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Abstract River nitrogen export is simulated within the Community Earth System Model (CESM) by cou-
pling nitrogen leaching and runoff fluxes from the Community Land Model (CLM) to the River Transport
Model (RTM). The coupled CLM-RTM prognostically simulates the downstream impact of human N cycle
perturbation on coastal areas. It also provides a framework for estimating denitrification fluxes of N, and
associated trace gases like N,O in soils and river sediments. An important limitation of the current model is
that it only simulates dissolved inorganic nitrogen (DIN) river export, due to the lack of dissolved organic
nitrogen (DON) and particulate nitrogen (PN) leaching fluxes in CLM. In addition, the partitioning of soil N
loss in CLM between the primary loss pathways of denitrification and N leaching/runoff appears heavily
skewed toward denitrification compared to other literature estimates, especially in nonagricultural regions,
and also varies considerably among the four model configurations presented here. River N export is gener-
ally well predicted in the model configurations that include midlatitude crops, but tends to be underpre-
dicted in rivers that are less perturbed by human agriculture. This is especially true in the tropics, where
CLM likely underestimates leaching and runoff of all forms of nitrogen. River export of DIN is overpredicted
in some relatively unperturbed Arctic rivers, which may result from excessive N inputs to those regions in
CLM. Better representation of N loss in CLM can improve confidence in model results with respect to the
core model objective of simulating nitrogen limitation of the carbon cycle.

1. Introduction

Nitrogen is a key limiting nutrient that strongly influences the carbon cycle through down regulation of
gross primary production (GPP) and soil decomposition. Nitrogen is increasingly being incorporated into
terrestrial ecosystem models (TEMs), with the goal of more accurately predicting the evolution of atmos-
pheric CO, and also allowing the explicit calculation of the soil emissions of environmentally important
reactive nitrogen species like N,O. Carbon-only models that neglect nitrogen limitation have been criticized
for predicting overly optimistic future land carbon uptake via the CO, fertilization effect, which cannot be
supported by the limited available N [Friedlingstein et al., 2006; Hungate et al., 2003; Wang and Houlton,
2009]. Indeed, climate models coupled to TEMs that include nitrogen limitation tend to predict higher
future atmospheric CO, concentrations, due to reduced CO, fertilization, than climate models coupled to
carbon-only TEMs [Sokolov et al., 2008; Thornton et al., 2009; Zaehle et al., 2014]. This is true despite the miti-
gating effect of climate change-induced enhancement of soil nitrogen mineralization, which promotes N
availability to plants [Shaver et al., 1992; McGuire et al., 2007].

In the TEM framework, nitrogen controls GPP and soil decomposition via the soil inorganic nitrogen pool.
This pool comprises only a small fraction of total ecosystem nitrogen (<1% in many TEMs), but exerts a dis-
proportionately large effect on the model carbon cycle. The size of the soil inorganic N pool reflects a
dynamic balance between inputs and outputs. External N inputs to TEMs include biological nitrogen fixa-
tion, atmospheric deposition and, in models that include human agriculture, the application of nitrogenous
fertilizers to soils. All three processes, particularly N fertilizer application, have increased over the past cen-
tury due to human activities, leading to large changes in both the geographic distribution and the overall
magnitude of N inputs to terrestrial ecosystems [Galloway et al., 2004, 2008]. Outputs include N leaching
losses and volatilization of gaseous species like N, N,O, NO, and NHs. A net positive balance between N
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inputs and outputs leads to net ecosystem N retention, with associated carbon storage that is particularly
important in forest ecosystems with wide CN ratios in woody tissue [Hungate et al, 2003; Wang and
Houlton, 2009].

N inputs from atmospheric deposition in TEMs typically are prescribed based on atmospheric chemistry
transport model simulations, with careful attention to magnitude and geographic distribution [Lamarque
et al., 2005; Dentener et al., 2006]. N inputs from biological nitrogen fixation (BNF) commonly are parameter-
ized as functions of NPP or evapotranspiration [Cleveland et al., 1999]. These parameterizations involve sub-
stantial uncertainty and may tend to overestimate BNF in temperate and boreal ecosystems, but still
capture broad-scale geographic patterns reasonably well [Cleveland et al., 1999; Thomas et al., 2013b].

In contrast, inorganic N losses in TEMs, including leaching and denitrification fluxes, are not always realistic
biogeochemically and the ultimate fate of the N after it leaves the model generally is not specified. In earlier
versions of CLM, N leaching fluxes were dramatically underestimated relative to available observations in
forest and boreal ecosystems, while denitrification was prescribed as an ad hoc loss of a fixed fraction of
excess mineral N that primarily served to prevent inorganic N buildup [Thomas et al., 2013a]. Inorganic N
losses thus are one of the most uncertain fluxes in global carbon-nitrogen models but at the same time
exert an important influence on how TEMs respond to increasing atmospheric CO,, e.g., helping to deter-
mine to what extent future NPP is restricted by progressive N limitation [Walker et al., 2015]. The scarcity of
suitable observations of N loss fluxes has been cited as a major impediment to developing and validating
global coupled C-N models and improving confidence in their future predictions of carbon uptake [Zaehle
etal, 2010].

Meanwhile, the growing anthropogenic perturbation to the global nitrogen cycle and the associated
increases in inorganic N loss are important environmental concerns in their own right. The main product of
denitrification, inert N, gas, is not itself a pollutant, but other gaseous N species lost from soil, including
N,O, NO,, and NHjs, contribute to localized acidification and eutrophication, air pollution, modified radiative
forcing, tropospheric O3 production, and stratospheric O3 loss [Forster et al., 2007; Ravishankara et al., 2009].
In addition, soil N leaching losses have led to increased nitrogen export in rivers, especially in agricultural
areas receiving large fertilizer inputs. The growth in river N export has led to coastal eutrophication and the
expansion of “dead zones” in coastal waters worldwide [Rabalais, 2002; Seitzinger et al., 2010; Howarth et al.,
2012]. Further, denitrification of N in river and stream sediments and receiving coastal areas is increasingly
recognized as an important source of N,O to the atmosphere [Beaulieu et al., 2011; Ivens et al., 2011].

In principle, terrestrial ecosystem models (TEMs) with coupled carbon-nitrogen interactions are appropriate,
prognostic tools for modeling the export of N in rivers to the coastal zone. TEMs can receive and process N
inputs from BNF, atmospheric deposition, and agricultural manure and synthetic fertilizer application. They
simulate soil hydrology and vegetation-dependent variations in primary production, decomposition, and
C:N ratios of leaves and soil organic matter. All these variables combine to influence the amount of N
leached from watersheds into groundwater, streams, and rivers. At present, however, TEMs are not widely
used to simulate river N dynamics [Lee et al., 2014]. Rather, most current models of river N export are pri-
marily diagnostic rather than prognostic [Seitzinger and Kroeze, 1998; Green et al., 2004; Van Drecht et al.,
2005; Wollheim et al., 2008].

Diagnostic river models use correlations between a variety of N inputs to watersheds and observed river N
export to estimate watershed-to-river “transfer coefficients,” which describe the leached fraction of the N
inputs. In many recent models, the prescribed N inputs are coupled to gridded global water balance/river
routing models with the primary goal of modeling river N export to the coastal zone, and in some cases
also tracking the evolution of N concentrations along the length of the river [Wollheim et al., 2008; Seitzinger
et al., 2010]. River routing models use topological networks to calculate horizontal flows of water and dis-
solved constituents between neighboring grid cells, based on mass balance relationships. Denitrification
loss within streams and rivers is parameterized a function of hydrological properties such flow volume,
velocity, and length. In-stream denitrification occurs primarily within oxygen-depleted bottom sediments
and typically removes about half of the original leached N input [Seitzinger et al., 2002; Boyer et al., 2006].
Fractional loss is greatest in small, slow moving streams, where long residence times and shallow depths
allow for frequent contact of dissolved nitrogen with sediments [Alexander et al., 2002; Seitzinger et al., 2002;
Donner et al., 2002; Wollheim et al., 2008].
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An advantage of diagnostic models is that they reproduce observed river N export relatively accurately,
with R? values typically in the 0.7-0.8 range [Seitzinger and Kroeze, 1998; Van Drecht et al., 2003]. The accu-
racy results in part from the empirically derived watershed-to-river N transfer coefficients and also from the
water runoff inputs to the river routing model. Runoff in these diagnostic models commonly is derived from
a water balance model driven by climatological precipitation and temperature inputs and is constrained to
agree with observed climatological river discharge [Fekete et al., 2002]. Despite their relative accuracy in
modeling current patterns of river N export, a disadvantage of diagnostic models is that they are bound by
existing relationships among river N export, climate, and N inputs to watersheds, whereas TEMs in principle
can model these relationships prognostically. This capability may be particularly important when diagnos-
ing river N export in future scenarios with encompassing changes in climate, agriculture, and atmospheric
N deposition.

In this paper, we present a preliminary effort to model river N export in a global TEM, the Community Land
Model (CLM) coupled to the River Transport Model (RTM), both of which are modules within the Community
Earth System Model (CESM). While current uncertainties in the CLM nitrogen leaching rates pose challenges,
we explore these uncertainties by examining results from several alternative versions of CLM. The distribu-
tion and magnitude of N leaching and volatilization losses and resulting differences in river N export pat-
terns among different model versions are evaluated. Our primary goal is to establish a framework for
modeling N river export, which will lay the groundwork for more realistic simulations as the representation
of the agricultural N cycle evolves in the model and the parameterization of denitrification and leaching
rates improves.

A secondary goal is to examine the potential of the coupled CLM-river N transport model to serve as a con-
straint on N loss pathways in the CLM-CN, given the relative abundance of river N concentration data com-
pared to the dearth of landscape denitrification data. The largest loss term for nitrogen from terrestrial
ecosystems is thought to be denitrification to N, gas [Gruber and Galloway, 2008; Schlesinger, 2009], but
measuring N, fluxes at regional or ecosystem scales is difficult given the large background burden in the
atmosphere [Groffman et al., 2006]. In contrast, the concentration of N in rivers and streams resulting from
leaching and runoff is relatively well documented in both observational and diagnostic river model data-
bases. Further, the N discharge observed at the coastal outlet of rivers provides a large-scale, integrated
measure of total N exported from the regional watershed [Meybeck, 1982; Van Drecht et al., 2003; Seitzinger
et al.,, 2010]. Thus, coupled TEM-river routing models, such as the CLM-RTM presented here, potentially can
serve as a constraint on N loss pathways in TEMs, while also permitting the representation of the increased
export of N in rivers to the coastal zone, one of the major consequences of global N cycle perturbation.

2. Methods

2.1. Community Land Model

The Community Land Model with coupled Carbon and Nitrogen cycles (CLM-CN) is the terrestrial compo-
nent of the Community Earth System Model [Thornton and Rosenbloom, 2005; Thornton et al., 2007; Thorn-
ton et al., 2009]. A more recent version of the model, CLM-BGC (biogeochemistry) v4.5, differs from CLM-CN
in that it includes vertically resolved soil biogeochemistry and explicitly resolves soil mineral NH; and NO3
pools [Koven et al., 2013]. The current study uses several different variants of CLM-BGC, run offline (i.e.,
uncoupled to all other CESM components except for the River Transport Model (RTM) described below) on
a 1.9° X 2.5° finite volume grid. External N inputs to CLM include BNF and atmospheric N deposition. BNF is
estimated using an NPP-scaled algorithm based on Cleveland et al. [1999]. Atmospheric N deposition is
based on an offline atmospheric transport model (ATM) simulation [Lamarque et al., 2005]. While the origi-
nal ATM simulation distinguishes reduced (NH ,) and oxidized (NOy) forms of reactive N, CLM assumes that
both forms go into the soil NH; pool upon deposition.

The CLM hydrology module simulates surface and subsurface fluxes of water, which are used as one-way
inputs to the River Transport Model (RTM) described below [Oleson et al., 2008]. The CLM biogeochemistry
module includes litter and soil organic matter dynamics and explicit competition between plants and soil
biota for soil mineral nitrogen resources. The soil biogeochemistry parameterizations are linked to the
model hydrology to calculate dissolved inorganic nitrogen (DIN) fluxes associated with both surface runoff
and subsurface leaching (the sum is referred to here as the leaching/runoff flux). At present, the model
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does not simulate dissolved organic N (DON) fluxes such as leaching losses or uptake by plants and mycor-
rhizae, nor does it simulate leaching of particulate nitrogen (PN), although both DON and PN are important
components of the total N flux in many rivers [Seitzinger et al., 2005].

CLM includes a crop model option, which is based on the Agro-IBIS agroecosystems model [Kucharik and
Brye, 2003; Kucharik and Twine, 2007], as described in Levis et al. [2012]. Agro-IBIS is a process-based ecosys-
tem model capable of simulating managed ecosystem dynamics to explicitly model corn, soybean, and
wheat crop systems. Global cropland distribution is prescribed for circa 2000 conditions based on the 0.5°
X 0.5° data set described in Ramankutty and Foley [1999], which is derived from a combination of remote
sensing and atlas data. Synthetic nitrogen fertilizer inputs are prescribed based on the above crop distribu-
tion and crop-specific fertilization rates. Uniform fertilization rates are assumed for each crop type, generally
based on information from North American crops, and the prescribed fertilizer input is directed into the soil
NH; pool. In CLM v4.5, the crop model is constrained to run under perpetual year 2000 conditions.

In this paper, we present results from four different variants of CLM v 4.5, differing in their spin-up as well as
their incorporation of nitrogen inputs. These versions allow us to analyze the impact of crops on nitrogen
losses with and without the use of fertilizer vis-a-vis a control simulation with no crops. In addition, we eval-
uate a simulation where the explicit surface cycling of nitrogen from fertilizer and manure application is
modeled. In the first three cases, the models are analyzed when the net ecosystem nitrogen exchange has
achieved a near equilibrium. This allows the model results to be compared against each other. An alterna-
tive framework would have been to run transient simulations from the preindustrial to the present day, as
the present-day nitrogen cycle is most likely not in balance due to increases in nitrogen inputs and land use
change. However, the mechanisms to input transient cropland from the preindustrial had not yet been
developed for these simulations. Further, errors in comparing spun-up simulations to measurements are
likely small in comparison to other model uncertainties.

A goal for the future is to develop a more sophisticated coupled C-N agricultural crop model that is fully
spun-up to the preindustrial and then forced with changing agricultural practices and land-use. For the cur-
rent study, we believe the four variants described below are sufficient to establish: (i) a framework for mod-
eling N river export and (ii) the potential of the coupled CLM-river N transport model to serve as a
constraint on N loss pathways in the CLM-CN.

1. The standard CLM-BGC v4.5 release with crop model option (Temperate Crop), which simulates managed
crops in the temperate zone north or south of 30° latitude and also includes a generic unmanaged crop
plant functional type (PFT) in the tropics [Levis et al, 2012]. Only managed crops receive N fertilizer
inputs. The Temperate Crop model was forced by a repeating 33 year NCEP atmospheric reanalysis data
set (1972-2004) [Qian et al., 2006] and run with CO, fixed at 367 ppm and constant 2000 N deposition.
For the results presented here, the simulation was started from a nominally spun-up initial file and run
an additional 175 years, at which time the nitrogen loss fluxes and the net ecosystem nitrogen exchange
had achieved a near equilibrium (Table 1). (The “nominally spun-up” initial file had branched off of a
spun-up no-crop version of CLM4.5 and run for 300 years (S. Levis, personal communication, 2015), but
was not yet in equilibrium with respect to net ecosystem N exchange.)

2. A version of the temperate crop model identical to that described above, except that the N fertilizer
input was set to zero (Temperate Crop NF). This simulation was started from the same nominally spun-up
initial file described above and run an additional 307 years (i.e., through four additional cycles of the 33
year NCEP atmospheric reanalysis data set compared to the standard Temperate Crop simulation), to
achieve a near equilibrium in the net ecosystem nitrogen exchange and N loss fluxes (Table 1).

3. The standard CLM-BGC v4.5 release without crops (No Crop), which includes N inputs from atmospheric
deposition and BNF but not fertilizer [Koven et al., 2013]. The no-crop model used the same meteorologi-
cal drivers and atmospheric N deposition and CO, forcing of the Temperate Crop simulations. This ver-
sion was initialized from a cold start, with a 1000 year accelerated decomposition spin-up, followed by a
200 year final spin-up and an additional 50 years simulation, at which point the nitrogen fluxes had
achieved a near equilibrium (Table 1).

4. A version of CLM-BGC v4.5 was developed to model the global NH, cycle following manure and fertilizer
input (Mechanistic NH,). This model estimates NH; volatilization, reactive nitrogen (N) run-off, and forma-
tion of soil mineral and organic N from sources of animal manure and synthetic fertilizer [Riddick et al.,
2015]. The nitrogen runoff is based on the runoff of rain water (as calculated in CLM4.5) and the
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Table 1. Soil Inorganic N Budgets for 3 Versions of CLM?

Temperate Crop NF

Temperate Crop

No Crop No N Fertilizer Standard Case

N Inputs

Biological N fixation 106 = 1 88*+0.9 88 0.9

Atmospheric deposition 65+0 65+ 0 65+ 0

Synthetic fertilizer 0 0 360
N Outputs

Leaching 0.6 = 0.02 9+04 12+ 06

Runoff 10205 19 0.7 24+09

Denitrification 91+6 83+ 4 105 =4

PFire (Pyrodenitrification) 61+6 42+4 42+4

“N,O emissions 40=*0.2 39+0.2 55+0.2
Net Ecosystem N Change —3=*11 0+7 —5=*7

2Table values are in Tg N yr~ ' and show the average and standard deviation of the last 10 simulation years.
PPyrodenitrification via biomass burning is shown in grey background because it is not lost directly from the soil inorganic N pool.
“N,0 loss is encompassed within the denitrification flux and thus is not included in the net ecosystem N change summation.

concentration of nitrogen in the total ammoniacal nitrogen (TAN) synthetic fertilizer and manure pools,
as calculated in the new NH, module. The simulation is effectively a “one-way” version of CLM in which
the NH, module receives hydrology, soil, and climate inputs from CLM but does not feedback on the car-
bon cycle. This model configuration therefore did not require fully spun-up carbon and nitrogen pools
within CLM and for that reason is not included in Table 1 below. Instead of the crop PFT-based approach
for specifying N fertilizer inputs, the Mechanistic NH, model uses prescribed manure inputs circa 2007 of
128 TgN/yr and synthetic fertilizer inputs circa 2000 of 70 TgN/yr from Potter et al. [2010]. The model was
run for 20 years beginning in 1990 with cycled CRUNCEP meteorology [Viovy and Ciais, 2009] with tran-
sient N deposition through 2005 and CO, fixed at 367 ppm. Only fluxes calculated directly from the
Mechanistic NH, model from input manure and fertilizer (and not CLM) fluxes, from the last 10 years of
the simulation, are presented here.

2.2. River Transport Model With N Added as Tracer

The River Transport Model (RTM) [Dai and Trenberth, 2002; Branstetter and Erickson, 2003] is a river routing
scheme that is a stand-alone module within CESM. RTM receives surface and subsurface runoff from the
CLM hydrology module and routes the water among cells to their downstream neighbors using elevational
gradients and a mass balance between horizontal water inflows and outflows. The horizontal inflows repre-
sent the sum of the inflows from adjacent upstream cells. The downstream flow direction for each cell is
determined based on the steepest downhill slope. Since RTM is typically run at finer resolution (0.5° X 0.5°)
than CLM, the CLM runoff is interpolated to the RTM grid. For this study, the combined dissolved inorganic
N runoff and leaching fluxes calculated by CLM were used as a new input to RTM, and DIN was added as a
new transported variable (in addition to water and ice) within RTM. Here, “runoff” is defined as the dissolved
nitrate in surface runoff, while leaching refers to subsurface loss of nitrate dissolved in soil water. Although
an optional flooding module exists in CLM, the CLM fluxes were input to RTM in one-way mode. Thus, RTM
does not represent long-term storage and release of groundwater or its dissolved N constituents to rivers
and streams.

Nitrogen is lost to denitrification during its course downstream and may also be subject to other transfor-
mations such as assimilatory N uptake and nitrification. For the current study, we focus on denitrification as
the first order control on N removal in river networks, consistent with other global-scale efforts that omit
the higher order processes [Wollheim et al., 2008; Seitzinger et al., 2002, 2010]. Our treatment of N contrasts
with that of water, which is transported conservatively to the ocean by RTM. We simulate in-stream denitrifi-
cation using the relationship described in Wollheim et al. [2008],

f=1—exp(—vst/d), M

where f is the steady state fraction denitrified, d is depth (m) estimated as an empirical function of flow as
per Leopold and Maddock [1953], v¢ (m/yr) represents a biological activity coefficient for denitrifiers which is
set to a constant value of 35 m/yr. 7 is the residence time within the river in years, estimated as the distance
of each 0.5° river segment divided by the assumed RTM constant flow rate of 0.35 m/s. The river segment

NEVISON ET AL.

RIVER NITROGEN EXPORT IN CESM 276



QAG U Journal of Advances in Modeling Earth Systems  10.100212015is000573

distance in RTM is based on grid cell length and does not account for sinuous or meandering rivers. The
steady state removal fractions from equation (1) are too large for a discrete time step model with a rela-
tively frequent 30 min time step, so they are transformed to appropriate values following Olson [1963],

f'=1—exp[(—In(1—f)At /1], )
where At and 7 are both expressed in seconds.

N removal from streams and rivers increases proportionally to the dissolved concentration of reactive N.
Therefore, removal can be modeled as a first-order reaction rate.

Sed _Denit(gN/s) =f'"M/At, 3)

where Sed_Denit is the rate of sediment denitrification in gN/s and M is the mass of nitrogen in the river in
grams N.

Because equation (1) and its implementation in RTM are uncertain, we experimented with several modifica-
tions to test the sensitivity of RTM results to the sediment denitrification parameterization. The sensitivity
experiments were all conducted with 10 year simulations (years 166-175) using CLM leaching inputs from
the standard Temperate Crop model. The modifications were: (1) Doubling the residence time t, with the
rationale that the RTM likely underestimates the residence time of river water due to a variety of factors,
including neglecting to represent meandering rivers. (2) Raising the power of the depth variable in equation
(1) from the standard d~ to d”'~. The rationale for this test was that the RTM represents all water flow in a
given grid cell as a single stream or river, when in reality it is often a group of smaller, shallower streams.
This modification allows for higher rates of denitrification in grids with relatively low flow and shallow
streams (d < Tm) and tends to reduce denitrification in large rivers (d > Tm) with less opportunity for con-
tact with bottom sediments. (3) As a final sensitivity test, we imposed both (1) and (2) simultaneously.

2.3. STN-30p and Global NEWS

For this study, we replaced the standard RTM flow direction data set with an external database of river
topology to aid in the analysis of RTM results. The Simulated Topological Network (STN-30p) data set pro-
vides an accurate representation of the global river system at 30 min (0.5°) spatial resolution, coinciding
with the standard RTM resolution. STN-30p comes with supporting metadata for basin-wide or subbasin
characteristics such as Strahler stream order, main stem length and catchment area, which are useful for
grouping grid cells into common watershed basins for comparison to observations and diagnostic model
results [Vorosmarty et al., 2000; Fekete et al., 2001]. While the STN-30p and standard RTM flow direction data
sets are similar, the correspondence of the resulting river network is not always exact. For, example, the lon-
gest main stem length assigned to the Amazon, representing its site of discharge to the ocean, is displaced
1 grid cell to the north in RTM relative to STN-30p.

Another advantage of STN-30p is that it has been widely used in diagnostic models of river N export, includ-
ing the Global Nutrient Export from Watersheds (NEWS) model [Van Drecht et al., 2003; Seitzinger et al.,
2010]. Global NEWS estimates the export of important nutrients, including N, P, and Si, to the ocean from
more than 6000 global rivers, using prescribed nutrient inputs to the corresponding watersheds. Global
NEWS provides metadata on these watersheds, along with model estimates of total N (TN) export, parti-
tioned into DIN, DON, and particulate nitrogen (PN) [Mayorga et al., 2010]. Although the N export estimates
are model based, they are useful as reference values in cases where observations are not available. Here, for
example, the NEWS DIN:TN ratio is used to identify rivers that are most strongly affected by human activity,
with the assumption that rivers dominated by DON or PN are likely to be in a more natural condition than
rivers dominated by DIN [Wollheim et al., 2008; Tank et al., 2012].

STN-30p and the standard RTM flow direction data set yield similar values for global river N export. This is
true despite the fact that the substitution of STN-30p restores 164 endorheic basins that were edited out of
the RTM data set to ensure mass balance between global runoff inputs to rivers and outputs to the ocean.
In practice, this endorheic flow accounts for only ~1% of the RTM water budget and close to 0% of the N
export and thus is not discussed in the results below.
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2.4. Observational Data

Observed values of annual mean TN export in 31 world rivers were taken from Table 4 of Van Drecht et al.
[2003]. These values were based on total N concentrations from Meybeck and Ragu [1997] multiplied by vol-
ume discharge from Fekete et al. [2002]. Observed annual mean DIN export from 19 of these rivers was
taken from Table A1 of Dumont et al. [2005]. For the remaining 12 rivers, the Global NEWS DIN:TN ratio was
used to scale observed TN to estimate observed DIN export. Additional data from the United States Geolog-
ical Survey (USGS) National Water Information System (NWIS) (http://waterdata.usgs.gov/nwis/qw) were
used to evaluate seasonality in volume discharge and dissolved NO; and total (unfiltered) N concentrations
at the mouth of the Mississippi River. (For the Mississippi data set, [NO; ] was directly measured, rather than
estimated based on Global NEWS DIN/TN ratios, as described above for the global data set.) The USGS NWIS
observations are from the station at St. Francisville, LA (30.8°N, 91.4°W) over the period 1974-2014, with
substantially greater data density in the latter half of the record. Interannual variability in NO; and TN
export at this station (calculated as the product of discharge and N concentration) was estimated by inter-
polating the observed data over a complete annual cycle and integrating the interpolated data annually.
Only years with a minimum of at least five observation times, spanning a range of seasons, were included
in this calculation. Most of the CLM-RTM simulations presented below were forced with repeated 1972-
2004 cycles of NCEP atmospheric reanalysis data [Qian et al., 2006], which allowed model results to be lined
up to match the USGS NWIS observation years for the overlapping period 1974-2004.

3. Results

The three spun-up versions of CLM (No Crop, Temperate Crop NF, Temperate Crop) all have a near zero
change in net ecosystem N, suggesting that the model mineral nitrogen budget is roughly in balance. The
three models have identical atmospheric deposition inputs and similar biological nitrogen fixation inputs.
BNF decreases by 18 Tg N/yr from the No Crop case to the two crop cases, but the synthetic N fertilizer
input is double that amount (36 Tg N/yr) in the standard Temperate Crop case (Table 1).

The N loss terms are variable across the models, with particularly large differences in nitrate leaching and
runoff. These fluxes increase from 0.6 Tg N/yr and 10 Tg N/yr, respectively, in the No Crop model to 12 Tg
N/yr and 24 Tg N/yr, respectively, in the Temperate Crop model. Leaching and runoff are about 20-25%
lower in the Temperate Crop NF model compared to the standard Temperate Crop model, but are still sub-
stantially larger than in the No Crop case. All three models have large soil denitrification losses, ranging
from 83 to 105 Tg N/yr, and in all cases the partitioning of inorganic N loss is heavily weighted toward deni-
trification over leaching/runoff. The denitrification:leaching/runoff ratio is 75:25% in both crop model ver-
sions and as high as 90:10% in the No Crop model. Nitrogen losses from N,O emissions, which are
estimated as a fraction of denitrification, follow similar patterns as the denitrification losses. Pyrodenitrifica-
tion, which occurs via burning of organic N bound in vegetation and litter rather than microbial processing
of mineral N, is a notably large term (42-61 Tg N/yr) in the N budget of all three models.

The spatial distribution of the N loss fluxes varies substantially among model versions, particularly for leach-
ing/runoff (Figure 1). In the No Crop model, the leaching/runoff fluxes are concentrated in certain arid or
mountainous regions and are small elsewhere (Figure 1e). In contrast, the Temperate Crop model predicts
larger and more widespread leaching/runoff fluxes that occur mainly in agricultural areas. The Temperate
Crop NF leaching/runoff fluxes show similar patterns, but are ~25% lower relative to the standard Temper-
ate Crop case. Compared to leaching/runoff, the denitrification fluxes are more widely distributed across
the globe, with hot spots in the tropics, in temperate agricultural regions, and at northern high latitudes. In
the two crop model variants, the magnitude of denitrification intensifies in temperate agricultural regions
from the no fertilizer (NF) to the standard case. The pattern of fluxes for the Mechanistic NHy model are sim-
ilar to those for the Temperate Crop case [see Riddick et al., 2015], although the former model shows a
greater signal due to manure application in South America and Africa.

Coupling the CLM leaching/runoff fluxes to the RTM river N transport model yields lateral DIN fluxes that
trace the flow pathways of the world’s major rivers (Figure 2). RTM gridded land-to-ocean fluxes permit
global accounting of DIN export in rivers, while watershed metadata available from STN-30p and Global
NEWS allow these fluxes to be assigned to the coastal outlets of specific rivers. Figure 2 highlights results
for four selected rivers, using the Temperate Crop version of CLM coupled to RTM. This figure shows that
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Figure 1. Annual mean soil mineral N loss fluxes (mgN m~2 d "), comparing (left column) NO; leaching + runoff and (right column) soil denitrification fluxes from three versions of

CLM: (a, b) Temperate Crops, (¢, d) Temperate Crops NF (with no N fertilizer), and (e, f) No Crops.

DIN export in the Mississippi and Danube is somewhat underestimated relative to observed total N export
(which also include DON and PN), while export in the Amazon and Lena, watersheds less heavily impacted
by human agriculture, is more strongly underestimated.

The globally summed model river DIN budgets vary considerably, depending on which version of CLM is
used to provide nitrogen leaching/runoff inputs to RTM (Table 2). In the No Crop model, the relatively small
global DIN leaching/runoff input is more or less evenly distributed between export to the ocean and sedi-
ment denitrification loss. In the Temperate Crop NF, Temperate Crop, and Mechanistic NH, model variants,
most DIN is exported to the ocean with ~30-40% of the leaching/runoff input lost to sediment denitrifica-
tion. Total river DIN export to the ocean ranges from about 6 Tg N/yr in the No Crop cases to 21 Tg N/yr in
the Temperate Crop model.

The partitioning of the fate of the river N input, however, is sensitive to the parameterization of sediment
denitrification. Using the Temperate Crop model as the CLM leaching/runoff input, the standard sediment
denitrification parameterization yields a loss fraction of 40% (with 60% exported to the ocean). Relative to
this standard case, doubling the residence time of DIN in the river increases the loss fraction to 54%,
increasing the sensitivity to depth decreases it to 33%, and applying both changes increases it to 45%
(Table 3).
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Figure 2. DIN export to the ocean (in GgN yr~') from major world rivers using the Temperate Crop version of CLM coupled to RTM. Red
inset boxes compare modeled DIN export in three selected rivers to observed total N (TN) export from Van Drecht et al. [2003].

When the modeled DIN export to the ocean from 31 world rivers is compared to observed DIN export, most
versions of CLM-RTM capture some of the observed variability (Figure 3), but with substantial mean biases
and differences in modeled versus observed export among individual rivers in the subset of 11 of the 31 riv-
ers examined in Table 4. The model versus observed correlation coefficients range from R = 0.4 in the No
Crop case to R= 0.7 in the Temperate Crop and Temperate Crop NF cases and R = 0.8 in the Mechanistic
NH, case. These results are in large part due to the RTM's skill in capturing the observed volume discharge
in the rivers (R~0.95 for all versions). Plots of modeled versus observed [N] concentration at the mouths of
the rivers give a lower correlation coefficient that is generally not statistically significant.

Table 4 shows that the No Crop model strongly underestimates N export, by many orders of magnitude, in
rivers with high human impact. In contrast, the crop models capture observed DIN export reasonably well
in human-impacted rivers, with a slight negative bias for the standard Temperate Crop model and a more
substantial negative bias for the Temperate Crop NF model. In more natural watersheds, all models all
strongly underestimate export in tropical rivers like the Amazon and Orinoco, while the crop models tend
to overestimate DIN export in Arctic rivers like the Lena and Kolyma. However, DIN accounts for a relatively
small fraction of TN export in these natural rivers. When the Temperate Crop model results are compared to
observed TN, they underestimate TN export in all cases, even in the Arctic rivers (Figure 2). The Mechanistic
NH, version of CLM, with prescribed N fertilizer and manure inputs, captures observed DIN export well in
rivers impacted heavily by human activity (Figure 3b, red circles), and shows less overall bias and better
overall correlation with the selected rivers in Table 4 than the Temperate Crop model. At the same time, the
Mechanistic NH, model tends to strongly underestimate N export in more natural rivers, including Arctic riv-
ers (Table 4, Figure 3b, blue triangles). This is because the N export in the Mechanistic NH, is only due to
direct applied fertilizer and manure application and does not capture the export from the natural soils.

Using the Mississippi River watershed as an example, Figure 4 shows the partitioning of CLM soil N losses in
the Temperate Crop model, with denitrification dominating over leaching/runoff. Figure 4 also compares
the relative spatial pattern of CLM soil denitrification and CLM-RTM river sediment denitrification. The

Table 2. River DIN Budgets for Four Different Versions of CLM?

Temperate Crop NF Temperate Crop
No Crop No N Fertilizer Standard Case Mechanistic NHx
N Input to river 10.8 = 0.5 282*09 354*1.1 175*1
Export to ocean 56+03 172+05 214£0.7 125*+0.7
Sediment denitrification 51%+0.2 11.0*+04 14105 50*03

2All values are in Tg NO5-N yr~' and show the average and standard deviation of the last 10 simulation years.
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Table 3. River DIN Budgets: Sensitivity to Sediment Denitrification®

Double Increase Modify Residence Time
Standard Parameters Residence Time Sensitivity to Depth and Depth Sensitivity
1—exp(— vy /d) 1—exp(— v 2t/d) 1—exp(—vy /d"?) 1—exp(—vy 21/d")
N Input to river 354+1.1 354*1.1 354*1.1 354*1.1
Export to ocean 214=*07 16.2 = 0.6 238*038 19.5 = 0.7
Sediment denitrification 141+ 05 193+07 11.6 =04 16.0 = 0.6

2All values are in Tg NO5-N yr~' and show the average and standard deviation of the last 10 simulation years. All simulations are
based on the same CLM4.5 Temperate Crop simulation with N fertilizer, but use different parameterizations for sediment denitrification.
The standard parameterization is f = 1—exp(—v¢ t/d), where fis the fraction denitrified, d is depth, 7 is residence time, and v¢is the bio-
logical activity coefficient for denitrifiers.

coupled model predicts that soil denitrification dominates sediment denitrification by a factor of 10 (9.8 Tg
N/yr versus 0.75 = 0.25 Tg N/yr integrated across the Mississippi basin). While soil denitrification closely fol-
lows the spatial pattern of fertilizer N input, the pattern of sediment N loss shows substantial redistribution
along aquatic pathways, with highest sediment loss along the main stem of the Mississippi River. The spatial
distribution of sediment denitrification in turn is sensitive to the parameterization of that process in RTM.
Changing the sensitivity to depth, particularly in combination with an increase in river residence time, shifts
sediment denitrification out of the main stem and into smaller tributary regions (Figure 4f).

The seasonal pattern of N flow in rivers was investigated by comparing [NO; ] concentration and flow volume
observed by the USGS at the mouth of the Mississippi River to results from the Temperate Crop model and the
Mechanistic NH, model (Figure 5). Note that the interannual variability of the runoff here is not directly compa-
rable to the observations as simulated meteorological input does not directly correspond to the measured
years. Measured peak flow shows considerably interannual variability but generally occurs from the spring

a) No Crops b) Mechanistic NHx
R 4 RioGrande ,‘:LeﬂgtLawrence'. . i 1 TF 'ﬂbﬁssis'sip'a;
T3 o ooamﬂsslss;p bi 6 oPa ?1:1::
4 * mazon
z # uk@Colyinséa 5 e
22 _+” aKolyma eRhine a mw&ﬁﬁwmamﬁ
£ 1 ogdlama saeagfenerinoco Hahenna
= h 3 |
R o foombenai A s esharna : consiEiasesy
s b eParaibadoSul omanma
% -1 1 pDramefiatfbion Al ena
= -2 ®Balsas  yryguay 0 /.’ fukon
c .3 -1 #RioGrande
murra;i"_l_"m_ ___________
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
c) Temperate Crops: No N Fert d) Temperate Crops
_6 7 d\;‘issis.sipai 6 ,':\ﬁlssls.sip p
S 5 f;fanaanu waﬁ?gnube
=z ¢ #
o i L 5
% 4 #RioGrande awrgﬂf?e lRioGrande oNan gnce
= esegfbEgAmazon| 4 W‘“’ eSefphbEpAmazon
o
23 4anas’ .Susqt?ehanna 3 g';‘ g'r’?.Suggﬂehanna
a
Z5 ““"ﬁlﬁﬂ%sm 2 AMuer( HPM“‘DS“'
2 AOIenyt’ aDlene’/
E1 eDdialveGlama 1 eDdfalvemGlama
Alpdirray o
- Bl 3 B 4
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Obs DIN export In(GgN y™") Obs DIN export In(GgN y™")

Figure 3. Annual modeled DIN versus observed DIN export in GgN y~' (natural log scale) for 31 global rivers. Observed DIN is taken either
directly from observed DIN values in Table A5 of Dumont et al. [2005] (solid symbols) or calculated from observed TN values taken from
Table 4 of Van Drecht et al. [2003] and scaled by the Global NEWS model DIN/TN ratio (open symbols). Plots compare four different ver-
sions of CLM: (a) No Crop, (b) Mechanistic NHx model, (c) Temperate Crop with no N fertilizer, (d) Temperate Crop standard case. Red
circles are used for rivers that are most heavily impacted by human activity, as defined based on a Global NEWS DIN/TN ratio of >0.4. Blue
triangles are used for rivers in which N export is dominated by DON and/or PN. Black dot-dash line is the 1:1 line.
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Table 4. Modeled DIN Export Compared to Observed DIN Export in 11 Rivers

Temperate Crop:

Observed No Crop No N Fertilizer Temperate Crop Mechanistic NHx 2005
Tropical rivers with lower human impact®
Leaching GgN/yr NA 63 220 258 458
Export GgN/yr 1220 17 85 102 212
% Bias® NA —99% —89% —86% —74%
Arctic rivers with lower human impact®
Leaching GgN/yr NA 75 252 285 6
Export GgN/yr 89 48 167 185 3
% Bias® NA —47% +116% +139% —97%
Rivers with high human impact®
Leaching GgN/yr NA 166 1680 2320 2840
Export GgN/yr 1700 9 935 1260 1730
% Bias® NA —89% —28% —10% +2%
Combined lower and high human impact rivers
Export GgN/yr 3000 159 1187 1547 1945

#Amazon, Orinoco.

PCalculate bias for each river as (obs-model)/obs*100, then take mean for each category.

“Kolyma, Lena, Yukon.

dColumbia, Danube, Mississippi, Rhine, Saint Lawrence, Uruguay.

2 < dNote: these rivers were chosen because, for each category in Table 3, because they had the largest annual mean flow volumes
among the 31 rivers in Figure 3.

months until about June. The measurements also display considerable variability in the interannual and intran-
nual [NO5] and TN concentrations. Peak [NO5] tends to be slightly lagged and occurs in late spring to early
summer. Temporal patterns in TN concentrations closely follow those in [NO; ], with an average [NO]:TN ratio
of 0.67 in the USGS data set. The Temperate Crop and Mechanistic NH, models generally reproduce the
observed relationship between flow and [NO; ]. The fall minimum in the measured [NO; ] appears to be well
captured in the Mechanistic NH, model. Interannual variability in the springtime maximum obfuscates a
straightforward comparison of the springtime maximum. As currently configured, fertilization in the Mechanis-
tic NH, model is assumed to coincide with spring planting, while manure is spread constantly throughout the
year. More realistic fertilizer and manure application schedules would be expected to modify the seasonality.
RTM volume flow in both model versions tends to exceed observed flow, especially in spring, for reasons that
are not clear but may in part reflect natural interannual variability in the specific years sampled.

To examine more closely the interannual variability in RTM output and its relationship to climate, Figure 6
plots a 50 year time series of annual DIN export at the mouth of four major world rivers, juxtaposed against
the corresponding time series in annual mean NCEP rainfall integrated over the river watershed. The plot
covers the last 50 years of the 150 year Temperate Crop simulation. Crop distribution is held constant over
the course of the simulation, with the result that fertilizer N input is relatively unchanging and the variability
is driven primarily by climate, i.e., the simulation represents model variability in DIN export over a 50 year
period as it responds to variability in the cycled NCEP meteorological forcing. In general, a positive correla-
tion between interannual variability in model river N export and mean watershed rainfall is found, although
the strength of the relationship varies substantially among watersheds. Rainfall and N export correlate well
at R = 0.75 in the Yangtze (Chiang Jiang), which has the highest mean rainfall of the four rivers shown, and
more weakly at R = 0.22 in the Mississsippi river. Two European rivers, the Rhine and Danube show interme-
diate strength correlations of 0.47 and 0.35, respectively. A corresponding analysis of the CLM leaching/run-
off fluxes versus mean rainfall shows slightly weaker correlations, but very similar patterns, suggesting that
increased N leaching and runoff in wet years are the main drivers of the positive correlation between river
DIN export and mean rainfall. Similar calculations were performed with mean watershed surface air temper-
ature, but temperature was found to be a less reliable predictor of DIN export than rainfall.

The observed interannual variability in N export in the Mississippi River in USGS NWIS data from 1974 to
2004 is significantly correlated to mean annual NCEP rainfall integrated over the Mississippi basin for both
DIN (R =0.87) and TN (R = 0.64). The corresponding CLM-RTM results (corresponding to model years 3-23
in Figure 6) are comparable in mean value but substantially underestimate the interannual variability and
the strength of the correlation to mean rainfall (Figure 7).
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Figure 4. Watershed-scale results of the Temperate Crop CLM coupled to the RTM for the Mississippi River basin. (a) CLM DIN leach-
ing + runoff input to RTM, (b) CLM soil denitrification. The bottom four plots show RTM sediment denitrification with the (c) standard
1—exp(— vy t/d), (d) 1—exp(—vs1/d">), (e) 1—exp(—v; 2t/d), and (f) 1—exp(— v 2t/d'°) parameterizations.

4, Discussion

The results presented above illustrate the potential of the coupled CLM-RTM to simulate key biogeochemi-
cal fluxes pertaining to human N cycle perturbation and its downstream impact on coastal areas. Compared
to diagnostic models of river N export with tuned water balance and leaching inputs, CLM-RTM is a prog-
nostic model that offers greater flexibility for investigating the influence of climate on these fluxes and their
spatial and temporal variability. However, current model results vary considerably among different versions
of CLM and are sensitive to parameterizations that are not well constrained and processes, e.g., DON and
PN leaching, that are not represented.
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Figure 5. Seasonality of total N (TN) and [NO; ] concentrations (mg/L) and flow (km3/mon) observed at the mouth of the Mississippi River
at USGS NWIS station 30.8N, 91.4W in 2011-2013, compared to results (flow and [NO3] only) over 3 year period from two different versions
of CLM coupled to the RTM. The CLM years reflect interannual climate variability but do not correspond directly to real years.

Many of the differences in river DIN export among the model versions presented here arise due to the inclu-
sion or exclusion of crops per se and to a lesser extent due to the influence of synthetic fertilizer N inputs.
The introduction of cropping alone dramatically increases the CLM subsurface leaching loss by an order of
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Figure 6. Annual mean N export at the river mouth of four major world rivers from the last 50 years of the coupled RTM-Temperate Crop
CLM simulation, juxtaposed against mean annual rainfall from the NCEP reanalysis data used to force the simulation, integrated over the
watershed. (a) Mississippi, (b) Rhine, (c) Yangtze (Chiang Jiang), and (d) Danube.
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The differences in leaching/runoff in

different CLM configurations occur against the backdrop of the historical role of inorganic N loss fluxes,
which have functioned within CLM more as ad hoc terms that keep the inorganic N pool in check than as
realistic biogeochemical fluxes. Since the inorganic N pool exerts key controls on the CLM carbon cycle, bet-
ter constraints on the N loss fluxes that govern the size of this pool are important for improving confidence
in CLM results. Below we discuss the terms that determine the terrestrial N budget and their accuracy so as
to better understand the constraints that leaching and runoff place on the overall budget.

4.1. DIN Versus Total N Export

Comparison of simulated and observed N export to the ocean can provide some basic constraints on CLM
N leaching/runoff fluxes, although these constraints must be regarded with caution for several reasons.
First, the coupled CLM-RTM at present can only simulate DIN export to the coastal zone, and thus cannot
provide complete information about TN export, which consists mainly of PN and DON in many watersheds.
Literature estimates of global export under present day conditions are typically about 40-60 Tg N/yr for TN,
with over 40% of the export (about 20 TgN/yr) attributed to DIN and the remainder split more or less evenly
between DON and PN [Green et al., 2004; Galloway et al., 2004; Kroeze et al., 2012]. These global estimates
are based on diagnostic models of river N export and thus are to some extent modeled values themselves.
Nonetheless, the estimates are probably reasonably accurate, because the diagnostic models have been
tuned to agree with observed N export data in available rivers. Compared to the ~20 Tg N/yr yardstick,
modeled DIN export is far too low in the No Crop version of CLM, not surprisingly, given its lack of agricul-
tural perturbation. Export of DIN is better represented in the CLM versions with explicit application of fertil-
izer (Temperate Crops: 21 Tg N/yr) or fertilizer and manure (Mechanistic NH, model: 12 Tg N/yr).
Interestingly, it is also represented reasonably well in the CLM version with crops but lacking synthetic N fer-
tilizer (Temperate Crop NF: 17 Tg N/yr). The Temperate Crop global DIN export of 21 TgN/yr, agrees best
with the diagnostic model-based estimates, although this agreement on a global-scale reflects some cancel-
lation of errors among individual rivers (Figure 3). Evaluation of a selected set of individual rivers with high
human impact (in which DIN comprises most of TN) shows relatively low mean biases in the Temperate
Crop and the Mechanistic NH, model of —10% and +2%, respectively (Table 4).

In contrast, DIN export in low human impact rivers (i.e., in watersheds that have not been heavily polluted
by anthropogenic N) is poorly simulated in all versions of CLM examined. Furthermore, distinct patterns
emerge across characteristic tropical and Arctic rivers (Table 3). In tropical rivers, modeled export strongly
underestimates observed export, with large negative mean biases in all versions of CLM examined (Table 4).
However, DIN export in Arctic rivers is overestimated in many model versions (Figure 3, Table 4), with a
strong exception in the case of the Mechanistic NHyx model. The latter only includes the direct N runoff
from manure and fertilizer inputs, which are low in Arctic watersheds, and not the leaching or runoff from
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the CLM nitrogen pools. It also should be noted that all versions of CLM underestimate total N (TN) export
in Arctic rivers. Collectively, these results suggest that CLM-RTM tends to overestimate DIN leaching/runoff
in Arctic watersheds (while underestimating TN leaching/runoff), can represent DIN leaching and runoff rea-
sonably well in temperate agricultural areas, and strongly underestimates all forms of nitrogen leaching and
runoff in the tropics. This last result is consistent with the very small leaching/runoff fluxes in tropical Africa
and South America shown in Figure 1.

In low human impact rivers in both the tropics and the Arctic, dissolved organic and particulate N (DON
and PN) are the dominant forms of N observed [Wollheim et al., 2008; Tank et al., 2012]. In contrast, DIN
tends to dominate N export in anthropogenically perturbed rivers. The current CLM-RTM only simulates the
leaching, runoff, and river export of DIN, although direct observations of DIN and TN in the Mississippi River
suggests that the seasonal and interannual variability in these species are closely related (Figures 5 and 7).
In these observations, DIN accounts for about 2/3 of observed TN. Placeholder fluxes for both organic N and
C leaching exist in CLM, but these are not currently active variables. Other TEMs have parameterized DON
and DOC leaching as a small fraction of soil organic matter turnover [Gerber et al., 2010] and this approach
has been introduced to CLM-CN v4.0 in single grid simulations [Thomas et al., 2013b]. Introducing organic N
and C leaching into the full CLM potentially may have substantial feedbacks on soil organic matter, with
repercussions throughout the model. Particulate N is also an important component of river N export, espe-
cially in less perturbed rivers. PN, which consists mainly of organic N sorbed on mineral surfaces, is typically
is modeled based on physical erosion and sediment transport [Beusen et al., 2005]. Neither process currently
is considered in CLM (N. Rosenbloom, personal communication, 2015). Further, sediment retention in dams
and reservoirs, which is an important sink for PN in the river network, is not currently included in RTM [Syvit-
ski et al., 2003]. A more realistic accounting of DON and PN export thus would require incorporating a vari-
ety of new processes into CLM-RTM, but may be a needed step to represent the coupled carbon-nitrogen
cycle more fully.

4.2. Sediment Denitrification

A second issue that limits the use of observed river N export for constraining the CLM leaching/runoff fluxes
is that sediment denitrification loss of N within rivers and streams is not well quantified. It is possible, for
example, that CLM could underestimate the total DIN leaching/runoff input to RTM, but that RTM might
underestimate sediment denitrification loss within rivers and thus simulate an apparently reasonable total
N export to the ocean. Indeed, the fraction of the total DIN leaching/runoff input in the Temperate Crop
and Mechanistic NH, models that is denitrified in sediments, using the standard parameterization in RTM, is
only about 30-40%. This fraction falls on the low side of the ~50% removal rate reported in other model
studies [Seitzinger et al., 2002; Wollheim et al., 2008], and may reflect the lack of representation in RTM of
dams and reservoirs, which lead to increased retention time and removal by sediment denitrification [Van
Drecht et al., 2003]. Slightly more than half of the leaching/runoff input is denitrified before reaching the
ocean in the No Crop model, but this is likely because the input is small overall and much of it occurs in arid
regions. Such regions tend to have shallow rivers with low flow volume, which leads to a relatively large
sediment removal fraction of N input.

The sensitivity tests shown in Table 3 and Figure 4, using the Temperate Crop model, show that varying the
sediment denitrification parameters can increase the in-river loss fraction to up to 54% and lead to global
DIN export values that vary by = ~25% (ranging from 16 to 24 Tg N/yr). While these values vary consider-
ably, the observational constraints at present are too limited, both globally and with respect to individual
rivers, to distinguish which if any of the parameterization is the best. Within the scope of the current study,
given the other uncertainties, the sediment denitrification parameterization is probably a second order
issue, although one that merits more scrutiny in future work.

4.3. N Inputs

Biological nitrogen fixation (BNF) is an uncertain N input to CLM that can be constrained to some extent by
evaluating CLM-RTM river N export against observations. Other N inputs, including atmospheric N deposi-
tion and anthropogenic fertilizer, are relatively well known compared to N losses. Most global estimates of
fertilizer and manure application are within approximately 20% of each other [Potter et al., 2010], while
atmospheric deposition of nitrate and ammonium are also fairly well constrained by atmospheric measure-
ments. For example, Dentener et al. [2006] show that for the most part the mean modeled deposition from
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a multimembered model ensemble is within 50% of the measurements over a range of measurement sta-
tions. In contrast, the commonly used algorithms that scale BNF inputs as a function of NPP or evapotrans-
piration are not well validated against observations and probably tend to overestimate BNF in temperate
and boreal ecosystems [Cleveland et al., 1999; Thomas et al., 2013b]. Excess BNF inputs in turn can translate
into exaggerated N losses from these ecosystems as models attempt to rid themselves of excess N through
unrealistically high leaching and/or denitrification rates [Thomas et al., 2013a]. In CLM, most high latitude N
loss occurs through denitrification. Indeed Figure 1 shows that the denitrification rates in the Arctic are
higher than in any other global region, with the exception of temperate agricultural areas. However, N
leaching/runoff losses, even though only a small fraction of total N loss, may still be sufficiently large to con-
tribute to the overestimate of DIN export in Arctic rivers. Thus, the overestimate of DIN export in the Arctic
(Figure 3, Table 4) may be more a response to excessive N inputs to the model, serving to keep the inor-
ganic N pool in check, rather than a reflection of problems in the N loss parameterizations per se.

4.4, Partitioning of Denitrification Versus Leaching/Runoff

The underestimate of N leaching/runoff in the tropics suggests other loss pathways for nitrogen in CLM are
excessive. Denitrification dominates over leaching/runoff more or less everywhere in CLM, accounting for
75% of inorganic N loss in the Temperate Crop standard and NF models and about 90% of loss in the No
Crop model. Previous versions of CLM, such as CLM-CN v 4.0, had an even greater imbalance between the
two loss pathways, with negligible leaching and essentially 100% of inorganic N loss attributed to soil deni-
trification [Koven et al,, 2013]. The 75-90% denitrification loss fraction in the current CLM contrasts with
other estimates reported in the literature, which are highly uncertain themselves and range from 28%,
based on global isotopic mass balance calculations [Houlton et al., 2009, 2015], to about 60%, based on a
series of scalars representing the effects of climate and soil texture, drainage, and organic carbon content
on denitrification [Van Drecht et al., 2003].

Some have argued that it is not necessary to distinguish leaching and denitrification to accurately model
carbon-nitrogen interactions, since the functional influence of nitrogen on the model terrestrial carbon
cycle is the same regardless of the details of how it is lost from soil [Gerber et al., 2010]. Some models avoid
uncertainties in inorganic N loss fluxes altogether, because they by design are conservative with respect to
N inputs and outputs and consider only the internal recycling of N among soil and vegetation [Sokolov
et al.,, 2008]. In practice, this conservation of mass is not realistic in the face of global change scenarios,
which almost certainly will involve large N inputs to and losses from terrestrial ecosystems, with transient
imbalances in net retention [Galloway et al., 2004]. (Here, we note that the variability in N leaching/runoff
and denitrification among the model configurations presented in this paper was downplayed by the use of
No Crop and Temperate Crop cases in near-equilibrium with respect to net N balance, and would have
been larger if we had presented transient simulation results.)

In a relevant study, Thomas et al. [2013a] found that an earlier version of the model used here (CLM-CN v
4.0) tended to substantially underestimate the retention of atmospherically deposited N relative to field >N
tracer experiments (losing 55% of added N compared to the measured 27%), and suggested that model
performance might be improved by requiring N to cycle through organic matter before being denitrified. In
follow-up work, Thomas et al. [2013b] showed that the retention of N from long-term anthropogenic
increases in atmospheric N deposition was highly sensitive to the parameterization and assumed processes
of N losses. They found improved model simulation of the response to N deposition when denitrification
loss was parameterized as a function of N turnover in soil organic matter, rather than as a function of soil
inorganic N concentration (as in the current CLM v 4.5). They also found that their modified parameteriza-
tion tended to bring denitrification and leaching losses more into balance.

4.4.1. Regional Mass Balance Studies

On a regional scale, N mass balance studies in individual watersheds have also addressed the partitioning
of denitrification and leaching. These studies have typically found that about 20% (range 15-30%) of the N
input to the watershed is exported to the coast [Van Bremen et al., 2002; Swaney et al., 2012]. Assuming (as
per the discussion above) that the measured river N export at the coast is about half the original leaching/
runoff input, this suggests that ~40% of N input to the watershed is leached. Some apples to oranges issues
arise when trying to compare the regional mass balance studies to global CLM-RTM results. First, unlike
CLM, the regional studies explicitly account for N inputs via feed and food imports and N exports via crops,
livestock, and humans, without defining the ultimate fate (e.g., denitrification or leaching) of those exports,
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even though they are large terms in the budget. Second, the regional studies infer the fraction denitrified
as a residual of the better-known terms (coastal N export, agricultural import/export), typically concluding
that a large fraction, on the order of 50% or more, of N inputs to the watershed is lost to denitrification
somewhere in the landscape. However, whereas CLM-RTM distinguishes between soil and river sediment
denitrification, the regional studies define the “landscape” broadly to include denitrification in both soils
and sediments as well as in domains not explicitly represented in CLM-RTM, such as groundwater and ripar-
ian zones. Collectively, these apples to oranges issues make it difficult within the current model framework
to directly compare CLM-RTM results to the regional mass balance studies.

4.4.2, Pyrodenitrification

An additional consideration with respect to the partitioning between leaching/runoff and denitrification is
that a large fraction of the net total N input to CLM-CN is lost through pyrodenitrification, i.e., biomass burn-
ing of organic N resulting in pyrolytic conversion to N,. This is especially true in the No Crop model, in
which cropped regions, where CLM does not permit agricultural fires, are replaced by frequent-burning nat-
ural vegetation [Ward and Mahowald, 2015]. Pyrodenitrification is a term that is not explicitly considered in
many global and regional N budgets in the literature, but removes about 20-35% of annual N inputs in vari-
ous configurations of CLM (Table 1). The CLM pyrodenitrification total of 42-61 Tg N/yr exceeds the global
estimate of Andreae and Merlet [2001] of 26 Tg N/yr. Since CLM uses Andreae and Merlet’s N,:biomass con-
version factor, the source of the discrepancy with their estimate likely lies in the larger amount of nitrogen
biomass burned in CLM. If the soil denitrification and pyrodenitrification fluxes are combined, the total deni-
trification fraction of N loss in CLM increases to 94% in the No Crop version and just over 80% in the crop
model versions.

In considering the above results, we note that denitrification currently has a competitive advantage over
leaching in CLM; pyrodenitrification of organic N is represented explicitly while leaching of organic nitrogen
as DON or PN is not. Diagnostic river models have estimated total DON and PN export to the ocean at ~40
Tg N/yr [Beusen et al., 2005; Harrison et al., 2005]. The original leached amount may be substantially larger,
given the likelihood of in-river processing and additional loss of PN to sedimentation. In future work, incor-
poration of the DON and PN leaching and downstream processing into CLM-RTM could help to achieve a
more appropriate balance between denitrification and leaching and a more complete accounting of the
global N cycle.

To summarize, the partitioning of N loss in the current CLM appears heavily skewed toward denitrification
at the expense of leaching/runoff relative to other literature estimates. This lopsided partitioning is most
evident in the tropics, which is a region where model representation of mineral nutrient limitation is partic-
ularly important for the future evolution of atmospheric CO, [Thornton et al., 2009]. N loss in the Arctic also
appears skewed toward denitrification, but this point is obscured by the fact that CLM-RTM in some config-
urations actually tends to overestimate DIN export in Arctic rivers, which may be the result of excessive BNF
inputs to high latitude regions. In temperate agricultural regions, N loss partitioning appears reasonable,
based on the relatively good representation by CLM-RTM of DIN export in rivers draining those regions.
Altogether, these results suggest the need for improved treatment of both BNF and N loss in CLM and illus-
trate how the evaluation of model river N export against observations can help in constraining the CLM N
cycle. In addition, regional differences in river N export can provide clues to region-specific needs for
improvement in biological nitrogen fixation, leaching, and denitrification. Ultimately, improvements in
model BNF and N loss will help increase confidence in CLM's representation of the response of the land bio-
sphere to climate change and increasing atmospheric CO, and N deposition, which is the core goal of the
coupled carbon-nitrogen model.

4.5. Influence of Climate on River N Export

Despite the many uncertainties discussed above, CLM-RTM shows promise in its ability to represent the
influence of climate on seasonal and interannual variability in river N export. In the Mississippi River, the
Temperate Crop model captures the observed late spring peak in flow and the slightly delayed early
summer peak in N concentration. Further, the model predicts that interannual variability in N export is posi-
tively correlated to mean annual watershed rainfall, and that this relationship is driven largely by increased
N leaching in wet years. While CLM-RTM underestimates the strength of the correlation in the Mississippi
River, where USGS NWIS observations provide strong evidence for such a relationship, it captures the rela-
tionship more robustly in other world rivers such as the Yantgze and Rhine.
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5. Conclusions

Preliminary efforts to model river N export in the coupled CLM-RTM reveal both benefits and challenges.
Benefits include the simulation of a key Earth system process that has accompanied human agricultural
expansion: the increased export of N to the coastal zone. The CLM-RTM differs from diagnostic models of
rivers in its ability to prognostically represent the influence of changing climate on river N export. The
coupled CLM-RTM simulation also helps provide first-order constraints on CLM soil N loss processes, which
hitherto have received little attention. Among the challenges revealed by the preliminary modeling exer-
cise, at least two dominant needs arise. The first is the need to simulate particulate and dissolved organic N
leaching fluxes in CLM. The current lack of organic N leaching in CLM hinders comparison of modeled and
observed TN export, especially in the relatively unperturbed watersheds of the Amazon and Arctic. The sec-
ond challenge involves the need to scrutinize the model partitioning between the primary inorganic N loss
fluxes of denitrification and leaching/runoff. The current CLM N loss partitioning appears heavily weighted
toward denitrification at the expense of leaching/runoff compared to other literature estimates. Since inor-
ganic N loss fluxes help control soil N availability, a key regulator of the carbon cycle, a more realistic simula-
tion of the partitioning of denitrification versus leaching/runoff can help improve model credibility with
respect to coupled C-N interactions.
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