> Major comments

1. The ORCHIDEE-CNP and ORCHIDEE-Clateral are both used to provide the land-
to-river inputs. ORCHIDEE-Clateral provides runoff, drainage, DOC, and POC
inputs, while ORCHIDEE-CNP provides inputs of DON and DIN leaching from
manure. Can ORCHIDEE-CNP provide all these forcing data? Using the outputs of
two models may bring uncertainties and make this study complicated. Since runoff
and drainage are critical components that determine DIN, DON, and PON fluxes,
different water inputs simulated by two versions of land models can bring

inconsistencies in water flux information behind N fluxes.

Thanks for your thoughtful comment on the forcing data of our model. Indeed, it
is better to have all input data from the same version of the ORCHIDEE model, compared
to from two different versions of the model. However, the dissolved organic matter pool
(DOC and DON) and the erosion of particulate organic matter (POC and PON) has not
been explicitly represented in ORCHIDEE-CNP. We thus cannot obtain the DOC and
DON, nor the POC and PON inputs to the rivers from ORCHIDEE-CNP. ORCHIDEE-



Clateral represents the land-to-river flux of DOC and POC, but does not include a
representation of these fluxes for DON and PON, nor of terrestrial N cycling in general.
Therefore, we use typical C/N ratios of fluvial dissolved organic matter to estimate PON

and DON fluxes from the POC and DOC fluxes simulated with ORCHIDEE-Clateral.

In contrast, ORCHIDEE-CNP represents the leaching of DIN (NOs, NH4") from
soil to the rivers, but not ORCHIDEE-Clateral. Therefore, we used the ORCHIDEE-CNP
simulations directly for the DIN inputs to the river networks. To guarantee consistency
between DIN inputs from ORCHIDEE-CNP and DOC and POC inputs from
ORCHIDEE-Clateral, as well as of the DON and PON inputs estimated from those
fluxes, we used the same scheme of soil hydrology (Sun et al., 2021; Zhang et al., 2022)
and the same climate forcing data in all simulations. Therefore, the difference in runoff
and drainage simulated by these two models are very limited. We will add comparison of

global total runoff and drainage between these two models in the supporting information.

. In the aquatic N module, why not consider the transformation process from PON to

DON, and from inorganic N to organic N?

We agree that transformation from PON to DON and from inorganic N to organic
N are important processes in the ecology of streams and rivers. However, they play a
minor role for the flux of total N to the ocean. In our study we aimed to develop a lateral
transfer scheme that can be coupled into global land surface models, and which represents
the land to ocean transfer of N in a simple but efficient manner. For this, we have ignored
some processes that would notably increase the model complexity, but have no strong
effect on the simulated riverine exports of total N, and this includes the transformations
from PON to DON, and from inorganic N to organic N. Previous studies show that the
transformation fraction of riverine POC to DOC during the lateral transport process is
limited (about 0.3%) (Zhang et al., 2022). It can thus be inferred that the fraction of PON
transformed to DON is also limited and the uncertainties in our results due to ignoring

transformation from PON to DON should be limited.

A previous study demonstrated that at global scale river metabolism is strongly
dominated by heterotrophic metabolic activities which rely on terrestrial organic matter
inputs, whereas in-situ aquatic production only plays a secondary role (Battin et al.,
2023). Thus, we assume that also for riverine N cycling, decomposition of organic matter,

and denitrification of DIN, is much more important than algae uptake of DIN forming



new PON. Therefore, we have ignored the transformation between inorganic and organic
N caused by the growth and mortality of algae. To our knowledge, there is still no reliable
model which can well simulate global fluvial autotrophic production of algae and the
accompanying N assimilation. Nonetheless, we acknowledge that ignoring the
transformation process from PON to DON, and from inorganic N to organic N may result
in some uncertainties in our simulation results. We thus have added some text to discuss

these potential uncertainties in the revised manuscript.

“The role of autotrophic production is another process currently omitted.
Autotrophs (aquatic macrophytes, algae, cyanobacteria, bryophytes, some protists, and
bacteria) in freshwater take up DIN from the water column (King et al., 2014) and may
play a significant role in river N cycling (Wachholz et al., 2024). In the future, the role of
autotrophic production on N retention should thus be considered, although the large
dominance of the heterotrophic metabolism on a global scale suggests that in-situ aquatic

production is likely a second-order control (Battin et al., 2023).” (lines 830-837)

“The transformation of PON to DON is not included in the current version of
LSM_Nilateral Off. Previous studies show that the transformation fraction of riverine
POC to DOC during the lateral transport process is limited (about 0.3%) (Zhang et al.,
2022). It can thus be assumed that the fraction of PON transformed to DON is also rather
negligible. Nevertheless, we plan to incorporate this transformation process into the

LSM Nilateral Off model in the next phase of our research.” (lines 838-844)

. The residence time method is used to calculate N transport along the river networks.

This method is commonly used but very simple and may not be able to accurately
capture water transport processes. Authors may consider using hydrological kinetic

equations in the future.

Thanks for your excellent advice. Considering the complexity of the
hydrodynamic formulas and forcing data required by these formulas, we adopted the
residence time method in the first version of the LSM_Nlateral Off. The residence time
method is simple and easy to be applied at a large spatial scale. Nonetheless, as you have
suggested, we plan to simulate N transport with the hydrodynamic formulas in the next
version of our model. We have proposed this outlook in the revised manuscript. Please

S€C:



“The residence time method was used to calculate water and N transport in the
river networks. This method is simple and has been widely used in large scale simulations
of fluvial water, carbon and N transports. However, it may not be able to fully capture the
seasonality of water and N flow accurately in some areas (Fig. 5 a2 & b2). To more
accurately simulate fluvial water and N transports, we plan to replace the residence time
method used in current LSM Nilateral Off with hydrological kinetic equations in future

versions of the model” (Lines 866-873)

. The validation of model results only focuses on TN and NO3. (1) How to validate

DON and PON flexes? USGS provides organic N observation. (2) The assumption of
a linear relationship between observed TN and NO3 may ignore the variations in

organic N.

(1) Thanks for the data information. The USGS provides data on nitrogen
concentrations and water discharge across the United States. Based on these data, a
previous study (Scott et al., 2007) calculated the long-term (1975-2004) mean annual
loads of total organic nitrogen (TON) at 854 stations nationwide. Given that the total
nitrogen (TN) flow simulated LSM_Nlateral Off has been thoroughly evaluated, we
assessed the model's performance for specific nitrogen species by comparing the
simulated TON fraction with the observed TON fraction reported by Scott et al. (2007).

Please see:

“The USGS provides data on N concentrations and water discharge across the
United States. Based on these data, a previous study (Scott et al., 2007) calculated the
long-term (1975-2004) mean annual loads of total organic N (TON) at 854 stations
nationwide. LSM_Nilateral Off simulates a spatial pattern of TON fraction closely
matching that reported by Scott et al. (2007), with high TON fractions in western regions
and low fractions in the east (Fig. S3). This suggests that LSM_Nlateral Off effectively
simulates the distribution of specific nitrogen species fractions across the United States,

indirectly reflecting the model's reliability.” (lines 495-503)
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Figure S3. Spatial patterns of long-term (1975-2004) mean annual total organic nitrogen
(TON) loads: (a) observed TON fraction reported by Scott et al. (2007); (b) TON fraction
simulated by ORCHIDEE-NIateral.

(2) We agree that the assumption of a linear relationship between observed TN
and NOs™ may ignore the variations in ON. However, previous studies (Romero et al.,
2021) and the observation data from GRQA show that there is indeed a significant
correlation between TN concentration and NOs™ concentration (with R?=0.78, Fig. S1).
Therefore, the TN calculated from NO3™ data using an empirical function should be a
reasonable choice for evaluating our model at global scale, where TN observation data are

still scarce.

. The simulated total N fluxes in the 1920s is questionable as authors have already

mentioned. What are climate data sources? How about the precipitation change?
ORCHIDEE has already been used to simulate lateral C and sediment fluxes, and
does the same issue occur in these simulated variables? Better to check it and make

it right.



The climate forcing data is taken from the Global Soil Wetness Project Phase 3
(GSWP3). The forcing data information has been added in Table 1. In the 1920s, the
global total amount of heavy rainfall (>25 mm d') was higher, which caused more runoff
and more TN flow into rivers (Fig. S5). Research of long period runoff fluctuations also
reported high global runoff in the 1920s (Probst and Tardy 1989). ORCHIDEE has been
used to simulate global lateral C transfer processes, and a similar phenomenon occurs in
simulated variables of C lateral transfer (Zhang et al., under review). We have double
checked the climate data and model code to make sure our simulations and data analysis

are correct. And the relevant expressions are also improved in the revised manuscript:

“The global TN input into rivers, TN exports to oceans and the denitrification in
rivers all show a small peak between 1926 and 1931 due to the relatively higher surface
runoff during this period (Fig. S4). The reality of this transient peak results mostly from
meteorological forcing. During this period, the global total amount of heavy rainfall (>25
mm d!) was higher, which caused more runoff and more TN flow into rivers (Fig. S5).
Research of long period runoff fluctuations also reported high global runoff in during the
period (Probst and Tardy 1989).” (lines 549-556)
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Figure S5. Global annual TN flow into rivers, runoff and heavy rainfall (> 25 mm d')

from 1901 to 2014.

> Minor comments

1. L64. N leaching into the aquatic environment. LOAC includes land.



Thanks, “LOAC” has been changed to “aquatic environment”.
2. L91-93. This is also an issue for LSM.
Sorry for the inaccurate expression. We will change it from

“Therefore, their complexity and high data requirements for calibration and
evaluation limit their applicability, in particular the long-term evolution of global N
fluxes and transformation processes”

to

“Therefore, their complexity and high requirements for parameterization and
forcing datasets limit their applicability, in particular for simulations of the long-term

evolution of global N fluxes.” (lines 91-93)

3. L157-159. Does ORCHIDEE-CNP have soil organic C pools? It should also have
POC outputs.

Yes, ORCHIDEE-CNP has three soil organic C pools, physically protected,
chemically recalcitrant and active carbon pool. However, ORCHIDEE-CNP does not
simulate soil and carbon erosion processes. It thus cannot provide the POC inputs from
land to river. Moreover, ORCHIDEE-CNP neither has an explicit DOC pool. Therefore, it

cannot simulate the DOC leaching from soils to rivers either.
4. L166-167. How to separate sewage TN into different N species.

Sorry for not explaining the separation scheme of sewage in our manuscript. We
separated the sewage TN into different N species following Naden et al. (2016), who
assume that 10% of sewage TN is DON and the remaining 90% is DIN. We have added

this information in the revised manuscript. Please see:

“And the sewage TN was separated into different N species following Naden et al.
(2016), who assume that 10% of sewage TN is DON and the remaining 90% is DIN.”
(lines 222-224)

5. L197. A constant ratio may make the simulated DON less informative and accurate.

Based on previous observation, the C:N ratios of dissolved soil organic matter
mostly vary within a small range around 12 (8-25). As there is still not a global database
on the C:N ratio of DOM for different vegetation types, we have adopted a constant
DOC:DON ratio in this study. We acknowledge that the constant DOC:DON ratio may



induce some uncertainties in our simulation results. We have added some text to discuss

this issue. Please see:

“The use of a constant C:N ratio to simulate DON fluxes from soils to rivers is
another limitation of LSM_Nlateral Off, since C:N ratio has been shown to vary over
time and with land cover type (Li et al., 2019; Yates et al., 2019). The constant C:N may
make the estimated DON flux less informative and accurate, and this limitation urgently

needs to be overcome in future research.” (lines 811-816)
L257. What about N deposition into sediment?

The PON deposition is mainly affected by the rates of sediment deposition.
Sediment and PON deposition are not represented in the current offline model. Recent
results from ORCHIDEE-Clateral suggest that about 22% of POC entering river networks
is deposited with sediments along the river-floodplain networks (Zhang et al., under
review). We have added some text to discuss the potential uncertainties and biases in our

simulation results due to the ignorance of PON deposition. Please see:

“At present, few studies have accounted for the effects of PON deposition and
resuspension on lateral N transfer in rivers because of the difficulty to represent these
processes at the global scale. Moreover, the PON deposition is mainly affected by the
rates of sediment deposition which is not represented in the current offline model.
Therefore, PON deposition was not simulated yet. Recent results from ORCHIDEE-
Clateral suggest that about 22% of POC entering the global river networks is deposited
with sediments before reaching the coast (Zhang et al., under review). Assuming a similar
fraction of deposited PON, PON export to the oceans simulated by LSM_Nlateral Off
may be approximately 20% lower (about 2 Tg N yr ') than estimated here.” (lines 817-
826)

Equations 4-11. Not all variables are explained. Please check.

Thank you for your suggestion. We have added explanations of other variables in

the revised manuscript.

“Riust ponand Rygream pon (g N d1) represent PON decomposition rates in the fast
and stream reservoirs, respectively. Ryust pon, Rsiow ponand Rsyeam pon (g N d) represent
DON decomposition rates in fast, slow and stream reservoirs, respectively. Rus pin,
Rsiow pivand Rsyeam piv (g N d1) represent DIN denitrification rates in fast, slow and

stream reservoirs, respectively.” (lines 297-301)



8. Figure 4. Put the NSE value into the figure.
Thanks for your suggestion, we have added the NSE value into Figure 4.
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Figure 4. Evaluation of LSM_Nlateral Off. Global-scale comparison between observed
and modelled annual-mean water discharge (a) and TN flow (b). Pink symbols represent
sites with observations of TN from GRQA, yellow symbols represent GRQA sites for
which TN concentrations were estimated from observations of NO3", and green symbols
represent sites with observations of TN from published literature.” (lines 519-525)
9. L507. Can you explain the decrease in PON export?

During 1901-2014, the global PON inflow from croplands to the river networks

increased because of the increase in cropland area. Meanwhile, the global PON inflow

from forest and grassland declined because of the decrease in area and the global

greening. Global greening improves vegetation cover (Cortés et al., 2021; Wang et al.,

2022) and reduces soil erosion. Altogether, we find a general slight decrease in PON

erosion across all plant functional types (PFTs) considered. We have added this

explanation in the revised manuscript.

“Global greening enhances vegetation cover (Cortés et al., 2021; Wang et al.,

2022) and reduces soil erosion, resulting in a general modest decrease in PON erosion

and PON exports to oceans.” (lines 548-550)

10. Figure 7. Better to use mg/L as concentration unit.

Yes, we have changed the unit to mg/L.

11. L586. Figs.



Sorry for the mistake. We have corrected this typo.

12. L625-627. ON inflow is simulated by ORCHIDEE CNP and Clateral, not NLAT.
Right?

Indeed, the ON inflow from land to rivers is derived from the OC inflow
simulated with ORCHIDEE-Clateral and observation-based C:N ratios of dissolved and

particulate matter.
13. Figure 11c. Wrong name of NLAT.
Sorry for the mistake. We have corrected it.
14. L738-741. Another important thing is to improve model structure and data quality.
Indeed, we agree with you, and have added this in the manuscript. Please see:

“This highlights the necessity for improvements in model structure and the quality
of both forcing data and evaluation data, as well as the implementation of ensemble-mean
assessments, akin to the recent methodologies applied to carbon exports to the oceans

(Liu et al., 2024).” (lines 784-787)
15. L863. Doi is invalid.

Sorry for the invalid DOI, we uploaded the data and code but forgot to publish it.
Now it works, https://zenodo.org/records/13309551.



https://zenodo.org/records/13309551

m Reviewer #2

The authors developed a new scheme for the lateral transfer of nitrogen over the land
surface and via the river network at 0.5° resolution. They implemented their scheme into
the land surface model ORCHIDEE and named it ORCHIDEE NLAT. The scheme
considers three nitrogen compounds: PON, DON, and DIN. The manuscript presents an
important contribution to Earth System Modelling. It utilizes the ORCHIDEE
capabilities by providing daily nitrogen loads, and not only annual loads as in existing

previous studies. It also comprises a good discussion on uncertainties (Sect. 3.4)

> Major comments

1. (1) What I do not understand is why they did not run the full ORCHIDEE model
themselves. Instead, ORCHIDEE_NLAT offline scheme was fed by output from
ORCHIDEE-CNP and ORCHIDEE-Clateral. Hence, its results heavily rely on input
data from other ORCHIDEE versions. (2) If the present offline scheme is an
independent model, why it is also called ORCHIDEE? (3) Are there any processes
duplicated in ORCHIDEE_NLAT, which had already been simulated by these other
ORCHIDEE version? (4) It should be clarified whether specific characteristics of the
model output are due to the process representation in ORCHIDEE NLAT or
whether they originate from the used input from the other OCHIDEE versions.

(1) The overarching idea behind the development of an offline model was to
provide a computationally efficient numerical tool in which the mathematical
representation of aquatic biogeochemical processes could easily be implemented,
calibrated and evaluated. This strategy holds for the processes currently implemented
but also for future processes involved in the C-N and other elemental cycles.
Furthermore, by construction, it can also be used to route the N leaching fluxes produced
by other LSMs (land surface models) in the future, allowing for applications at various

scales and across different regions. This has been illustrated in the revised manuscript.

(2) Yes, the present offline scheme is an independent model, and has potential to
be forced with output datasets from other land surface models. Therefore, we propose to
rename the model LSM_Nlateral Off (Land Surface Model, N lateral transfer module,
Offline).

(3) The water flow processes in LSM_Nilateral Off are consistent with that in



ORCHIDEE-Clateral, while the lateral N transport processes are newly developed in this
study, and have not been simulated in any other versions of ORCHIDEE.

(4) Based on our analysis, the characteristics of water and N inflows from land to
rivers are derived from the simulation results of ORCHIDEE-Clateral and ORCHIDEE-
CNP. Whereas the characteristics of water and N export to oceans result from the
combined influence of the input data from other versions of ORCHIDEE and the process
representation in LSM_Nlateral Off. We have added an explanation on this point in the

revised manuscript.

“Input data for LSM_Nlateral Off are provided by ORCHIDEE-CNP and
ORCHIDEE-Clateral, so the characteristics of N inflows from land to rivers are derived
from the simulation results of ORCHIDEE-Clateral and ORCHIDEE-CNP. Whereas the
characteristics of denitrification and N export to oceans result from the combined
influence of the input data from other versions of ORCHIDEE and the process
representation in LSM_Nlateral Off.” (lines 531-536)

. Lateral nitrogen flows are simulated for the period 1901-2014. Unfortunately, no
information on the atmospheric forcing for the land surface model is provided (i.e.

for the input provided by ORCHIDEE_CNP).

Sorry for omitting the information on the climatic forcing data of ORCHIDEE-
CNP and ORCHIDEE-Clateral. The climatic forcing datasets for these two models are
derived from the Global Soil Wetness Project phase 3 (GSWP3). We have included this

information in Table 1. Please see:

“Table 1. List of forcing data of ORCHIDEE-Clateral and ORCHIDEE-CNP and
LSM_Nilateral Off, and the observational data used to evaluate the simulation results.
Sres and Tres are the original spatial and temporal resolution of the forcing data,

respectively.

Data Stes Tres Data source

) Climatic forcing data
Forcing data of .
(precipitation, temperature,

ORCHIDEE- incomine shortwave/ Global Soil Wetness
Clateral and lonewa gera diation. air 1° 3 hours Project Phase 3 (GSWP
ORCHIDEE- SWave Ia : 3) (Kim et al., 2017)
CNP pressure, wind speed,

relative humidity)




ESA-CCI LUH2v2
database (Hurtt et al.,

Land cover 0.5 1 year 2011: Lurton et al.,
2020)
Soil texture class 0.5° - Reynolds et al. (1999)
HWSD v1.2
Soil bulk density and pH 30" — (FAO/ITASA/ISRIC/ISS
CAS/JRC,2012)
Fertilizer application 0.5° 1lyear Luetal., 2017
Manure application 5' 1 year  Zhangetal., 2017
Nitrogen deposition 0.5 1l year IGAC/SPARC CCMI
Runoff
Drainage
DOC and POC with runoff ORCHIDEE-Clateral
ay
DOC and POC with (Zhang et al., 2022)
drainage
Soil temperature (TS)
Forcing data of
ORCHIDEE- DIN with runoff and
Nilateral drainage ORCHIDEE-CNP
1° 1 day
DON leaching from (Sun et al., 2021)
manure application
DIN and DON with
an W 0.5° 1lyear Beusenetal., 2016
sewage
Flow direction
0.5¢ / Vorosmarty et al., 2000
Topographic index (fiopo)
Riverine water discharge / 1 day GRDC?
Evaluation data ;
. ) point
R TN N
iverine . and NO; / measur  GRQA®
concentration

ement



point
Riverine TN concentration / measur Table S1
ement

2 Global Runoff Data Centre (GRDC) (Federal Institute of Hydrology, 2018); ® Global River
water Quality Archive (GRQA) (Virro et al., 2021).” (lines 225-231)

3. Ido not find the evaluation of the model results in Sect. 3.1 to be very convincing. In
this respect, Figure 4 shows a rather trivial logarithmic plot where large (low)
simulated discharge/N values correspond to large (low) observed values. It shows
that the model values are generally of the right order of magnitude but hide the true
magnitude of “the biases. It may be better to show NSE or RRMSE in such a figure.
(2) In this respect, Figure 5 shows large biases with RRSME greater than 30% and
medium to low NSE for the three rivers considered. While I do not expect a high
performance for nitrogen loads, I am rather surprised by the low performance of the
simulated river discharge. If this performance is already low, it will most likely
prevent a good performance of the simulated nitrogen loads. (3) In addition, it is
implied that Fig. S4 shows a good agreement with the assessment of Marzadri et al.
(2021), which I strongly disagree (see comment below). (4) Also, the reasoning for
existing model biases is insufficient (see comments below). In my opinion, the

evaluation section requires a strong improvement before it is suitable for publication.

(1) Thank you for your suggestion. We provide both the logarithmic and normal
plots in the revised Fig. 4 and added NSE in the figure. The NSE values indicate that our

model accurately captures the observed water and TN flow.
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“Figure 4. Evaluation of LSM_Nlateral Off. Global-scale comparison between observed
and modelled annual-mean water discharge (a) and TN flow (b). Pink symbols represent
sites with observations of TN from GRQA, yellow symbols represent GRQA sites for
which TN concentrations were estimated from observations of NO3", and green symbols
represent sites with observations of TN from published literature.” (lines 519-525)

(2) We agree that the statistics (RRMSE and NSE) for these three sites with long
timeseries of nitrogen observations in Fig.5 are not particularly good. However, please
note that we performed the model evaluation on a daily time step. It is a big challenge
for global-scale river models to accurately simulate water discharge and TN flows at
daily time step. The water discharge simulated by ORCHIDEE-Clateral has been
evaluated in several previous studies (Lauerwald et al., 2017; Zhang et al., 2022),
demonstrating that ORCHIDEE-Clateral effectively simulates both the quantity and
seasonality of water discharge. Even so, we will add evaluation of water discharge at
other sites around the world where nitrogen observations are not available in support
information. Water discharge observations are derived from the GRDC dataset (as used
in the original manuscript). Mean bias error (MBE) and the Nash-Sutcliffe efficiency
coefficient (NSE) will be applied to assess the performance of LSM_Nlateral Off in

reproducing both the quantity and seasonality of water discharge.

(3) We agree with the reviewer that our paragraph lacked nuance, and we have

reformulated the statements, please refer to the response for minor comment #15.
(4) Please refer to the response for minor comment #14.

. Another point of concern is that the paper uses rather short reference periods for
comparison (1900-1910, 1991-2000 and 2001-2014). This is too short for
climatological studies and the identification of trends, especially given the large
interannual and decadal variability in hydrological variables, i.e. precipitation and

river runoff, which largely influence the lateral nitrogen flows into the ocean.

Thank you for your valuable advice. In this manuscript, we did not attempt to
identify the trends of N variables during the periods of 1901-1910 or 2001-2014. Over
the past several decades, the cumulative effects of climate change, increased population,
industrialization and agricultural fertiliser use have accelerated the global N cycle, and
increased N leaching into river networks (Fowler et al. 2013), which is mainly caused by
anthropogenic activities (Beusen et al., 2016). We attempt to quantify the differences in

fluxes related to N lateral transfer and transformations between a stage with limited



human influence (1901-1910) and a strong human influence (2001-2014). To avoid the
influence of interannual variability in climatological data on N lateral transfer, we

employed ten-year average values to compare the differences between the two periods.

For example, global mean annual TN input to rivers during 1901-1910 was 36.81
Tg N yr!, with a standard deviation (SD) of 1.56 Tg N yr'. In contrast, during 2001-
2014, the global mean annual TN input is 64.89 Tg N yr !, with a SD 0f 2.93 Tg N yr".
The interannual variations of global TN inputs to the rivers over 1901-1910 and 2001-
2014 are only about 4-5% of the mean annual TN input.

In addition, for the comparison of N inflows simulated by LSM_Nlateral Off
and IMAGE-GNM, we present results for the period from 1901-2000, rather than 1991-
2000 in the original manuscript. Please see section 3.3 and Fig. 11 in the original

manuscript.

As the manuscript includes a lot of typos and some overly long sentences, I

recommend a thorough English proof reading.

Thank you. We have double checked the whole manuscript and corrected typos

and mistakes.

In summary, the paper describes a relevant model development and provides valuable

results, but currently suffers from several flaws, especially in the evaluation section and

in the robust identification of trends. Hence, it may be accepted for publication after

major revisions are conducted.

> Minor comments

In the following suggestions for editorial corrections are marked in Izalic.

1.

Line 26. I found the naming of the new scheme (ORCHIDE-NLAT) inconsistent
with the previously established lateral transfer scheme for carbon (ORCHIDEE _
Clateral). In addition, NLAT is a typical abbreviation for No. of latitudes. I suggest
a consistent renaming of the new scheme to ORCHIDEE_NLAT.

Thanks for your suggestion. We have changed ORCHIDEE-NLAT to
LSM_Nlateral Off.

Line 182. “... of the model driving ...”



Thanks, we have corrected the text following your suggestion.

Line 201, 214 and 218. In Sect. 2.1.2, you are referring to Table 1 several times. I
could hardly find the table until I realized that it is located in Sect. 2.3.1 nine pages

later.

Thanks for your thoughtful suggestion, we have moved Table 1 from Sect. 2.3.1
to Sect. 2.1.2.

Line 213. “... and the data were downscaled ...”
Thanks, we have corrected the text following your suggestion.

Line 219. Sect. 2.1.3 comprises several sets of very similar equations, e.g. eqs.1-3, 4-
8, 12-16, 17-19, 20- 24, 25-27. This makes this section lengthy and repetitive. Please

shorten!

Thank you for your detailed advice, we have shortened the text by integrating

several similar formulas into one formula. For example, Eqgs. 1-3 were changed from

S
“F _ fast_H20 1
H20 — (
fastout_H20 TrastX fropo )
F _ SSlOW_HZO 2
slowout_H20 — ( )

Tstow X ftopo

F _ Sstream_HZO 3 ”
downstream_H20 — Tstreamxftopo ( )
to
“F — SHZO
out_H20 Txftopo

where Fou 20 (km® d!) represents water outflow rates from fast (Fruswou r20) /slow
(Fstowour_H20) /stream (Faownstream_H20) T€SETVOIr; SH20 represents water stock (km?®) in fast
reservoir (Sys: #20) /slow reservoir (Ssiow r20) /stream reservoir (Sseeam H20); T TEPrEsents
water residence time for each reservoir, 3.0 days, 25.0 days and 0.24 days for fast
reservoir, slow reservoir and stream reservoir, respectively (Ngo-Duc et al., 2006); fiopo
represents grid-cell-specific topographic index (unitless, Vordsmarty et al., 2000).” (lines

246-253)
Line 354. “... flow rates are equal to ...”

Thanks, we have corrected the text following your suggestion.



Line 402 and 407. The RPE is commonly defined as mean bias or mean bias error

(MBE). Please use one of the two common terms.
Thanks, we have changed the RPE to mean bias error (MBE).

Line 403. Please provide the definition of the coefficient of determination that you

have used.

Thanks for your suggestion. Since the coefficient of determination is a widely

used statistical indicator, we provide a reference that defines it. Please see:

“The R? represents how much variation in the observations can be explained by

the model, for the definition of R?, please refer to Renaud et al. (2010).” (lines 417-419)
Line 426-428. Gramma of sentence seems wrong. Please improve.
Thanks, we have changed the original text from

“The FV represents the relevant flux, rate or concentration, we have that for each
grid cell, the monthly anomaly of FV can be calculated as the difference between the FV

value for a given month and its annual mean:”
To

“The FV represents the rate of water flow, denitrification, TN flow rates or TN
concentration in rivers. For each grid cell, the monthly anomaly of FV is calculated as the

difference between the FV value in a given month and the corresponding annual mean

value:” (lines 441-444)

10. Line 439. “Evaluation of the simulated water discharge using ...”

11.

12.

Thanks, we have corrected this sentence following your suggestion.

Line 447. The unit m*/yr is strange. Please use of the common units for river

discharge: m*'s or km?®/yr.
Following your suggestion, we have changed the unit from m?® yr! to km? yr.

Line 447-448. It is written
“...indicating that large errors only occur at some sites draining relatively small

basins”



This is not necessarily the case. Such an error may also occur in large basins in dry

areas. Please clarify!

Thanks for your thoughtful suggestion. The result we intend to show is that the
larger errors tend to occur in areas where the water flow is low. We have changed this

statement to

“... indicating that large errors tend to occur at sites where water discharge is low”

(lines 463-464)

We also have double checked the whole manuscript to make sure all similar errors

in the manuscript have been revised.

13. Line 449-454.
No, there are more factors. A very important factor is actually that biases in the
land surface water balance of ORCHIDEE will introduce biases in runoff and,
hence, in the discharge. And as you are using runoff inputs from an ORCHIDEE
simulation, this factor is very likely the largest factor contributing to biases in

streamflow/discharge.

Thanks for your thoughtful suggestion. Uncertainty in runoff and drainage is
another important reason causing biases of N lateral transfer. We have added this reason

in the revised manuscript as follows:

“(3) the biases in runoff and drainage simulated by ORCHIDEE-Clateral, which
may result from deviations in meteorological data and the parameterization of soil

hydraulic properties.” (lines 470-472)
14. _Line 464-465, see comment to line 447-448.
Please refer to the detailed response for your minor comments #12.

15. Line 482-484 It is written:
“Nevertheless, the agreement between both assessments (Fig. S4) lends further
confidence in the capacity of our model to realistically simulate the N cycle along

the global river network.”

I strongly disagree with this statement as Fig.S4 indicates considerable differences

between both assessments.



16.

We agree with the reviewer that our paragraph lacked nuance, and we have

reformulated the statements as follows:

“The simulated DIN concentrations display similar spatial patterns as those
obtained from a recent observation-based machine learning (ML) assessment (Marzadri et
al., 2021) in regions such as North America, Western Europe, Eastern China, and India.
However, in the Amazon, Africa, and Australia, LSM_Nlateral Off simulated lower DIN
concentrations compared to the ML assessment. The lower DIN concentrations in these
areas are attributed to different factors. In Australia, low N inflow into rivers results in
low DIN concentrations, while in the Amazon and tropical rainforests of Aftrica, high
denitrification rates are primarily responsible for the low DIN concentrations (Fig. 7). The
ML involves a significant degree of empirical modelling, and doesn’t fully reflect real-
world conditions; therefore, this comparison cannot be regarded as a direct evaluation of
the model based on data. The consistency between these two models across most regions
globally (e.g., North America, Western Europe, Eastern China, and India) suggests that
the LSM_Nlateral Off overall performs reasonably well in simulating DIN lateral

transfer processes.” (lines 505-519)

Line 513-515 It is written:
“The reality of this transient peak is however questionable as it results mostly from

meteorological forcing, which is uncertain for the beginning of the 20th century.”

Unfortunately, no information on the atmospheric forcing is provided (see major

remarks).

The climate forcing data is taken from the Global Soil Wetness Project Phase 3
(GSWP3). The forcing data information has been added in Table 1, please refer to our
response for your major comment #2. In the beginning of the 20th century, the global
total amount of heavy rainfall (>25 mmin™') was higher, which caused more runoff and
more TN flow into rivers (Fig. S5). Research of long period runoff fluctuations also
reported high global runoff in the beginning of the 20th century (Probst and Tardy 1989).
ORCHIDEE has been used to simulate global lateral C transfer processes, and a similar
phenomenon occurs in simulated variables of C lateral transfer (Zhang et al., under
review). We have double checked the climate data and model code to make sure our
simulations and data analysis are correct. And the relevant expressions are also improved

in the revised manuscript:



“The global TN input into rivers, TN exports to oceans and the denitrification in
rivers all show a small peak between 1926 and 1931 due to the relatively higher surface
runoff during this period (Fig. S4). The reality of this transient peak results mostly from
meteorological forcing. During this period, the global total amount of heavy rainfall (>25
mm d™') was higher, which caused more runoff and more TN flow into rivers (Fig. S5).
Research of long period runoff fluctuations also reported high global runoff in during the
period (Probst and Tardy 1989).” (lines 549-556)
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Figure S5. Global annual TN flow into rivers, runoff and heavy rainfall (> 25 mm d')

from 1901 to 2014.
17. Line 531. “... the grid boxes with ...”
Thanks, we have corrected it.
18. _Line 541-545. Sentence is too long and difficult to read. Please rephrase.
Thanks, we have rephrased the original sentence from:

“Unsurprisingly, the TN export to oceans increased in most regions since the
beginning of the 20th century (Fig. 8c) and in regions such as the south-eastern coastal
areas of China, not only the recent TN exports to oceans are relatively high, but also the

percentage increase over the 20th century exceeded 100% (Fig. 7c and Fig. 8c).”
to

“Unsurprisingly, TN exports to the oceans have increased in most regions since

the early 20th century (Fig. 8c). In regions such as the southeastern coastal areas of



China, TN exports to oceans increased by more than 100% from 1901-1910 to 2001-2014
(Fig. 8c).” (lines 582-586)

19. _Line 596. “...simulations, and downscale ...”
Thanks, we have corrected it.

20. Line 595-596. It is written:
“Ocean biogeochemical modelling community typically uses annual mean TN fluxes

derived from Global News to force their simulations”

Please provide solid reference(s) for this statement, i.e. that is more than a

utilization in a single study.

Following your suggestion, we have added references for this statement. Please

S€C:

“This result is important because the ocean biogeochemical modelling community
typically uses annual mean TN fluxes derived from Global News to force their

simulations (Tjiputra et al., 2020),” (lines 620-623)
21. _Line 602. “... into rivers, denitrification ...”
Thanks, we have corrected it.
22. Line 624-628. Sentence is too long and difficult to read. Please rephrase.
Sorry for the lengthy sentence. we have rephased it from:

“The results however markedly differ regarding organic N (ON=PON+DON) with
IMAGE-GNM simulating a significant increase from 24.9 Tg N yr! during 1901-1910 to
37.9 Tg N yr'! in during 1990-2000, while the ON inflow simulated by
LSM Nilateral Off shows a weaker increasing trend over the same period (26.5 Tg N yr’!
during 1901-1910 to 32.4 Tg N yr'! during 1990-2000).”

to

“Therefore, the organic nitrogen (ON = PON + DON) fluxes simulated by
IMAGE-GNM and LSM_Nilateral Off differ significantly. The ON inflow simulated by
IMAGE-GNM shows a substantial increase from 24.9 Tg N yr! during 1901-1910 to
37.9 Tg N yr! during 1990-2000, while LSM_Nlateral Off simulates a weaker increasing
trend over the same period, from 26.5 Tg N yr ' to 32.4 Tg N yr'.” (lines 664-669)



23. Line 726. “... model used in ...”
Thanks, we have corrected it.

24. Line 825. “... reproduces ...”
Thanks, we have corrected it.

25. Line 827. “... global simulation of ...”
Thanks, we have corrected it.

26. References.

The reference section has to be carefully checked as many references include the

full names of the authors instead of initials for the given names.

Sorry for the mistakes. we have double checked the reference section to make all

references be listed following the guide in the author guide of the ESD.
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