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Abstract. Estimating global river solids, nitrogen (N), and
phosphorus (P), in both quantity and composition, is nec-
essary for understanding the development and persistence
of many harmful algal blooms, hypoxic events, and other
water quality issues in inland and coastal waters. This re-
quires a comprehensive freshwater model that can resolve
intertwined algae, solid, and nutrient dynamics, yet previous
global watershed models have limited mechanistic resolution
of instream biogeochemical processes. Here we develop the
global, spatially explicit, and process-based Freshwater Al-
gae, Nutrient, and Solid cycling and Yields (FANSY) model
and incorporate it within the Land Model (LM3). The re-
sulting model, LM3-FANSY v1.0, is intended as a baseline
for eventual linking of global terrestrial and ocean biogeo-
chemistry in next-generation Earth system models to project
global changes that may challenge empirical approaches.
LM3-FANSY explicitly resolves interactions between algae,
N, P, and solid dynamics in rivers and lakes at 1° spatial
and 30 min temporal resolution. Simulated suspended solids
(SS), N, and P in multiple forms (particulate or dissolved, or-
ganic or inorganic) agree well with measurement-based yield
(kg km—2 yr’l), load (ktyr—!), and concentration (mg L b
estimates across a globally distributed set of large rivers,
with an accuracy comparable to other global nutrient and SS
models. Furthermore, simulated global river loads of SS, N,
and P in different forms to the coastal ocean are consistent
with published ranges, though regional biases are apparent.
River N loads are estimated to contain approximately equal
contributions by dissolved inorganic N (41 %) and dissolved
organic N (39 %), with a lesser contribution by particulate

organic N (20 %). For river P load estimates, particulate P,
which includes both organic and sorbed inorganic forms, is
the most abundant form (64 %), followed by dissolved inor-
ganic and organic P (25 % and 11 %). Time series analysis of
river solid and nutrient loads in large US rivers for the period
~1963-2000 demonstrates that simulated SS and N loads
in different N forms covary with variations of measurement-
based loads. LM3-FANSY, however, has less capability to
capture interannual variability of P loads, likely due to the
lack of terrestrial P dynamics in LM3. Analyses of the model
results and sensitivity to components, parameters, and inputs
suggest that fluxes from terrestrial litter and soils, wastewa-
ter, and weathering are the most critical inputs to the fidelity
of simulated river nutrient loads for observation-based esti-
mates. Sensitivity analyses further demonstrate a critical role
of algal dynamics in controlling the ratios of inorganic and
organic nutrient forms in freshwaters. While the simulations
are able to capture significant cross-watershed contrasts at
a global scale, disagreement for individual rivers can be sub-
stantial. This limitation is shared by other global river models
and could be ameliorated through further refinements in nu-
trient sources, freshwater model dynamics, and observations.
Current targets for future LM3-FANSY development include
the additions of terrestrial P dynamics, freshwater carbon,
alkalinity, enhanced sediment dynamics, and anthropogenic
hydraulic controls.
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1 Introduction

Dramatic increases in fossil fuel combustion, deforestation,
agriculture, fertilizer use, and sewage outflows have in-
creased loadings of terrestrial sediments and nutrients (e.g.,
nitrogen — N, phosphorus — P) to rivers and coastal waters and
changed N : P ratios (Cordell et al., 2009; Fowler et al., 2013;
M. Lee et al., 2019; Sytvitski et al., 2005). These changes
in sedimentary and nutrient loadings have altered turbidity
and biogeochemistry in many freshwater and coastal ecosys-
tems. The consequences include (1) changes in ecosystem
productivity and carbon (C) exports (Liu et al., 2021), (2)
increases in frequency, duration, and severity of harmful al-
gal blooms (HABs) (Anderson et al., 2002, 2021; Heisler et
al., 2008; Paerl et al., 2018) and hypoxic dead zones (Diaz
and Rosenberg, 2008), and (3) perturbations of aquatic plant,
seagrass, and coral reef ecosystems, incurring substantial so-
cioeconomic costs (Lacoul and Freedman, 2006; McLaugh-
lin et al., 2003; Restrepo et al., 2006).

Resolving prominent drivers of the aforementioned
aquatic ecosystem consequences requires a freshwater bio-
geochemistry model that captures intertwined algae, nutrient,
and solid dynamics. In general, strong positive relationships
have been observed between P and phytoplankton produc-
tion in freshwaters, while N increases have been linked with
the development of large algal blooms and hypoxic events
in estuarine and coastal waters (Howarth and Marino, 2006;
Smith, 2003). In particular, excessive inorganic nutrients,
which are generally more bioavailable than organic forms
(Sipler and Bronk, 2014), have been recognized as critical
drivers of algal blooms (including non-HABs) and hypoxic
events (Kemp et al., 2005). Shifts in community composi-
tion towards more toxic or harmful algal species have fur-
thermore been attributed to changes in nutrient supply ratios,
including N : P (Anderson et al., 2002; Heisler et al., 2008)
and relative abundance of different N and P forms (e.g., ni-
trate — NO3_ , Parsons and Dortch, 2002; ammonium — NHZ,
Trainer et al., 2007, Leong et al., 2004; urea, Glibert et al.,
2001, Glibert and Terlizzi, 1999; dissolved inorganic N and
P — DIN and DIP, Glibert et al., 2008). Such shifts can be
explained by differences in algal species-specific nutrient ac-
quisition pathways that are controlled by nutritional status
and preferences, uptake capability, and physiological status
(Anderson et al., 2002). Furthermore, nutrient and algae dy-
namics are strongly linked with solid dynamics, for example,
through phosphate (PO?[) sorption—desorption interactions
with solid particles (McGechan and Lewis, 2002) and algae
growth reduction due to light shading by suspended solids
(SS) (Di Toro, 1978). Estimating river solids, N, and P in
both quantity and composition resulting from intertwined al-
gae, nutrient, and solid dynamics is thus necessary for un-
derstanding the development and persistence of many HABs
and hypoxic events.

Building confidence in projected global freshwater bio-
geochemistry changes rests in part on the development of
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process-based models that are robust under unprecedented
conditions expected in the next century. Process-based fresh-
water biogeochemistry models of the N cycle alone (LM3-
TAN, Lee et al., 2014; DLEM, Tian et al., 2020; IMAGE-
DGNM, Vilmin et al., 2020; INCA, Wade et al., 2002) or the
P cycle alone (DLEM, Bian et al., 2022; IMAGE-DGNM,
Vilmin et al., 2022) have been widely applied across scales.
However, prior applications of models that capture cou-
pled algae, multi-nutrient, and/or solid cycles, such as RIVE
(Billen et al., 1994) and QUAL2K (Pelletier et al., 2006),
have generally been limited to relatively small watersheds.
Modeling river nutrient yields and loads on a global scale, in
both magnitude and form, has been challenged by the diffi-
culty of balancing desired details of instream biogeochemical
processes with limitations imposed by available knowledge,
input, and validation datasets.

Global NEWS (Mayorga et al., 2010) and IMAGE-GNM
(Beusen et al., 2015, 2016) are global watershed models that
have been widely used for pioneering simulations of river nu-
trient loads on global scales. Global NEWS estimates have
been shown to be consistent with measurement-based esti-
mates across a globally distributed set of major rivers and
provided important nutrient inputs for global and regional
ocean biogeochemistry model simulations. Global NEWS
and IMAGE-GNM, however, do not resolve coupled algae,
nutrient, and solid dynamics in freshwaters despite their in-
tertwined dynamics. Global NEWS, representing a hybrid
of empirical, statistical, and mechanistic components, for-
mulates and implements different elements and their chemi-
cal forms independently based on basin-averaged properties.
IMAGE-GNM applied at a global scale does not differentiate
dissolved, particulate, inorganic, and organic nutrient forms,
though such differentiation has been considered at regional
scales. Global applications of both models do not mechanis-
tically resolve instream biogeochemical processes.

Prior global watershed models are also limited in their
capacity to represent process-based nutrient storage in ter-
restrial plants and soils. Global NEWS assumes that nu-
trients are in steady state and do not accumulate on land.
IMAGE-GNM does not explicitly simulate terrestrial nutri-
ent dynamics, such as vegetation growth, leaf fall, natural
and fire-induced mortality, and soil microbial processes, but
takes a mass balance approach to calculate dynamic soil nu-
trient budgets. Organic nutrient delivery to rivers, however,
depends on changes in vegetation and soil organic nutrient
storage in response to the aforementioned terrestrial dynam-
ics under long-term (multiple decades to centuries) historical
climate and land use changes. Terrestrial storage changes,
for example, have been shown to significantly alter multi-
decadal river nutrient trends (Van Meter et al., 2018; M. Lee
et al.,, 2019) and seasonal to multi-year river nutrient ex-
tremes (Kaushal et al., 2008; Lee et al., 2016, 2021).

Here we develop the global, spatially explicit, and
process-based Freshwater Algae, Nutrient, and Solid cy-
cling and Yields (FANSY) model and incorporate it within
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the National Oceanic and Atmospheric Administration
(NOAA)/Geophysical Fluid Dynamics Laboratory (GFDL)
Land Model (LM3), which is capable of resolving cou-
pled water, C, and N dynamics and storage changes in a
vegetation—soil system (M. Lee et al., 2014, 2019). The
resulting coupled terrestrial-freshwater ecosystem model
LM3-FANSY constitutes a significant step toward a more
process-based representation of coupled freshwater algae,
nutrient, and solid dynamics. LM3-FANSY v1.0 is aimed at
linking global terrestrial and ocean biogeochemistry towards
next-generation Earth system models. Here we provide a
detailed model description, performance assessment against
measurement-based estimates of solids and nutrients across
major world rivers, and sensitivity evaluation to a range of
components, parameters, and inputs.

2 Model description
2.1 LM3-FANSY framework

LM3-FANSY is an expansion of NOAA/GFDL LM3-
Terrestrial and Aquatic Nitrogen (TAN) (M. Lee et al., 2014,
2019) to include a terrestrial soil erosion process and com-
prehensive freshwater sediment and biogeochemical dynam-
ics (Sect. 2.2). The terrestrial component LM3, which has
been described in detail elsewhere (Gerber et al., 2010; Milly
et al., 2014; Shevliakova et al., 2009), captures coupled wa-
ter, C, and N dynamics within a vegetation—soil system. LM3
simulates transfers and transformations of three N species
(i.e., organic N, NHT, and NO3_) for vegetation and soil sys-
tems, considering the effects of anthropogenic N inputs, land
use, atmospheric CO», and climate over timescales of hours
to centuries. LM3 simulates the distribution of five vegeta-
tion functional types (C3 and C4 grasses, temperate decid-
uous, tropical, and cold evergreen trees) based on prevail-
ing climate conditions and C-N storage in vegetation includ-
ing leaves, fine roots, sapwood, heartwood, and labile stor-
age. There are four soil organic pools (fast or slow litter and
slow or passive soil) and two soil inorganic pools (NHI and
NOj). Scenarios of land use states and transitions are used
to simulate four land use types (primary lands — lands ef-
fectively undisturbed by human activities, secondary lands
— abandoned agricultural land or regrowing forest after log-
ging, croplands, and pastures). LM3 captures key terrestrial
dynamics that affect the state of vegetation and soil C—N stor-
age, such as vegetation growth, leaf fall, natural and fire in-
duced mortality, deforestation for agriculture, wood harvest-
ing, reforestation after harvesting, and various soil microbial
processes. LM3 extended to include a global river-routing
and lake model (Milly et al., 2014) is thus well suited to sim-
ulate the delivery of terrestrial N to rivers and coastal waters.

The terrestrial component LM3, including the newly intro-
duced terrestrial soil erosion process (Sect. 2.2.1), receives
N inputs of fertilizer applications and atmospheric deposi-
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tion, simulates biological N fixation, and estimates N out-
puts including net harvest (N in harvested wood, crops, and
grasses after subtracting out internally recycled inputs, e.g.,
manure applied to croplands and sewage), emissions to the
atmosphere, and eroded sediment and N fluxes from terres-
trial to river systems. In addition to terrestrial runoff of three
N species (dissolved organic N — DON, NH', and NO3_ ) in-
troduced in our previous study (Lee et al., 2014), here we
have added particulate organic N (PON) fluxes from terres-
trial litter and soils (Sect. 2.2.1). M. Lee et al. (2014, 2019)
provide further details on the terrestrial model.

The freshwater component FANSY receives N, P, and
solids in multiple forms either from LM3 or from prescribed
inputs (Sect. 3.1). It then simulates biogeochemical transfor-
mations and transport of each form of the nutrients and solids
within streams, rivers, and lakes (Sect. 2.2).

2.2 Freshwater component FANSY

FANSY constituents of algae, nutrients, and solids in rivers
and lakes are listed in Table 1 and described in Fig. 1.
FANSY has 13 prognostic state variables and 5 diagnostic
state variables. Inorganic suspended solid (ISS) is delivered
from the terrestrial soil erosion process (Sect. 2.2.1). ISS
dynamically interacts with benthic sediment inorganic solid
(Sed) through deposition and resuspension processes. Pri-
mary interactions between SS and other model components
are through the shading effect of turbidity on algae growth
(Sect. 2.2.2) and the sorption of POi_ to ISS as particu-
late inorganic P (PIP) (Sect. 2.2.4). Algae take up N and P,
which is subsequently partitioned between organic and inor-
ganic N and P pools via algae mortality (Sect. 2.2.2). Algae
C (Cy) and algae P (Py) are diagnosed from algal N (Ng)
assuming the Redfield C: N : P ratio (Chapra, 1997; Red-
field et al., 1963). Chlorophyll a (Chl) is derived using the
photoacclimation model of Geider et al. (1997) to predict a
Chl-to-C ratio (rchic), and Chl is calculated from rchic and
Ca1. The five prognostic N variables contain reduced and ox-
idized dissolved inorganic forms (NHI and NOy'), as well
as dissolved and two particulate (suspended and sedimen-
tary) organic forms (DON, PON, and benthic sediment N —
SedN; Sect. 2.2.3). The five prognostic P variables include
the same organic forms as for N variables (dissolved organic
P —DOP, particulate organic P — POP, and benthic sediment P
— SedP; Sec. 2.2.4). The other two prognostic P variables are
dissolved and particulate inorganic forms (POi_ and PIP).
FANSY does not distinguish between POZ_, DIP, and sol-
uble reactive phosphorus (SRP). The subsections that fol-
low (Sect. 2.2.1-2.2.4) provide a detailed description of each
variable and associated processes.

Added solids and nutrients to streams and rivers are sub-
ject to retention within rivers and lakes or transformed during
transport to the coastal ocean. Each model grid cell contains
one river reach and/or one lake. Water containing solids and
nutrients in each river reach or lake flows to another river
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Table 1. FANSY prognostic and diagnostic state variables.

Variable Symbol
Prognostic variable
Inorganic suspended solids 1SS
Benthic sediment inorganic solids Sed
Algae nitrogen Na
Ammonium nitrogen NHI
Nitrate nitrogen NO33_
Phosphate phosphorus (dissolved inorganic phosphorus or soluble reactive phosphorus) PO, (DIP or SRP)
Particulate organic nitrogen PON
Benthic sediment nitrogen SedN
Dissolved organic nitrogen DON
Particulate organic phosphorus POP
Benthic sediment phosphorus SedP
Dissolved organic phosphorus DOP
Particulate inorganic phosphorus PIP
Diagnostic variable
Particulate organic matter (detritus or nonliving organic suspended solids) POM
Suspended solids SS
Algae phosphorus Py
Algae carbon Ca
Chlorophyll a Chl
Atmos. dep.
Aquaculture Aquaculture
Wastewater Atmos. dep. Aquaculture Wastewater
Soil erosion Aquaculture Aguaculture || Wastewater || Aquaculture || Soil erosion
Litter from Wastewater Wastewater Runoff Wastewater Litter from
Soil erosion floodplains Runoff Soil erosion || Weathering Runoff floodplains
l e
\ 2
\y Decom. Hydrplysis
Eesom. Algae Mortality IO
Resus./Dep. - <
? Algae Growth ; < Algae Growth
bt N Algae Mortality T
Resus./Dep. econt iDE"iU- Resus./Dep.
Resus./Dep. Decom.
Sediment

= Inputs from terrestrial systems and the atmosphere
3 Algae mortality/growth

pension/deposition or adsorption/desorption
---------------------- > Diagnosis using corresp ricratios

g
Decomposition/hydrolysis/nitrification/denitrification

Figure 1. FANSY structure with arrows depicting fluxes of constituents of algae, nutrients, and solids in rivers and lakes. The constituents
are listed in Table 1.

reach in the downstream grid cell following a network that in Sect. 2.2.1-2.2.4. For example, if i is PON, SB; is Eq. (28).
ultimately discharges to the ocean (Milly et al., 2014). Fresh- If i is SedN, SB; is Eq. (29). A general mass balance for a
water physics, hydrology, and hydrography are described in variable i in a river reach or lake at each computation time
detail elsewhere (Milly et al., 2014). In each river reach or
lake, for each prognostic variable i, settling—resuspension
dynamics and/or biogeochemical reactions (SB;) are calcu-
lated according to the process-based formulations described
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step (30 min in this study) is written as

dX; .
d_tl = F" — F"' + I; + SB,, if i is a river/lake water
column variable, i.e., i = all variables except
Sed, SedN, or SedP, (1)
dX; e . )
e = SB;, if i is a river/lake benthic sediment
variable, i.e., i = Sed, SedN, or SedP, 2)

where i is a prognostic variable listed in Table 1, X; is the
amount of variable i (kg), Fl.in and FiOllt are inflow and out-
flow of variable i (kgs~') through the river or lake network,
I; is input of variable i from terrestrial systems and/or the at-
mosphere (kgs~!), and SB; is settling—resuspension dynam-
ics and/or biogeochemical reactions of variable i (kg sh.

2.2.1 Solid dynamics

In LM3-FANSY, terrestrial soil erosion is controlled by land
surface slope, rainfall, and leaf area index (LAI) based on
Pelletier (2012), as described in Eq. (3). N fluxes from terres-
trial litter and soils, in the form of PON, in Eq. (4) are based
on the simulated soil erosion fluxes and litter—soil N concen-
trations. This approach is consistent with that employed by
several previous modeling studies (Tian et al., 2015; Zhang
et al., 2022). The litter—soil concentrations for this purpose
are estimated by using litter—soil contents and effective soil
depths simulated by LM3 (Gerber et al., 2010).

Inorganic soil inputs to rivers are derived from the sim-
ulated soil erosion fluxes by subtracting the PON contribu-
tion, as described in Eq. (5). This requires an assumed ratio
of POM : PON in eroded soils (i.e., 13.9, Table 2). Previous
studies have shown a wide range of C content in tree biomass
(~42 %—61 %, Thomas and Martin, 2012) and of C : N ratios
in litter and soils (~ 5-500, Gerber et al., 2010, and refer-
ences in Gerber et al., 2010’s Table S1). This implies that
POM : PON ratios in soil erosion fluxes can also vary sig-
nificantly. We have found, however, that predicted river SS
loads are insensitive to an order of magnitude variation in the
ratio (i.e., 1.39 vs. 139, see Sect. 4.4) because organic con-
tents in eroded soils are generally small. We thus used the
POM : PON ratio of 13.9. The same ratio has been used to
estimate the contribution of PON to SS in freshwaters, again
noting that it is generally a small fraction of SS.

E=c - 22§54 oL, 3)
Pw
N N N
EPON=E'< FL + NsL + SS)’ (4)
hs - b
E'SS = E — rpN Ero - EPON, (5)
where E, E PON, and EISS represent the terrestrial soil ero-

sion flux (kgdry matter (D) m~—2s~1), terrestrial PON flux
(keNm~2s~!), and terrestrial inorganic soil erosion flux
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(kgD m~% s~ 1), respectively; C is a free parameter of terres-
trial soil erosion (unitless); oy is soil bulk density (kgD m~3);
pw is water density (kgm™3); S is slope tanf, with 6 as
the hillslope angle (unitless); r is rainfall (kg m—2s71): Lis
LAI (unitless); Ngr, Nsr, and Ngg represent the N content
in the fast litter, slow litter, and slow soil pool, respectively
(kgN m~2); h is effective soil depth (m); and rpN,Ero 1S a
POM-to-PON ratio in eroded fluxes (kgD kgN—1).

Terrestrial soil erosion is known to be scale-dependent be-
cause it could be dominated by different spatial-scale pro-
cesses (e.g., interrill, rill, and gully erosion, landsliding; Poe-
sen et al., 1996; Renschler and Harbor, 2002). We thus adapt
from Pelletier (2012) a degree of freedom via the coefficient
of Cj to account for the spatial resolution of input data (e.g.,
slope at 1° resolution). C; is a single global value scale pa-
rameter coarsely calibrated to reduce prediction errors of SS
loads across major world rivers (see Sect. 2.2.5 for details
in model calibration). Sensitivity of the model to Cy is ad-
dressed in Sect. 4.4. It has been suggested to model soil ero-
sion at event scales (daily or subdaily time steps) to account
for episodic, substantial mass transport (Tan et al., 2017). We
calculate soil erosion rates at the model time step (30 min).

Once introduced from the land model to the river and lake
systems, particulate solids and nutrients (i.e., ISS, PON, PIP,
and POP) are subject to either deposition or suspension based
on a Rouse-number-dependent criterion, defined as settling
velocity divided by the von Karman constant and shear ve-
locity (Pelletier, 2012).

ws ws
Ry = = , 6
# K-Usx K8 28 ©

where Ry is the Rouse number (unitless), wg is settling ve-
locity (m s’]), k is the von Karman constant (unitless),
is shear velocity (ms™!), g is acceleration due to gravity
(ms~2), and z is river or lake depth (m). If the Rouse num-
ber is less than 1.2 (a reported value in Pelletier, 2012), any
newly introduced particulate matter, as well as that already in
benthic sediments (i.e., SedN, SedP, and Sed), is suspended
into the water column and subject to transport through the
river network. Otherwise, the particulate matter is deposited
to the benthic sediments. While organic material deposited to
the sediments is assumed to be remineralized over time (i.e.,
no net long-term burial), PIP is subject to long-term burial in
areas where resuspension does not occur.

Settling velocity (wg) is estimated as a function of grain
diameter, fluid viscosity, and fluid and solid density (Fergu-
son and Church, 2004).

_ R-g-d*
C2'U+(0.75-C3~R-g'd3

ws )05 , @)
where R is submerged specific gravity (unitless), d is particle
diameter (m), v is kinematic viscosity of the fluid (m%s—1),
and C, and C3 are reported constants (unitless). For this ini-
tial FANSY implementation, a characteristic grain diameter
(d) is assumed for all particulate material sinks.

Geosci. Model Dev., 17, 5191-5224, 2024
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Table 2. Model parameters along with their descriptions, values, units, and references and/or rationale.

Parameter  Description Value Unit Reference/rationale
Reported parameters
Tref Reference temperature 20 °C Chapra (1997)
K von Kédrman constant 0.4 unitless Pelletier (2012)
R Submerged specific gravity 1.65 unitless Ferguson and Church (2004)
v Kinematic viscosity 1x107%at20°C m?s!
Cy, C3 Reported constants in the settling velocity 18, 1.0 unitless
rCN Algae C-to-N ratio 5.56 kgC ng’l Chapra (1997);
Redfield et al. (1963)
PN Algae P-to-N ratio 0.14 kgP ng’1
I Cost of biosynthesis 0.05 unitless Stock et al. (2014)
CChIC.max  Maximum algae Chl-to-C ratio 0.03 kgChl kgC’1
CChiC,min  Minimum algae Chl-to-C ratio 0.002 kgChlkgC~!
SChll Algae self-shading factor 0.0088 LugChl~!m~! Chapra (1997); Riley (1956)
SChi2 Algae self-shading factor 0.054 L.2/3 pgChl=2/3 m~!
SISS ISS light shading factor 0.052 LmgD™ ! m~! Chapra (1997); Di Toro (1978)
SPOM POM light shading factor 0.174 ngD_l m~!
a Reported fitted kinetic parameter in the POZ_ sorption/desorp- 0.8 mgP gD’l Garnier et al. (2005)
tion
b Reported fitted kinetic parameter in the PO?; sorption/desorp- 0.2 unitless
tion
Calibrated parameters
Calibrated within broad reported ranges
DN, Ero POM-to-PON ratio in terrestrial erosion fluxes 13.9 kgD ng_1 Gerber et al. (2010) and ref-
erences in there, Thomas and
Martin (2012)
DN POM-to-PON ratio in freshwaters 13.9 kgD kgN -1 Chapra (1997);
Redfield et al. (1963)
d Grain diameter 0.01 m Ferguson and Church (2004)
Pgax Maximum photosynthesis rate 6.0 x 107> s! Geider et al. (1997)
oChl Chl-specific initial slope of the photosynthesis—light curve 1.0x 1073 eCm? gChl~!
pumol photon™ !
6 Temperature correction factor for all processes except those for  1.066 unitless Bowie et al. (1985);
algae and sediment dynamics Chapra (1997); Eppley (1972)
61 Temperature correction factor for algae dynamics 1.08 unitless
0sed Temperature correction factor for benthic sediment dynamics 1.08 unitless
kNO; NOj3 half-saturation constant for algae growth 0.1 mgNL~!
kNHj NHI half-saturation constant for algae growth 0.02 mgN Lt
kPOi’ PO?f half-saturation constant for algae growth 0.002 mgPL™ !
kew Light extinction due to particle-free water and color 0.05 m~!
kSedN,d SedN decomposition rate coefficient 1.16 x 1078 s~
ksedp,d SedP decomposition rate coefficient 1.16 x 1078 s~1
kpON.d PON decomposition rate coefficient 1.16 x 1078 g1
kpop,d POP decomposition rate coefficient 1.16 x 1078 s!
kDON.d DON hydrolysis rate coefficient 231x1070 5!
kpop,d DOP hydrolysis rate coefficient 1.16 x 1077 s~
Knitr Nitrification rate coefficient 4.63x 1070 s~
kdenitr Denitrification rate coefficient 1.74 x 1076 s!

Geosci. Model Dev., 17, 5191-5224, 2024
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Table 2. Continued.
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Parameter Description Value Unit Reference/rationale
Calibrated to recreate measurement-based estimates
C Free parameter of terrestrial soil erosion 0.012 unitless Pelletier (2012)
km Algae mortality rate 0.8107% kgN~1/3571 Dunne et al. (2005)
Jm.DON Fraction of algae mortality which is deposited to the DON pool 0.3 unitless Bowie et al. (1985); Chapra et
al. (2008)
Jfm,PON Fraction of algae mortality which is deposited to the PON pool 0.3 unitless
fseap,pop  Fraction of SedP resuspension which is deposited to the POP 0.4 unitless
pool
fpoN,poN  Fraction of PON decomposition which is deposited to the DON 0.8 unitless
pool
frop,DOP Fraction of POP decomposition which is deposited to the DOP 0.8 unitless
pool
fsedN,poN  Fraction of SedN decomposition which is deposited to the DON 0.8 unitless
pool
fseap,pop  Fraction of SedP decomposition which is deposited to the DOP 0.8 unitless

pool

For a batch river and lake system, settling and resuspen-
sion dynamics for ISS and Sed are written as

Sed Ry<12

SBISS = 1 -1 1SS , (8)
_%(54'%) G Rez12
—3ed Ry <12

SBSed = 1 -1 1SS P (9)

where ISS is inorganic suspended solid (kgD) and Sed is ben-
thic sediment inorganic solid (kgD). ISS is gained by Sed
resuspension and lost by deposition. The opposite holds for
Sed. ISS deposition is modeled by implicitly solving for the
ISS mass flux to Sed via wg divided by a river or lake depth
and multiplied by an ISS mass in the water column. This
implicit scheme reduces the numerical burden and improves
stability.

The conversion of PON to POM in freshwaters for the pur-
pose of calculating SS to compare with observations is

POM = rpy - PON, (10)
SS = ISS + POM, (11)

where POM, PON, and SS are particulate organic matter
(kgD), particulate organic N (kgN), and suspended solid
(kgD), respectively, and rpy is a POM-to-PON ratio in fresh-
waters (kgD kgN~1).

2.2.2 Algae dynamics

Algae dynamics are governed by the balance of
net growth (i.e., gross growth —respiration) and
generalized mortality (i.e., non-predatory mortal-
ity 4 grazing + settling + excretion). The net growth is

https://doi.org/10.5194/gmd-17-5191-2024

the difference between gross photosynthesis and respiration.
The generalized mortality may include contributions from
grazing, viruses, cell death, and excretion, though these
diverse contributions are ultimately parameterized as a
simple density-dependent loss term (Dunne et al., 2005). For
a batch river and lake system, biogeochemical reactions for
algae are written as

SBN, =t (Iay, T, N, P) - Ny —m(T), (12)

where Ny is algae N (kgN), u(lay, T, N, P) is algae net
growth rate (s~!) as a function of euphotic zone averaged
irradiance I,y, temperature (7'), N, and P, and m(T') is gener-
alized algae mortality (kgNs~!) as a function of T.

A dynamic regulatory model is adapted to predict a Chl-
to-C ratio (rchic) and net growth rate (1) as a function of eu-
photic zone averaged irradiance, temperature, and nutrients
(Geider et al., 1997). The p is the difference between pho-
tosynthesis and respiration rates, as represented in Eq. (13).
The rchic is up- and down-regulated in accordance with light
and nutrient conditions according to Eq. (14).

PS —a®. Iy - renic
w(lay, T, N, P)=i-[l—eXp<7>], (13)
1+¢ PS
¥FChIC, max
FChiC = MaXx | FChIC,min> o , (14)
+ FChIC, max Q" ay
2-PG

where P,S is the C-specific light-saturated photosynthe-
sis rate (s~1), ¢ is the cost of biosynthesis (unitless),
oM is the Chl-specific initial slope of the photosynthesis—
light curve (gCm? gChl~! umol photon—!), I,y is euphotic
zone averaged irradiance (umol photon m~—2 s_l), rchic 1s
the algae Chl-to-C ratio (kgChl kgC’l), and rchic,min and
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FChIC, max are minimum and maximum algae Chl-to-C ratios
(kgChlkgC™1).

The C-specific light-saturated photosynthesis rate (P,S) is
calculated as a function of temperature and nutrient limita-
tion, also following the approach of Geider et al. (1997).

PS(T.N) = PC, (T) ~min[<limNO; +limNH4+> ,1impoi,], 15)
where P€

max (') 18 temperature-dependent maximum photo-
synthesis rate (s_l), and limNO;, limNHI, and limPOZ* are

NO3, NHI, and POi_ limitations (unitless).

In LM3-FANSY, freshwater biogeochemical reaction rates
approximately double for a temperature increase of 10°C
based on the Arrhenius equation, with a scaling factor 6
(Chapra, 1997; Eppley, 1972). The simulated maximum and
minimum water temperatures are limited to 30 and —3 °C,
respectively.

PS(T) = PS04, (16)

max " YAl

where T is temperature (°C), Tr.r is reference temperature
(°O), Prgax is the maximum photosynthesis rate at Tier (s™h,
and 6, is the temperature correction factor for algae dynam-
ics (unitless).

To combine the limiting effects of nutrients N and P,
Liebig’s law of the minimum is used. A NHZr preference fac-
tor is used to account for inhibition of NO; uptake when
NH;‘|r concentrations are high compared to an NH;LF half-
saturation constant (Frost and Franzen, 1992). A saturating
Monod relationship is used for handling the NHZ‘r and PO?‘*
limiting effects. The maximum NOS_ s NHI, and POi_ con-
centrations are limited to 10molL~! to avoid numerical is-
sues that can arise under extremely dry conditions.

limy. = (NO ] , a7
3 - [NH; ]
(kNo; +[NO; ]) 1+
4
. [NH; ]
limgp+ = ————2——— 18
NH; kNHI T INH] (18)
. [PO;" ]
limps- = 4 (19)

—t
kpop- + PO}

where [NO3 1, [NHJ], and [PO}"] are NO3, NHJ, and
PO?[ concentrations (mgNL~! and mgPL~!), and kNO3—,

kNHI’ and kPOZ* are NOj, NHI, and POi_ half-saturation

constants for algae growth (mgNL~! and mgPL~!).
Photosynthetically available, visible irradiance at the sur-
face is used for algae growth dynamics. Light attenuation
with depth is modeled by the Beer—Lambert law using an
extinction coefficient (ke, Chapra, 1997). The euphotic zone
(depth where light intensity falls to 1% of that at the sur-
face) averaged light level (/) is used. The extinction coef-
ficient is estimated dynamically to account for temporal and
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spatial variations in turbidity due to algae shading (Chapra,
1997; Riley, 1956), light extinction due to particle-free water
and color, and variations in ISS and POM (Chapra, 1997; Di
Toro, 1978).

L=1I-e ke, (20)
1n(0.01)

20.01 = — , (21)

ke

1, —keo-
2 (] — e <

Iy = { kei( 1e —k)e'Z()m Z =20.01 22)
e (T—e7fem00) 2> 79

ke = kew + s18s - [ISS]+ spom - [POM] + schit

-[Chl] + schpz - [ChI]*/?, (23)

where I, and I are irradiance at z and at the surface
(umol photonm_2 s™1), zoo1 is river or lake depth where
light intensity falls to 1% of that at the surface (m), k.
is the light extinction coefficient (m™'), ke, is light ex-
tinction due to particle-free water and color (m_l), SChI1
and scpp are algae self-shading factors (L ugChl~! m~! and
L2/3 nghl_z/ 3 m~1), siss and spom are constants account-
ing for the shading impacts of ISS and POM (L mgD~! m~1),
and [ISS], [POM], and [Chl] are ISS, POM, and Chl concen-
trations (mgD L~! and ugChlL™1).

Biomass-specific algal mortality is assumed to increase

nonlinearly with algae concentration, reflecting a presumed
increase in predators with algal prey (e.g., Steele and Hen-
derson, 1992).
m(T) = k(T) - N[, (24)
where ky is temperature-dependent algae mortality rate
(kgN~1/3 571 reflecting the combined impacts of zooplank-
ton grazing and other phytoplankton loss terms (e.g., viral-
induced losses, cell death). Exponents between 4/3 and 2
have been commonly applied in this relationship, with higher
values corresponding to more tightly coupled top-down con-
trol (Dunne et al., 2005). We have adopted a value of 4/3 to
enable high biomass in nutrient-rich environments. The Ar-
rhenius relationship with the same scaling as algae growth
is applied to account for the effect of temperature on algae
mortality (Eq. 16). The division of algal mortality between
inorganic and organic and between dissolved and particulate
nutrient pools is described in the following sections.

Algae P, C, and Chl are diagnosed from algae N using the
Redfield C : N : P ratio (Chapra, 1997; Redfield et al., 1963)
and rcpic estimated above based on Geider et al. (1997).

Pai = Na - rpn, (25)
Ca =Ny - ren, (26)
Chl = Cy - rchic, (27

where Py, Cy, and Chl are algae P (kgP), C (kgC), and Chl
(kgChl), and rpy and rcy are algae P-to-N (kgPkgN~!) and
C-to-N (kgCkgN~!) ratios.
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2.2.3 N dynamics

For a batch river and lake system, settling—resuspension dy-
namics and biogeochemical reactions are written for PON
and SedN as

Sm.pon - m (T') — kpon,a(T)

PON + 3edN Ry<12
SBron =1 fmpon-m(T)— kPON,d(Tl) . (28)
PON— 5 (J+18) PN Ry >12
—ksedN,d(T) - SedN
— SedN Ry<12
SBsedN = 1 —ksean,a(T) - SedN ., (29
-1
1 PON
= (a + %) o Rez12

where PON is particulate organic N (kgN), SedN is benthic
sediment N (kgN), fm pon is the fraction of algae mortality
which is deposited to the PON pool (unitless), and kpon,a(T')
and ksegn,a(7) are temperature-dependent PON and SedN
decomposition rates (s~ b,

In FANSY, PON is gained by algae mortality and benthic
sediment N (i.e., SedN) resuspension and lost by deposition
and decomposition. The same holds for SedN, except that
it does not receive inputs from algae mortality. A fraction
(fm,poN) is adapted from Chapra et al. (2008) to represent
the portion of algae mortality released as PON. First-order
kinetics are used to describe various decay processes and
transformations. PON and SedN are lost by decay processes
that break down complex organic compounds into simpler or-
ganic N (i.e., DON) or into NHI. Rate coefficients for these
decay processes are thus much smaller than those for release
of NHI due to DON decay (i.e., hydrolysis), oxidation of
NH;L|r to NO3 (i.e., nitrification), and reduction of NO3 to N
(i.e., denitrification) (Bowie et al., 1985; Chapra, 1997). The
Arrhenius-based relationship (Eq. 16) is used to adjust the
rate coefficients for temperature effects with different tem-
perature correction factors of Os¢q for sediment dynamics and
6 for all dynamics except algae and sediment dynamics.

In FANSY, DON is gained by algae mortality and decom-
position of PON and SedN and lost by hydrolysis. A fraction
(fm,poN) is adapted from Chapra et al. (2008) to represent
the portion of algae mortality released as DON. Decomposi-
tion of PON and SedN releases both dissolved organic and
inorganic N (i.e., DON and NHI). Fractions ( fpon,poN and
fsedn,pon) are adapted from Bowie et al. (1985) to partition
the fluxes to DON and NHI.

SBpoN = fm,poN 1 (T') + fpoN,DoON - kpoN,d(T')
-PON + fsedN,DON - ksedn,d(T') - SedN
—kpon,a(T') - DON, (30)

where DON is dissolved organic N (kgN), fm,pon is the frac-
tion of algae mortality which is deposited to the DON pool
(unitless), fpon,poN and fsedn,pon are fractions of PON and
SedN decomposition fluxes which are deposited to the DON
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pool (unitless), and kpon,a(7') is the temperature-dependent
DON hydrolysis rate (s~ ).

In FANSY, NHZ{ and NO; are removed by algae uptake
during photosynthesis. NH;fIr is returned to the water column
through soluble excretions of algae (which is included in the
generalized algae mortality term) and decomposition or hy-
drolysis of SedN, PON, or DON. Removal of NH}' by nitrifi-
cation generates NO;', which is in turn lost by denitrification.

SBNHI = (1= fm,poN — fm,poN) -m (T)

+ (1 = fpon,DON) - kpon,a(T) - PON
+ (1 — fseaN.DON) - ksean,a(T) - SedN
+ kpon,d(T') - DON — ki (T') - NH

— Jxuf wpht (Tavs T, N, P) - Ny, (31
SBNO; = knitr(T) . NHI - kdenitr(T) . NO3_
— (1= faut p) - # av, T, N, P) - Na, (32)

limygg+
—(—— M) 33
Tt <limNO3— —i—limNHI) (33)

where NHI and NOj; are ammonium and nitrate N (kgN),
knit(T) and kqenit(T) are temperature-dependent nitrification
and denitrification rates (s~1), and fNHI up is the fraction of

NHI uptake for algae growth (unitless).
2.2.4 P dynamics

Overall, P dynamics are similar to those of N, but with sev-
eral differences. Because there are two suspended particu-
late forms of POP and PIP, SedP resuspension is divided into
POP and PIP pools with a fraction of fseqp,pop. Unlike N,
P does not exist in a gaseous form, and FANSY includes
no loss term for P to the atmosphere. Dissolved inorganic P
sorbs strongly to solid particles. The exchange of POZ_ be-
tween the dissolved and particulate forms is modeled based
on Freundlich kinetics (Garnier et al., 2005; Nemery, 2003),
with the flux estimated as the disequilibrium between the two
phases.

7PN * fm,pON - m (T') — kpop,a(T)

“POP + fseap,pop - 551° Ri<12
SBpop = | 7pN - fm,poN -1 (T) — kPOF,d(T) . (34)
POP— 5 (L) B Rz
—ksedp,d(T') - SedP
- SS?P Ry <1.2
SBsedp = —kseap,a(T) - SedP . (35)
-1
s (1 ) POP , PIP
“75(5*%) (T"’W) Ry>12
Fpoi- o pp t (1 —fseappop) 35 Ry < 1.2
SBpip = ws (1, ws) ! pIp . (36)
PO} _to PIP~ 7 (a + 7‘) G Re>12

SBpop = 7pN - fm,poN - m (T') + fpop,pop - kpop,d(T)
-POP + fseap,DOP - ksedp,a(T) - SedP
— kpop,a(T) - DOP, 37
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SBpoi— =rpn- (1 = fm,pON — fm,pON) -m (T)

+ (1 = frop,pop) - kpop,a (T) - POP
+ (1 = fseap,poP) - kseap,a (T) - SedP
+ kpop,d (T') - DOP —rpN - (Lay, T, N, P)

. Nal - Fpoii_tO_PIP’ (38)
Fpoif,tofPIP == ([PIPeq] - [PIP])/d[ . H20 . 10—3, (40)

where POP is particulate organic P (kgP), SedP is benthic
sediment P (kgP), PIP is particulate inorganic P (kgP), DOP
is dissolved organic P (kgP), POi_ is phosphate P (kgP),
H,0 is water volume (m3), kpop,d(T) and ksedp,a(T) are
temperature-dependent POP and SedP decomposition rates
(s™h, kpop,da(T) is the temperature-dependent DOP hydrol-
ysis rate (s™h, fsedp.pop is the fraction of SedP resuspen-
sion which is deposited to the POP pool (unitless), frop.pop
and fsedqp.pop are fractions of POP and SedP decompo-
sition fluxes which are deposited to the DOP pool (unit-
less), [PIP] and [POi_] are PIP and POi_ concentrations
(mgPL~1), [ISS]; is ISS concentration (gD L™!) (notice the
concentration unit difference from [ISS] in Eq. 23), [PIPeq] is

PIP equilibrium concentration (mgP L"), Foor- o prp TCP-
4 —tY_

resents fluxes from PO}~ to PIP (kgP), and a (mgP gD~ ")
and b (unitless) are reported empirical Kinetic parameters.

2.2.5 Model calibration

Because many of the reported parameters required to simu-
late the coupled freshwater algae, nutrient, and solid dynam-
ics within LM3-FANSY vary widely, it is difficult to assign
a single global value for each parameter. Informed by pa-
rameter sensitivity analysis herein (Sect. 4.4), our approach
was to coarsely calibrate a limited set of uncertain yet highly
influential parameters within their broad observed ranges to
reduce errors in simulated SS, N, and P loads in different
forms across a globally distributed subset of large rivers.

First, as described above, the terrestrial soil erosion pa-
rameter C1 was calibrated to reduce prediction errors of SS
loads. We emphasize that this parameter is expected to be
resolution-dependent.

Second, the generalized algal mortality constant kp, was
tuned to produce reasonable chlorophyll a concentrations
in globally distributed lakes, acknowledging the limitation
of the present lake biogeochemistry in LM3-FANSY (see
Sect. 4.5 for further discussion). We adapted an approach of
Chapra et al. (2008) to partition nutrient fluxes from algae
mortality to different pools of nutrients in different forms
(i.e., particulate organic, dissolved organic, and inorganic)
based on fixed fractions. Uncertainties in these fixed factions
due to the lack of theoretical and empirical evidence are in-
vestigated in the sensitivity analysis (Sect. 4.4).

Third, we find that the rate coefficients for hydrolysis, ni-
trification, and denitrification are highly influential param-
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eters for determining river nutrient loads in different forms
relative to those for decay processes that break down com-
plex organic compounds into simpler organic and inorganic
compounds. These highly influential parameters have been
calibrated to reduce prediction errors of nutrient loads in dif-
ferent forms. We adapted an approach of Bowie et al. (1985)
to partition fluxes from complex organic nutrient decomposi-
tion to simpler organic vs. inorganic nutrient pools based on a
uniform fraction. Uncertainties in the faction are investigated
in the sensitivity analysis (Sect. 4.4).

3 Model forcing and simulations
3.1 Baseline simulations

LM3-FANSY was implemented globally at 1° spatial and
30 min temporal resolution with all inputs regridded to 1°
resolution. Following ~ 11 000 years of spin-up from M. Lee
et al. (2019), the terrestrial component LM3 was run for
the period 1700-1899 by recycling 30 years (1948-1977)
of observation-based, historical climate forcing (Sheffield
et al., 2006a) and Coupled Model Intercomparison Project
(CMIP6) datasets for atmospheric CO, (Meinshausen et al.,
2017a), atmospheric N deposition (Durack et al., 2024), and
land use states and transitions (Hurtt et al., 2020a). Since
the freshwater component requires a shorter time for equi-
librium than vegetation and soil, the merged terrestrial and
freshwater components for LM3-FANSY were run for only
the 1900-2000 period using additional CMIP6 datasets for
fertilizer N applications (Hurtt et al., 2020a) and reported N
and P inputs to rivers (Beusen et al., 2015).

The observation-based, historical climate forcing data
available for the period 1948-2010 (Sheffield et al., 2006a)
include precipitation, specific humidity, air temperature, sur-
face pressure, wind speed, and shortwave and longwave
downward radiation at 1° and 3 h resolution. This forcing
was cycled over a period of 30 years (1948—1977) to perform
long-term simulations from 1700 to 1947, and the 1948-
2000 forcing data were used for the simulations from 1948
to 2000. Annual atmospheric CO; estimates (Meinshausen et
al., 2017a) available for the period 1-2500 are used for the
corresponding period simulations from 1700 to 2000. The
atmospheric N deposition data (Durack et al., 2024) include
oxidized and reduced N (NO, and NH,) at 2.5° longitude
by 1.9° latitude and 1-month resolution for the period 1850-
2099. The NO, and NH, deposition for the year 1850 was
applied to soil NO3 and NH;L|r pools, respectively, for the
1700-1849 simulation, and then the 1850-2000 deposition
was applied for the 1850-2000 simulations.

The dataset of land use states and transitions as well as fer-
tilizer N applications at 0.25° and 1-year resolution (Hurtt et
al., 2020a) is available for the period 850-2100. The 1700-
2000 land use state and transition data were used for the sim-
ulations from 1700 to 2000. Since the amount of fertilizer ap-
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plication in the dataset is zero until 1915, the 1916-2010 fer-
tilizer N was applied for the simulations from 1916 to 2000.
For land use and fertilizer applications, 12 land use types re-
ported in the Land Use Harmonization (LUH2) (Hurtt et al.,
2020a) were grouped into 4 types in LM3-FANSY: (1) pri-
mary land in LM3-FANSY is the sum of forested primary
land and non-forested primary land in LUH2; (2) secondary
land in LM3-FANSY is the sum of potentially forested sec-
ondary land, potentially non-forested secondary land, and ur-
ban land in LUH2; (3) cropland in LM3-FANSY is the sum
of C3 annual cropland, C3 perennial cropland, C4 annual
cropland, C4 perennial cropland, and C3 N-fixing cropland in
LUH2; and (4) pasture in LM3-FANSY is the sum of man-
aged pasture and rangeland in LUH2. The sum of fertilizers
allocated to the five croplands in LUH2 was applied to the
cropland in LM3-FANSY.

The terrestrial soil erosion component requires slope, rain-
fall, and LAI as inputs. Rainfall was simulated by using
3-hourly precipitation and temperature from Sheffield et
al. (2006a) and assuming that all of the precipitation falls as
snow with the temperature less than 0 °C; otherwise, it is as-
sumed to be rain. The slope input was derived from Daniel-
son and Gesch (2011). The LAI input was from an obser-
vationally derived, monthly average global vegetation LAI
dataset from the Global Inventory Modeling and Mapping
Studies (GIMMS) Normalized Difference Vegetation Index
(NDVI3g) for the period 1982-2010 (Zhu et al., 2013) to
avoid potential errors that might be caused by using modeled
LAI The 1982 LAI was used to perform long-term simula-
tions from 1900 to 1981 and the 1982-2000 LAI was used
for the simulations from 1982 to 2000.

Solid and nutrient inputs from terrestrial systems and
from the atmosphere to rivers are either simulated by LM3-
FANSY or provided by Beusen et al. (2015) (Table 3). For
solids, all inputs were simulated by LM3-FANSY. For N,
all inputs were simulated by LM3-FANSY except aquacul-
ture, wastewater, and atmospheric deposition, which were
provided by Beusen et al. (2015). For P, which is not cur-
rently included in LM3, all inputs were provided by Beusen
et al. (2015).

Beusen et al. (2015) provided 5-year interval data for the
period 1900-2000 at 0.5° resolution. The data were regridded
to our 1° resolution by summing up the values given in kilo-
grams per year (kg yr~!) and linearly interpolated across the
5-year intervals. The Beusen et al. (2015) wastewater N and
P inputs were from the Morée et al. (2013) urban waste N and
P discharge estimates to surface waters. Beusen et al. (2015)
calculated aquaculture N and P inputs using the Bouwman
et al. (2013b) finfish and the Bouwman et al. (2011) shell-
fish data. For atmospheric N deposition inputs, the Beusen
et al. (2015) input for the year 2000 was from the Dentener
et al. (2006) ensemble of reactive transport models and those
for the years before 2000 were made by scaling the deposi-
tion with the Bouwman et al. (2013a) ammonia emissions.
The Beusen et al. (2015) surface runoff P inputs included
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those leached from soil P budgets (i.e., the sum of fertilizer
and animal manure minus crop and grass withdrawal) and
those driven by soil erosion estimates based on Cerdan et
al. (2010). The Beusen et al. (2015) P inputs of litter from
floodplains were estimated as 50 % of total NPP witha C : P
ratio of 1200. The Beusen et al. (2015) weathering P inputs
were computed based on the Hartmann et al. (2014) chemical
weathering P release estimates.

We divided yearly total N (TN) and total P (TP) inputs
from Beusen et al. (2015) into different N and P forms (listed
in Table 3) based on Vilmin et al. (2018). Vilmin et al. (2018)
suggested fractions to divide TN and TP inputs into three
N and P species according to the source. For sewage, frac-
tions were given for three types (i.e., untreated, primary
treated, and secondary/tertiary treated). The sewage inputs
from Beusen et al. (2015), however, were aggregated. Thus,
to divide the Beusen et al. (2015) sewage TN and TP inputs
into three N and P species, we have taken a middle ground
and used the fractions for primary treated sewage. Although
we acknowledge that this is a simplification, we find that our
results are relatively insensitive to alternatives, assuming that
all sewage is untreated, all sewage has secondary treatment,
and the two options are based on the fact that over 80 %
of wastewater is discharged without “adequate treatment”
(Environment and Natural Resources Department, 2022, Ta-
ble 3). Specifically, the fractions are driven by assuming that
(1) 80 %, 10 %, and 10 % of the Beusen et al. (2015) sewage
is untreated, primary treated, and secondary/tertiary treated,
respectively, and (2) 40 %, 40 %, and 20 % of the Beusen
et al. (2015) sewage is untreated, primary treated, and sec-
ondary/tertiary treated, respectively. In all cases, the simu-
lated river loads of each species change by <9 %, and the
simulated total load does not change (see Sect. 4.4).

For TP fluxes from agricultural lands to rivers, distinct
species fractions were given for two sources (i.e., surficial
runoff and soil loss), while surface runoff TP inputs from
Beusen et al. (2015) were aggregated. To divide the Beusen
et al. (2015) agricultural surface runoff TP inputs into three
P species, we assume nearly equal fractions. As is the case
for sewage, perturbation experiments show that our results
are relatively insensitive to a wide range of fractions (see Ta-
ble 3 and the sensitivity analysis in Sect. 4.4). The six un-
certainty simulations use (1) the fractions for surficial runoff
for all agricultural fluxes, (2) the fractions for soil loss for
all agricultural fluxes, and fractions driven by assuming that
(3) 40 % and 60 % of the Beusen et al. (2015) agricultural
surface runoff TP inputs are from surficial runoff and soil
loss, respectively, (4) 60 % and 40 % of those are from surfi-
cial runoff and soil loss, respectively, (5) 20 % and 80 % of
those are from surficial runoff and soil loss, respectively, and
(6) 80 % and 20 % of those are from surficial runoff and soil
loss, respectively. In all cases, the simulated river loads of
each species change by < 13 %, and the simulated total load
changes by < 1 %.
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Table 3. Description of solid and nutrient inputs from terrestrial systems and the atmosphere to rivers, which were either simulated by LM3-
FANSY or provided by Beusen et al. (2015). The numbers are the fractions of dividing TN and TP inputs provided by Beusen et al. (2015)
into different N and P species. Organic N (ON) and organic P (OP) from Beusen et al. (2015) are considered to be mainly (70 %) particulate.

Input source N ‘ P ‘ Solid
NHf NO; ON |POJ” PP OP|POM  ISS
Subsurface runoff LM3- LM3- LM3- ‘ ‘
FANSY FANSY FANSY
Litter from floodplains ‘ 0.00 0.00 1.00 ‘ LM3- LM3-
FANSY FANSY
Natural surface runoff | 000 025 075 |
Agricultural surface runoff ‘ 034 033 0.33 ‘
Weathering | 1.00 0.0 0.00 |
Atmospheric deposition 0.35 0.35 0.30 ‘ ‘
Aquaculture 0.26 0.62 012 | 069 006 025 |
Wastewater 0.90 0.00 010 | 080 0.0 0.10 |

Uncertainty tests associated with fractions that divide TP inputs into three P species (see Sect. 3.1 for details),

assuming that agricultural surface runoff from Beusen et al (2015) contains the following.

Surficial runoff 100 %

Soil loss 100 %

Surficial runoff 40 %
Soil loss 60 %

Surficial runoff 60 %
Soil loss 40 %

Surficial runoff 20 %
Soil loss 80 %

Surficial runoff 80 %
Soil loss 20 %

| 060 0.00 040 |
| 000 075 025 |
024 045 031
036 030 034
0.12 060 0.28
048 015 037

Uncertainty tests associated with fractions that divide TN and TP inputs into three N and P species (see Sect. 3.1 for details),
assuming that wastewater from Beusen et al. (2015) contains the following.

Primary treated 40 %

Untreated 100 % 0.65 0.00 035 | 015 030 055 |
Secondary/tertiary treated 100 % 0.60 0.30 0.10 ‘ 0.80 0.10 0.10 ‘
Untreated 80 % 0.67 0.03 0.30 028 0.26 0.46
Primary treated 10 %

Secondary/tertiary treated 10 %

Untreated 40 % 0.74 0.06 0.20 054 0.18 0.28

Secondary/tertiary treated 20 %

For aquaculture, two groups of fractions are given for par-
ticulate and dissolved sources. The fractions in Table 3 are
driven by assuming that about 12 % and 31 % of aquacul-
ture TN and TP inputs from Beusen et al. (2015) are partic-
ulate, approximating Fig. 3 of Bouwman et al (2013a). We
did not conduct sensitivity simulations for aquaculture be-
cause aquaculture nutrient inputs are very small compared
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to the other sources (<1 % of total inputs for both N and P),
and thus uncertainties associated with the fractions should be
negligible for the global application herein.
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3.2 Sensitivity simulations

Model sensitivities to the inputs, components, and parame-
ters are examined by analyzing the responses of river solid
and nutrient loads to their changes for the period 1948-2000.
Model sensitivities to the nutrient inputs to rivers are exam-
ined by increasing each input source by 15 % or removing
it. When the inputs were from LM3, the 15 % increase was
applied to each input variable (i.e., NO5, NHI, DON, and
PON). When the inputs were externally prescribed, the 15 %
increase was applied to each input source listed in Table 3.
In both cases, the increases were applied uniformly over the
grid and time.

One of the distinct features of LM3-FANSY is the capabil-
ity to model interactions between algae, nutrient, and solid
dynamics. Light shading by SS and algae themselves mod-
ulates the strength of algal productivity and, in turn, river
solids and nutrients. In LM3-FANSY, the light extinction co-
efficient is dynamically simulated as a function of ISS, POM,
and Chl (Eq. 23) instead of using a prescribed parameter. To
evaluate how critical the dynamic light extinction component
is for model predictive capacity, the component was replaced
with a prescribed parameter value (ke =0.15 or 0.45) and
the river load responses to more active algal populations are
examined.

Model sensitivities to the parameters are examined by de-
creasing each of the calibrated parameters listed in Table 2 by
half or doubling them. For the parameters which have much
smaller or much larger impacts compared to the other pa-
rameters, additional sensitivity tests have been performed to
show responses of river loads to the parameter changes in
their broad observed ranges.

3.3 Comparisons of measurement-based and modeled
estimates

For cross-watershed evaluations, we compare LM3-FANSY
results of river SS, NO; , NH;{, DIN (the sum of NO; and
NH;"), DON, total Kjeldahl N (TKN, the sum of NH;, DON,
and PON), PO3~, DOP, and TP (the sum of PO.~, DOP, PIP,
and POP) yields (kg km—2 yr~!), loads (kt yr—!), and concen-
trations (mg L~ 1) with measurement-based estimates from
70 of the world’s major rivers (Tables S1-S9, the GEMS-
GLORI world river discharge database, Meybeck and Ragu,
2012). The 70 river basins cover 55 % of global land area
(excluding the Antarctic) and are distributed globally across
various climates and land use (Fig. S1). The LM3-FANSY
performance is also compared with that of Global NEWS
(Mayorga et al., 2010) by using the same measurement-based
estimates, yet excluding a few unavailable rivers in Global
NEWS (Tables S1, S4, S6-S9).

The 70 rivers were chosen by the following procedure.
First, river basins with areas <100000 kmz, about 10 grid
cells in our 1° resolution, were excluded from the compar-
isons. Second, river locations were identified by matching
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latitudes, longitudes, and basin areas of the modeled and re-
ported rivers, which are located either at the river mouths or
near the river mouths. Third, rivers that were not properly
represented within the LM3-FANSY river network were ex-
cluded. For example, the GEMS-GLORI database provides a
Sanaga River SS concentration at 3.8°N and 10.1° E with its
basin area of 119 300 km2. LM3-FANSY, however, does not
capture the Sanaga River at a comparable location (3.5°N
and 10.5° E), where the river has a much smaller basin area
(5607 kmz). The Sanaga River was thus excluded. In total,
nine rivers (i.e., Anabar, Brantas, Burdekin, Don, Hayes,
Huai, Pyasina, Sanaga, and Sepik) were excluded. When a
river in the LM3-FANSY river network captures two merged
small rivers in GEMS-GLORI, the water-discharge-weighted
mean concentration of the two rivers was used for analysis.
When more than one data source was given for a river, the
data selected for the first line were used, since they were
considered to be “the most reliable and generally were ob-
tained first-hand by local engineers or scientists (Meybeck
and Ragu, 1997)”. When data in the first line were outdated
(1970s—early 1980s) or reported as zero, the latest data were
used if available in the next lines. When more than one data
source was given for a river with different basin areas, the
data monitored at the location with the largest basin area (i.e.,
nearest to the river mouth) were used.

Since hydraulic controls like damming, irrigation, and di-
version affect many rivers, natural river water discharges
are distinguished from actual, modified ones in the GEMS-
GLORI database. LM3-FANSY does not resolve such hy-
draulic controls, and thus, if available, the natural discharges
of GEMS-GLORI are used when calculating loads and yields
from the GEMS-GLORI concentrations. Comparisons of the
model results with loads and yields calculated by using the
actual discharges are also presented in the Supplement. Since
Global NEWS accounts for anthropogenic hydraulic con-
trols, Global NEWS results are compared with the loads and
yields calculated by using the actual discharges.

We report the Pearson correlation coefficient (r) and
Nash-Sutcliffe model efficiency coefficient (NSE) between
the log-transformed modeled and measurement-based es-
timates across the 70 rivers. We also report the predic-
tion error computed as the difference between the mod-
eled and measurement-based estimates of loads expressed
as a percentage of the measurement-based load. For global
evaluations, LM3-FANSY results are compared with re-
ported global estimates from various references. For cross-
watershed and global evaluations, annual results for the year
1990 are analyzed and presented. In parentheses, ranges of
using annual results for the years 1990-2000 are also pro-
vided throughout the paper.

For time series evaluations, we used reported annual solid
and nutrient loads across eight stations in large US rivers
from the USGS National Water Quality Network (NWQN,
Lee, 2022). We note that the robustness of evaluating sim-
ulated interannual variability against simple flow-weighted
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annual observations depends on the frequency and timing of
chemical samplings (Lee et al., 2021). The reported annual
loads from NWQN were estimated with the USGS’s latest
load estimation method, Weighted Regressions on Time, Dis-
charge, and Season method with Kalman filtering (WRTDS-
K), for all analyzed rivers, except for the Columbia River for
which only the regression (REG) method estimates are avail-
able (Lee et al., 2017). The WRTDS-K method proved to
be the most accurate annual load estimation method among
methods studied by C. J. Lee et al. (2019).

The eight stations are located in the three largest river
basins in NWQN (six stations in the Mississippi River Basin,
one station in the St. Lawrence River Basin, and one sta-
tion in the Columbia River Basin). The basin area of the
Yukon River station is larger than those of the St. Lawrence
and Columbia River stations, but the Yukon River station
was excluded for this analysis because data are only avail-
able beyond 2000. The corresponding station locations in the
LM3-FANSY river network were identified by matching lat-
itudes, longitudes, and basin areas of the reported and mod-
eled rivers. The yearly data provided by NWQN are based
on “a water year” defined as the 12-month period from 1 Oc-
tober for any given year through 30 September of the fol-
lowing year. The corresponding water yearly results of LM3-
FANSY for the period ~ 1963-2000 were used for this anal-
ysis.

4 Results and discussion
4.1 Model performance analysis

Measurement-based and simulated annual SS estimates
across 65 rivers are significantly correlated, with Pearson
correlation coefficient () values equal to 0.65 (0.57-0.65)
for yields, 0.76 (0.71-76) for loads, and 0.67 (0.67-0.69)
for concentrations for the year 1990 (range for the years
1990-2000) (Fig. 2, Table 4). This result, which allows for
a coarsely calibrated value of the one free terrestrial soil
erosion parameter (C; = 0.012), demonstrates that LM3-
FANSY reproduces the measurement-based SS estimates
fairly well, especially given that the model contains only one
calibrated parameter for SS. This model performance is com-
petitive with other global model estimates using larger num-
bers of free parameters (Hatono and Yoshimura, 2020; May-
orga et al., 2010; Tan et al., 2017). For example, model per-
formance of Global NEWS 2, when analyzed on the same
dataset used for our model performance evaluation yet ex-
cluding a few unavailable rivers (Table S1), is slightly better
than LM3-FANSY for yields and loads and slightly worse
for concentrations based on correlations (Fig. S2). The total
quantity of global river SS loads to the coastal ocean is 10
(10-11) Pgyr~! for the year 1990 (range for the years 1990—
2010) for LM3-FANSY, at the lower bound of previous es-
timates (Table 5, Global NEWS estimate of 11-27 Pg yr’l,
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Beusen et al., 2005; Discharge Relief Temperature sediment
delivery model (QRT) estimate of 12.6 Pgyr~!, Syvitski et
al., 2005).

Correlations between measurement-based and simulated
NO3_ s NHI, DON, and TKN yields, loads, and concentra-
tions across 51, 37, 18, and 12 rivers, respectively (Fig. 3,
Table 4), indicate that LM3-FANSY can also explain the ob-
served spatial variations in river N in multiple forms and
units to a reasonable extent. The fidelity of LM3-FANSY
in terms of N is comparable to that of Global NEWS 2
(which does not estimate NO3" and NHI separately but only
estimates their sum as DIN). Spatial DIN patterns evalu-
ated by r values are better represented by Global NEWS 2,
while LM3-FANSY estimates better spatial DON patterns
(Tables S4, S9, Fig. S2). Measurement-based estimates of
particulate nutrient compounds to evaluate our model imple-
mented at 1° resolution herein are limited. The evaluation of
modeled PON is limited to a few measurement-based TKN
estimates that include PON, but these aggregate values match
the model estimates reasonably well.

Globally, TN inputs to rivers (N inputs hereafter) in LM3-
FANSY are 85 (85-91)TgNyr~!, about 59 (56-60)% of
which is lost to the atmosphere or retained within freshwa-
ters (N loss or retention hereafter) and the other 41 (40-43) %
is exported to the coastal ocean (N exports hereafter) (Ta-
ble 6). LM3-FANSY does not include net long-term N burial
to bottom sediments, as all organic N delivered to the sed-
iments is ultimately remineralized. While year-to-year sed-
iment N inventories may vary, effectively all long-term N
losses are to the atmosphere via freshwater denitrification.
LM3-FANSY estimates that N loss or retention is 144 (130-
148) % of the N exports, consistent with the 147 % and 143 %
of Galloway et al. (2004) and Seitzinger et al. (2006) yet
larger than the 73 % estimated by IMAGE-GNM (Beusen
et al., 2016). LM3-FANSY estimates that 59 (56-60) % of
the N inputs is lost or retained in freshwaters, consistent
with the 60 % of Galloway et al. (2004) yet larger than the
42 % of IMAGE-GNM (Beusen et al., 2015). Recent esti-
mates of global river TN loads to the coastal ocean vary
widely, ranging from about 36.5 to 48 TgNyr—! (Table 5,
Beusen et al., 2016; Boyer et al., 2006; Galloway et al., 2004;
Green et al., 2004; Mayorga et al., 2010). Our global esti-
mate of 35 (34-38) TgNyr~! for the year 1990 (range for
the years 1990-2000) is thus at the lower bound of the pub-
lished range. The simulated global river TN loads contain
approximately equal contributions by DIN (the sum of NO5
and NHI, 14 (14-16) TgN yr~!, 41 % of TN) and DON (13
(13-14) TgNyr~!, 39 % of TN), with a lesser contribution
by PON (7 (7-8) TgNyr~!, 20 % of TN). The estimates of
global river DIN loads are at the lower end of recent esti-
mates, which range from 14.5 to 18.9 TgN yr~! (Mayorga et
al., 2010; Green et al., 2004; Smith et al., 2003). This may
be partly due to an overestimation of freshwater denitrifica-
tion and/or algae-mediated transformations to organic forms.
In contrast, our global river DON load estimate is slightly
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Table 5. LM3-FANSY and published estimates of global river loads to the coastal ocean in Pg vql_ for SS and Tg v\wl_ for nutrients. LM3-FANSY results are for the year 1990 (range

for the years 1990-2000).

SS N DIN DON PON TP wOM\ (DIP) DOP PP
LM3-FANSY 10 35 14 13 7 7 2 1 5

(10, 11) (34, 38) (14, 16) (13, 14) 7,8) (7,8)
Global NEWS 1 19 44.9 18.9 10 13.5 9.04 1.45 0.6 6.56
(year 1995) (11, 27) NEWS 2, NEWS 2, NEWS-DON, NEWS 2, NEWS 2, NEWS-DIP- NEWS-DOP, NEWS 2,
Global NEWS 2 Beusen et Mayorga et Mayorga et Harrison et Mayorga et Mayorga et HD, Harrison Harrison et Mayorga et
(year 2000) al. (2005) al. (2010) al. (2010) al. (2005) al. (2010) al. (2010) et al. (2010) al. (2005) al. (2010)
QRT; 12.6
(years 1960-1995) Syvitski et

al. (2005)
IMAGE-GNM 36.5 4
(year 2000) Beusen et Beusen et

al. (2016) al. (2016)

Boyer et 48
al. (2006)
(mid-1990s)
Galloway et 47.8
al. (2004)
(early-1990s)
Green et 40 14.5
al. (2004)
(mid-1990s)
Smith et 18.9 23
al. (2003)
(1990s)
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Figure 2. Pearson correlation coefficients (r) and p values (p) for the log-transformed measurement-based vs. simulated SS yields, loads,

and concentrations across 65 rivers for the year 1990.
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Figure 3. Pearson correlation coefficients () and p values (p) for the log-transformed measurement-based vs. simulated NO5’, NHI, DON,
and TKN yields, loads, and concentrations across 51, 37, 18, and 12 rivers for the year 1990.

higher than a previous estimate of 10 TgN yr~! (Harrison et
al., 2005). Our global river PON load estimate is consider-
ably lower than a previous estimate of 13.5 TgNyr~! (May-
orga et al., 2010). See Sect. 4.5 for further discussion.

Simulated river POX_ , DOP, and TP yields, loads, and con-
centrations are in reasonable agreement with more limited
measurement-based estimates across 47, 9, and 5 rivers, re-
spectively (Fig. 4, Table 4). Global NEWS 2 has generally
higher correlations for yields and loads and lower correla-
tions for concentrations for the three species compared to
LM3-FANSY (Tables S6-S8, Fig. S2).

Globally, TP inputs to rivers in LM3-FANSY are 8 (8-9)
TgPyr~!, about 9 (6-10) % of which is stored within fresh-
waters and the other 91 (90-94) % is exported to the coastal

https://doi.org/10.5194/gmd-17-5191-2024

ocean (Table 6). IMAGE-GNM estimates that ~ 56 % (5 of
9TgPyr~') of the P inputs are stored within freshwaters
(Beusen et al., 2016). This is a large difference from our es-
timate of 9 (6—10) % retention, but the difference is around
a very uncertain number as the storage has not been directly
measured. LM3-FANSY, which does not account for dams
and reservoirs, likely underestimates global freshwater P re-
tention by at least ~ 12 % (Table 6, Maavara et al., 2015,
see Sect. 4.5 for further discussion). The overall consis-
tency of our SS, N, and P estimates with the observed cross-
watershed constraints (Figs. 2—4, S6, Table 4), however, sug-
gests that the bias introduced by the lack of dams and reser-
voirs may not be large. In contrast, underestimates of P ex-
ports to the coastal ocean from high-exporting basins such as

Geosci. Model Dev., 17, 5191-5224, 2024
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Table 6. LM3-FANSY and published estimates of global freshwater N and P budgets.

Tg yr_1 in the first line,

% of N inputs into freshwaters in the second line,
% of N exports to the coastal ocean in the third line

N inputs into N loss by freshwa- N exports to the P inputs into P retention within P exports to the
freshwaters ter denitr. and N re-  coastal ocean freshwaters freshwaters coastal ocean
tention within
freshwaters
LM3-FANSY 85 (85-91) 50 (48-53) 35 (34-38) 8 (8-9) 1 7(7-8)
Year 1990 59 (56-60) % 41 (40-43) % 9 (6-10) % 91 (90-94) %
(range for 1990-2000) 144 (130-148) % 10 (7-11) %
Galloway et al. (2004) 118.1 70.32 47.8
Early 1990s 60 % 40 %
147 %
IMAGE-GNM, Beusen 64 27 37 9 5 4
et al. (2016) 42 % 58 % 56 % 44 %
Year 2000 73 % 125 %
Seitzinger et al. (2006) 66P 46
Mid-1990s -
143 %
Maavara et al. (2015) 10.8¢ 1.34
Year 2000 12%
Global NEWS, 432 8.6
Seitzinger et al. (2010)
Year 2000

4 “Nr input to rivers” minus “Nr export to coastal areas” in Table 1 of Galloway et al. (2004). b The sum of denitrification in “rivers” and “lakes and reservoirs” in Table 1 of Seitzinger et al. (2006). ¢ Inputs of P to
dam reservoirs in Table 1 of Maavara et al. (2015). 9 Retention of P by dam reservoirs in Table 1 of Maavara et al. (2015).
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Figure 4. Pearson correlation coefficients (r) and p values (p) for the log-transformed measurement-based vs. simulated PO, ", DOP, and
TP yields, loads, and concentrations across 47, 9, and 5 rivers for the year 1990.
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the Amazon, Ganges, and Yangtze shown in Fig. 2 of Har-
rison et al. (2019) imply that IMAGE-GNM likely overesti-
mates global freshwater P retention. Even though our fresh-
water P retention estimates are near the lower bound, our P
retention estimates are far higher than those for N, mainly
reflecting the sorption of POi_ onto solids and its deposition
to bottom sediments. Our estimate of global river TP loads to
the coastal ocean (7, 7-8 TgP yr~!) falls within the range of
other estimates (9.04 TgP yr~! from Global NEWS 2, May-
orga et al., 2010; 4 TgP yr_l from IMAGE-GNM, Beusen
et al., 2016, Table 5). LM3-FANSY estimates that, globally,
rivers export 5 TgPyr~! as PP (64 % of TP), 2 TgPyr~! as
PO}~ (25%), and 1 TgPyr~!' as DOP (11%). The global
river POi_, DOP, and PP load estimates are consistent with

previous estimates of 1.45-2.3 TgPyr~! for POi_ (Harrison
et al., 2010; Smith et al., 2003), 0.6 TgP yr’1 for DOP (Har-
rison et al., 2005), and 6.6 TgPyr—! for PP (Mayorga et al.,
2010).

Global watershed model performance of simulating N : P
ratios has not been reported in prior publications. While
our simulations are reasonably successful in capturing cross-
ecosystem differences in both N and P species, variations in
their ratios proved more challenging. The model captures
the mean ratio of DIN and DIP but little of the variation
(Fig. S3). One factor that likely contributes to this is the in-
consistency between the N inputs to rivers, the majority of
which (~92 %) was simulated within LM3, and the P in-
puts, all of which were drawn from another model IMAGE-
GNM). Continued refinement is thus needed to reliably cap-
ture N : P ratio variations in rivers and their subsequent water
quality implications (see Sect. 4.5).

Despite the relatively simple nature of lake biogeochem-
istry in LM3-FANSY (i.e., vertically unresolved mixed re-
actors, M. Lee et al., 2019), the model creates a reason-
able range of chlorophyll a concentrations (Fig. S4) that
generally fall within a range of in situ estimates from
globally distributed lakes (Sayers et al., 2015). The in
situ estimates in the compilation of Sayers et al. (2015)
range from ~0 to ~100mgm™3, mostly falling between
5 and S50mgm™3 (Fig. 5 of Sayers et al., 2015, available
at https://www.tandfonline.com/doi/full/10.1080/01431161.
2015.1029099, last access: 20 June 2024).

Despite the significant correlation between the
measurement-based and modeled estimates for each
solid and nutrient form across various rivers, errors on a
basin-by-basin scale are substantial, with high-load, large
basins tending to have large absolute errors (Figs. 2-4).
However, the ranges of prediction errors in our model simu-
lation, as demonstrated in the interquartile range (IQR) and
distribution of prediction errors (Table 4), are comparable
to those of other models (Dumont et al., 2005; Harrison
et al.,, 2005, 2010). This suggests that our model has a
competitive correlation (r value), precision (IQR), and bias
(median error) for each species compared to previous efforts
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even while including fewer observational constraints on the
river sources and more explicitly parameterized freshwater
biogeochemical processes.

4.2 Spatial pattern analysis

Spatial maps of river solid and nutrient yields and loads
help identify global hotspots of water pollution and provide
insight into which processes modulate the magnitudes and
form of inputs. A global map of simulated terrestrial soil
erosion rate from Eq. (3) is more strongly related to the
basin slope map than to the rainfall or LAI maps, reflecting
the prominent role of topographic steepness in controlling
soil erosion (Fig. 5). This is consistent with previous stud-
ies (Pelletier, 2012; Syvitski et al., 2005). The eroded soil
is transported as suspended load to rivers, some of which is
stored within rivers and lakes, and the rest makes its way to
large river outlets to the coastal ocean. Simulated river SS
yields are high in mountains like the Andes, Rockies, and
Himalayas and low in most gently sloping areas. The yields
(i.e., loads per area) decrease with distance from mountains,
as some of the soil is stored in lowland rivers and lakes and as
basin areas (the denominator in yields) increase downstream.
In contrast, simulated river SS loads tend to increase down-
stream because larger rivers carry more soils from many
small streams and tributaries. The Ganges, Chang Jiang, In-
dus, and Huang He rivers in Asia, the Parana and Amazon
rivers in South America, and the Mississippi and Columbia
rivers in North America are among the largest river SS ex-
porters (i.e., highest loads) in LM3-FANSY.

The Mississippi, Chang Jiang, Ganges, Ob, Amazon,
Parana, and Orinoco rivers are among the top exporters of
all three N forms (DIN, DON, and PON) to the coastal
ocean in LM3-FANSY (Fig. 6). These basins are character-
ized by tropical humid climates with high terrestrial produc-
tivity, high population and agricultural pressures, and/or high
river water discharge. The highest river DIN yields and loads
occurred in European and Asian rivers (e.g., Rhine, Elbe,
Danube, and Zhujiang), despite their relatively low river wa-
ter discharge and small basin areas, largely due to substantial
anthropogenic N inputs (Dumont et al., 2005; Mayorga et al.,
2010). In contrast, the lowest river DIN yields and loads are
estimated for arid regions and most high-latitude basins with
low population densities and less intensive agriculture. The
Amazon, Parana, Orinoco, Zaire, Ganges, Zhujiang, Hong,
Chang Jiang, Mississippi, Yukon, Ob, and Yenisey rivers are
estimated to produce the largest river DON yields and loads.
The largest river DON yields and loads are from humid tropi-
cal regions, despite lower human pressures, indicating a crit-
ical role of non-anthropogenic sources (i.e., terrestrial soil
and litter fluxes from N-enriched natural forests) in export-
ing the dissolved organic form (Harrison et al., 2005). Low
river DON yields and loads tend to occur in relatively dry
regions with low anthropogenic pressures.

Geosci. Model Dev., 17, 5191-5224, 2024
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Figure 5. Global maps of the model inputs of LAI, rainfall, and basin slope and of the simulated soil erosion rate, river SS yields, and river

SS loads for the year 1990.

The Mississippi, Chang Jiang, Ganges, Amazon, and
Danube rivers are among the highest exporters of all three
P forms (DIP, DOP, and PP — the sum of POP and PIP) to the
coastal ocean (Fig. 7). Hotspots for river POE;* yields and
loads tend to occur in river basins including densely pop-
ulated large urban centers, such as the Chang Jiang, Huang
He, Mekong, Shatt el Arab, Ganges, Godavari, Narmada, and
Danube. The critical role of urban areas with sewage efflu-
ents in producing high river POi_ yields is consistent with
previous studies (Harrison et al., 2010; Mayorga et al., 2010).
High river POi_ yields also occur in humid river basins char-
acterized by high P weathering rates, such as the Amazon,
Parana, Zaire, Niger, Ganges, Chang Jiang, and Mekong, or
in river basins including intensively farmed areas like the
Mississippi (Harrison et al., 2010). The highest DOP and
PP yields and loads tend to follow a pattern similar to that
of POi_, but there are also differences in patterns of POZ_
yields from patterns of PP yields. The differences, in part,

Geosci. Model Dev., 17, 5191-5224, 2024

result from deforestation and agricultural expansion in river
basins like the Columbia and Amur, demonstrating elevated
PP yields in comparison to POfL yields (Harrison et al., 2019).

4.3 Time series analysis

Correlations between the measurement-based and simulated
annual river solid and nutrient load time series across eight
stations in large US rivers for the period ~ 1963-2000
demonstrate that, while model results for individual rivers
may be biased, the simulated solid and N loads in different
N species covary with variations of the measurement-based
loads (Table 7, Figs. 8, S5). LM3-FANSY, however, has less
capability to capture interannual variability of the P loads.
The prominent difference in the solid and N dynamics vs.
the P dynamics in LM3-FANSY is that the large terrestrial
litter and soil sources for N are simulated by LM3, while
the corresponding P inputs are externally prescribed because

https://doi.org/10.5194/gmd-17-5191-2024
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Figure 6. Global maps of the simulated river DIN, DON, and PON yields and loads for the year 1990.

LM3 does not yet include terrestrial P dynamics. The lack of
terrestrial P dynamics in LM3 is one of the most plausible
reasons for the lower capability to capture the P load interan-
nual variability (see Sect. 4.5 for further discussion).
Prediction errors of the average river solid and nutrient
loads for the periods ~ 1963-2000 across the eight stations
(Table 7) are comparable to the errors shown in the cross-
watershed analysis (Table 4), as well as to the errors of cross-
watershed analyses in previous global watershed modeling
studies (Harrison et al., 2010; He et al., 2011; Mayorga et al.,
2010; Pelletier, 2012). The cross-watershed emphasis herein
reflects the intended global application of the model, but sig-
nificant biases for individual rivers are a natural consequence
of the prioritization. For example, the Mississippi River N
loads in the LM3-FANSY simulation herein are significantly
underestimated despite the model’s modest global load bias.
Focused investigations of larger misfits will be pursued in
future work to increase model robustness through targeted
enhancements to better reflect regional variations. Alterna-
tively, for regional applications, tuning a single parameter
for N dynamics or solid dynamics allows LM3-FANSY to
be calibrated for a specific river. For example, for the Missis-
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sippi River, reducing the freshwater denitrification rate co-
efficient from 0.15 to 0.05d~! can reduce the errors from
—60% to —15 % for NO; and from —23 % to 8 % for TN,
while increasing the correlation coefficients from 0.7 to 0.75
for NO; and from 0.65 to 0.67 for TN (Fig. 8). Reducing
the free parameter of terrestrial soil erosion by half can re-
duce the error of SS from 150 % to 27 %. Lastly, the ¢ statis-
tic shows that 30 of the 37 measurement-based time series
loads have no significant linear trends over the time periods
at the 0.05 level (Table 7). LM3-FANSY captures 30 of the
37 measurement-based trends in terms of whether the trends
are significant and, when significant, all of the slope signs
demonstrating downward vs. upward trends.

4.4 Model sensitivity with changes in parameter
settings and nutrient inputs

For solid dynamics, the free scale parameter of terrestrial soil
erosion (C1) plays a significant role in determining the over-
all quantity of river SS loads, with its decrease by half (dou-
bling) leading to a 50 % decrease (99 % increase) in global
river SS loads (Table 8). The decrease (increase) in C; also

Geosci. Model Dev., 17, 5191-5224, 2024
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Figure 7. Global maps of the simulated river POi_, DOP, and PP yields and loads for the year 1990.

reduces (enhances) the erosion-associated fluxes from terres-
trial litter and soils and, in turn, river PON loads. In addition,
the decrease (increase) in Cp reduces (enhances) sorption of
PO?[ to solid particles, as reflected by DIP vs. PIP load
changes. These results associated with terrestrial soil ero-
sion are, however, found to be insensitive to 1 order of mag-
nitude changes in POM-to-PON ratios in eroded terrestrial
soils and/or freshwaters (rpn,gro and/or rpn, Sect. 2.2.1).
For nutrient dynamics, the responses of river loads to a re-
moval of each nutrient input source or an increase of it by
15 % suggest that terrestrial runoff and erosion are the dom-
inant drivers of river N loads, followed by wastewater (Ta-
ble 8). For river P loads, terrestrial runoff and erosion are
also the dominant drivers, but unlike for N, the second dom-
inant driver is weathering, followed by wastewater. Terres-
trial runoff and erosion also play a critical role in explain-
ing model efficiency and spatial distribution of river nutrient
loads (Table 9). A removal of them reduces NSE and r val-
ues substantially. Wastewater plays a relatively small role in
explaining model efficiency and spatial distribution of river
N Hj{ and PO?[ loads. Weathering plays a modest role in ex-
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plaining model efficiency and spatial distribution of P loads
in all species. A removal of aquaculture or atmospheric de-
position has almost no impacts on the quantity, model effi-
ciency, and spatial variation of river loads, suggesting that
inaccuracies in these inputs have minor impacts on regional
and global model estimates relative to the inaccuracies asso-
ciated with the other model inputs. However, the importance
of each source is likely to vary, depending on the dominant
control on river nutrient loads in a specific region.

The parameter sensitivity tests show relatively insensi-
tive responses of river nutrient loads to the changes in the
rate coefficients of decay processes that break down com-
plex organic compounds into simpler organic or inorganic
compounds. The changes in the rate coefficients for hydroly-
sis, nitrification, and denitrification, however, have relatively
large impacts on river nutrient loads. This is especially true
for the freshwater N cycle, which includes an additional
loss pathway to the atmosphere via denitrification unlike the
freshwater P cycle. The role of freshwater denitrification in
global river N loads, however, has not been explicitly inves-
tigated by previous global watershed modeling studies. Our

https://doi.org/10.5194/gmd-17-5191-2024



M. Lee et al.: Freshwater algae—nutrient—solid dynamics 5213

Table 7. Summary of the LM3-FANSY capacity to simulate observation-based estimates of time-varying solid and nutrient loads from eight
stations in large US rivers with extended time series. Rows correspond to stations and columns to different nutrients or suspended solids.
Each table entry contains multiple skill metrics. The first entry indicates when the time series starts, with all time series continuing to 2000.
The second entry provides the Pearson correlation coefficient quantifying the correspondence between observed and simulated annual loads.
A p value indicating the significance level of this correlation is also provided. The third entry gives the prediction error computed as the
difference between the simulated and measurement-based load averages expressed as a percentage of the measurement-based load average
over the time series. The fourth line indicates whether the observation-based and LM3-FANSY estimates have significantly positive (+)
trends, negative (—) trends, or no trend (none) over the time series period. Thus, “+/+" indicates that both the observation-based and LM3-
FANSY estimates have a significantly increasing trend, whereas “+/—" indicates that the observation-based estimates have a significantly
increasing trend, while the LM3-FANSY estimates have a significantly decreasing trend. Trend significance was tested at the 5 % level using
the p value of the 7 statistic for a linear trend.

Eight NWQN stations in large NO3_ TN PO 4_ TP SS

US rivers

Mississippi River near 1968 1975 1970 1974 1993

St. Francisville, LA 0.70, < 0.01 0.65, <0.01 0.34, 0.06 0.14, 0.49 0.76, 0.03
—60 % —23% —43 % 91 % 150 %
+/+ none/none —/— none/— —/none

Mississippi River at Thebes, IL 1973 1973 1977 1973 1973
0.49, <0.01 0.60, < 0.01 0.07,0.74 0.40, 0.03 0.45,0.02
71 % —53 % —21% 51 % —4 %
none/none none/none none/none none/none none/none

Missouri River at Hermann, 1967 1970 1979 1967 1975

MO 0.43,0.01 0.48, <0.01 <0.01,0.97 0.35,0.04 0.66, < 0.01
34 % 41 % 116 % 208 % 8 %
none/+ none/none none/none none/none none/none

Ohio River at Olmsted, IL 1963 1973 1964 1968 1973
0.56, < 0.01 0.76, < 0.01 0.36, 0.03 0.05, 0.80 0.48, 0.01
—75% —46 % 71 % —31% 178 %
none/+ none/none —/— none/— —/—

Mississippi River below 1975 1975 1979 1975 1993

Grafton, IL 0.72, <0.01 0.73, <0.01 0.10, 0.67 0.23,0.26 0.68, 0.06
—95% —86 % —93% —65% —35%
none/none none/none none/none none/— none/none

Arkansas River at David D. 1969 1970 1981 1969 No

Terry Lock and Dam below Lit-  0.62, < 0.01 0.64, <0.01 —0.35,0.13 0.40, 0.02 Data

tle Rock, AR —29% 92 % 20 % 515 %
none/none none/none none/none none/none

Columbia River near Beaver 1993 1993 1993 1993 1993

Army Terminal, OR 0.74, 0.04 0.75,0.03 0.21, 0.62 0.07,0.87 0.61,0.11
140 % 150 % —2% 318 % 1588 %
none/none none/none none/none none/none none/none

St. Lawrence River at Cornwall, 1974 1974 No 1974 No

Ontario, near Massena, NY 0.50, <0.01 —0.07,0.75 data 0.68, <0.01 data
—20% —44 % 530 %
+/none none/none —/—

sensitivity results imply a prominent role of freshwater den-
itrification in determining the amount of N loss to the atmo-

freshwaters. Decreasing the algal mortality rate constant by
half enhances algal uptake, decreasing DIN (the sum of NO5

sphere vs. N exports to the coastal ocean at both global (Ta-
ble 8) and regional (Fig. 8) scales.

Algae dynamics play a significant role in determining the
relative composition of inorganic vs. organic nutrients in
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and NHI) and IP (the sum of POi_ and PIP) by —11 % and
—33 %, respectively, while it increases ON (the sum of DON
and PON) and OP (the sum of DOP and POP) by 24 % and
33 %, respectively. Similarly, doubling the maximum pho-

Geosci. Model Dev., 17, 5191-5224, 2024
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Table 8. Model sensitivities to the changes in inputs, components, and parameters examined based on percentage (%) differences in global
river loads between the sensitivity and baseline simulations for the year 1990. The changed parameter values other than a decrease by half or
a doubling are given in parenthesis.

SS TN DIN DON PON TP DIP PIP DOP POP

Runoff and erosion Removal —1 —-90 -84 -9 -84 -74 =57 —-61 91 -—-94
+15% 0 13 12 15 13 11 11 7 13 14

Wastewater Removal 0 —-10 -14 -1 -19 -10 -16 -7 14 =7
+15% 0 2 2 0 3 2 3 1 2 1

Aquaculture Removal 0 —1 —1 0 -1 0 -1 0 —1 0
+15% 0 0 0 0 0 0 0 0 0 0

Atmospheric deposition Removal 0 —1 —1 0 -2 0 0 0 0 0
+15% 0 0 0 0 0 0 0 0 0 0

Weathering Removal 0 -2 1 -1 -11 =15 =32 -13 -11 —4
+15% 0 0 0 0 2 2 5 2 2 1

DN, Ero x0.1(1.39) 0 0 0 0 0 0 0 0 0 0
x10(139) —4 0 0 0 0 0 1 -2 0 0

DN, Eros 'DN x0.1(1.39) 0 0 0 0 2 0 -2 —1 2 1
x10(139) —4 -1 0 0 -5 0 6 -1 =5 -2

d x0.5 (0.005, small silt) 0 0 0 0 0 0 0 0 0 0
%2 (0.02, large silt) 0 0 0 0 0 0 0 0 0 0

(0.084, large phytoplankton)  —1 0 0 0 -2 0 0 0 0 -1

0A1, 0, Osed (1.066, 1.024, 1.024) 0 2 4 1 -2 0 0 1 —1 0
(1.066, 1.047, 1.047) 0 1 2 0 0 0 0 0 0 0

(1.066, 1.066, 1.066) 0 0 1 0 0 0 0 0 0 0

(1.066, 1.047, 1.08) 0 1 2 0 0 0 0 0 0 0

P‘gax x0.5 0 -10 4 -2 48 0 28 15 —43 -19
x2 0 9 —6 3 45 0 -23 -19 43 18

oCHL x05 0 -9 4 -2 -4 0 24 13 -38 -17
x2 1 11 -7 4 53 0 —-27 -23 52 21

kNO»; x0.5 0 1 0 0 4 0 -2 —1 3 1
x2 0 -1 0 0 —4 0 2 1 —4 -1

kNH, x0.5 0 1 0 0 3 0 -2 —1 2 1
x2 0 -1 0 0 -3 0 2 1 -3 -1

kpo, x0.5 0 0 0 0 1 0 -1 -1 1 1
x2 0 0 0 0 -2 0 1 1 -2 -1

kNO,3» kNHy» kPO, x0.1 (~lower bound) 0 3 -2 1 16 0 -7 -6 13 6
x4 (~ upper bound) 0 —4 2 -1 -22 0 15 7 =23 -9

kew x0.5 0 0 0 0 0 0 0 0 0 0
x2 0 0 0 0 0 0 0 0 0 0

ke (0.15) 1 13 —10 5 66 0 —-34 -29 66 26
(0.45) 1 12 -8 5 61 0 -31 =27 61 24

ksedN,d x0.5 0 0 0 0 0 0 0 0 -1 0
x2 0 0 0 0 0 0 0 0 0 0

ksedp.d x0.5 0 0 0 0 0 0 0 0 0 0
x2 0 0 0 0 0 0 0 0 0 0

kpoN.d x0.5 0 1 0 0 3 0 0 1 -1 -1
x2 0 —1 0 0 —6 0 -1 -1 1 1

kpop.d x0.5 0 0 0 0 -1 0 -1 -1 -5 3
x2 0 0 0 0 2 0 2 1 8 =5

Geosci. Model Dev., 17, 5191-5224, 2024
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Table 8. Continued.
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SS TN DIN DON PON TP DIP PIP DOP POP

kDON.d x0.5 0 7 -8 29 ) 1 0 -l 0

x2 0 -5 9 —-22 0 0 0 0 0 0

kpop.d x0.5 0 -1 0 0 -4 0 -5 -2 22 -2

x2 0 1 0 0 5 0 4 2 -22 2

Knitr x0.5 0 5 9 0 4 0 -2 -1 4 2

X2 0 -3 -5 0 —4 0 2 1 —4 -1

Kdenitr (0.05) 0 25 54 1 0 0 -5 -4 9 4

(0.075) 0 15 31 0 7 0 —4 -3 6 3

(0.1) 0 8 17 0 4 0 -2 -1 4 2

0.2) 0 -5 -10 0 -3 0 2 1 -3 —1

(0.25) 0 -8 -17 0 -4 0 3 2 -5 -2

(0.3) 0o —-11 =23 0 -6 0 4 2 —6 -2

Cq x0.5 =50 -3 -2 1 —14 0 22 =26 7 3

X2 99 8 2 —1 38 0o =22 23 -5 -2

km x0.5 1 15 —11 4 61 0 =35 =31 60 24

X2 0 —10 4 -3 —48 0 28 15 —44 —19

fin.DON> fn.PON (0.15,0.3) 0 1 0 -l 7 0 1 1 —16 3

(0.6, 0.3) 0 -2 0 1 -10 0 -2 -1 23 —4

(0.3,0.15) 0 -1 1 1 —12 0 —1 -1 17 -5

(0.3, 0.6) 0 1 -1 —1 9 0 1 1 —14 3

fPON.DON (0.4) 0 0 0 0 0 0 0 0 0 0

(1.0) 0 0 0 0 0 0 0 0 0 0

fpoP.DOP (0.4) 0 0 0 0 10 1 0 -4 0

(1.0) 0 0 0 0 0 0 0 0 2 0

FSedN DON (0.4) 0 0 0 0 ) 0 0 0 0

(1.0) 0 0 0 0 0 0 0 0 0 0

fSedP,DOP 0.4) 0 0 0 0 0 0 1 0 -2 0

(1.0) 0 0 0 0 0 0 0 0 1 0

JPON,DON. fPOP,DOP- 0.4) 0 0 0 0 I 0 1 0o -6 0
/3edN,DON: fsedP,DOP

(1.0) 0 0 0 0 0 0 -1 0 3 0

fSedP.POP x0.5 0 0 0 0 0 0 0 0 0 0

x2 0 0 0 0 0 0 0 0 0 0

tosynthesis rate or chlorophyll-a-specific initial slope of the
photosynthesis—light curve enhances algal uptake, decreas-
ing DIN by —6 or —7 % and IP by —21 % or —25 %, respec-
tively, while it increases ON by 18 % or 21 % and OP by 23 %
and 28 %, respectively. The opposite holds for the parameter
changes that reduce algal uptake. An analysis of the model
sensitivity simulations, wherein the dynamic contributors to
light extinction (i.e., ISS, POM, and Chl in Eq. 23) were re-
moved, further suggests that proper light limitation of algal
growth is also important for skillful estimates of freshwater
inorganic vs. organic nutrients. Removing the dynamic light
shading component leads to a ~26 % and ~ 35 % overesti-
mation of ON and OP loads and an underestimation of DIN

https://doi.org/10.5194/gmd-17-5191-2024

and IP loads by ~ 10 % and ~ 32 %, respectively. Inorganic
nutrient levels are suppressed by invigorated algal popula-
tions and more nutrients end up in organic forms. Algal con-
trols thus offer an effective means of calibrating the mix of
inorganic and organic constituents. We note uncertainty as-
sociated with the fractions that partition nutrient fluxes from
algae mortality to different nutrient forms, which appears to
have a modest effect on organic nutrient loads (Table 8).
Finally, additional uncertainty tests have shown the rela-
tively insensitive responses of river loads to a broad range
in (1) the fractions that divide externally prescribed TN and
TP inputs into different N and P forms (see Sect. 3.1, Ta-
ble S10), (2) the fractions that partition fluxes from com-

Geosci. Model Dev., 17, 5191-5224, 2024
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Figure 8. Pearson correlation coefficients (r) and p values (p) for the measurement-based vs. simulated annual loads from large US rivers
for the period ~ 1968-2000. Gray shows the load responses to the changes in the freshwater denitrification rate coefficient from 0.15 to
0.05d~! forN dynamics and the free parameter of terrestrial soil erosion by half for solid dynamics (Table 8).

plex organic nutrient decomposition to simpler organic vs.
inorganic nutrients, and (3) the temperature correction factor
values that account for the temperature effect on freshwater
biogeochemical reactions.

4.5 Discussion on uncertainties and future work

The inputs and transport of solids and nutrients through the
terrestrial-freshwater system and transformations within it
are governed by complex and interlinked physical, chemical,
and biological processes. The understanding of these pro-
cesses varies greatly, as does the degree of their inevitable
simplifications within LM3-FANSY. We have highlighted the
numerous uncertainties and simplifications in the model de-
scription and result presentation. Here, we discuss the promi-
nent uncertainties that will be prioritized in future work.
There are several significant uncertainties in modeling the
soil erosion and associated fluxes of solids and PON to rivers
and the coastal ocean. Our global river PON load estimate
(7, 7-8 TgNyr~!) is lower than that of Global NEWS 2
(13.5TgN yr~!, Table 5), but confidence in both estimates is
low, without explicit evaluations due to relatively limited di-
rect measurements of PON. However, both simulated global
river SS loads (10, 10-11 Pg yr~!) and global litter and soil N
storage (86 PgN) in LM3-FANSY are at the lower bounds of
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previous estimates (11-27 Pgyr~! for SS loads, Table 5; 95
(70-820) PgN for N storage, Post et al., 1985). While river
TKN loads, which include PON, agree fairly well with the
measurement-based estimates across various rivers (Fig. 3),
it seems probable that our global estimate is on the low end.
Several factors may have contributed to this. The current rel-
atively coarse-resolution of global implementation herein in-
evitably “glosses over” areas of peak soil erosion. The sin-
gle vertical layer formulation of LM3 omits any potential
interactions between the vertical distribution of soil erosion
and that of litter and soil N storage. An implementation of
LM3-FANSY at higher resolution capturing a larger number
of rivers will allow an expansive evaluation against a larger
number of observations and facilitate a better assessment of
these uncertainties.

The challenges of modeling particulates continue once
they have entered the freshwater system. The Rouse-number-
dependent transport criterion from Pelletier (2012) was
adapted to simulate the deposition—resuspension fluxes be-
tween the suspended matter (i.e., ISS, PON, POP, and PIP)
and benthic sediments (i.e., Sed, SedN, and SedP). The cri-
terion was designed to primarily simulate suspended loads,
typically accounting for >80 % of total (i.e., suspended and
bed) loads from most large (> ~ 100 kmz) river basins (Pel-
letier, 2012; Turowski et al., 2010), without explicitly mod-
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Table 9. Model sensitivities to the changes in inputs and components examined based on Pearson correlation coefficients (r) and Nash—
Sutcliffe model efficiency coefficient (NSE) for the log-transformed measurement-based vs. simulated loads across major world rivers for

the year 1990 (range for the years 1990-2000 in parentheses).

Model efficiency, NSE, for the year 1990 (range for the years 1990-2000) in the first and second lines
Model predictive capacity of spatial variation, r, for the year 1990 (range for the years 1990-2000) in the third and fourth lines

Treatment SS NO3 NHI DON TKN PO?{ DOP TP
Baseline 0.54 0.43 0.31 0.66 0.00 0.49 0.85 0.82
(0.48, (0.33,0.49) (0.29, 0.45) (0.62,0.77) (0.00, 0.21) (0.42,0.54) (0.85,0.88) (0.81, 0.86)
0.55) 0.79 0.64 0.85 0.66 0.70 0.93 0.98
0.76 (0.75, 0.81) (0.63,0.72) (0.85,0.93) (0.59,0.72) (0.67,0.74) (0.93,0.95) (0.95,0.98)
(0.71, 0.76)
No nutrient runoff  0.54 -1.99 -3.77 —15.41 —6.62 —1.37 —52.35 0.00
and erosion fluxes 047, (—2.08, —1.95) (—4.03, =3.77) (—16.30, —15.41) (—6.73, —6.21) (—1.66, —0.98) (—52.35, —25.79) (—0.10, 0.02)
0.55) 0.62 0.42 0.06 0.21 0.56 0.86 091
0.76 (0.61,0.64) (0.39, 0.44) (—0.01, 0.07) (0.15,0.21) (0.47,0.62) (0.70, 0.89) (0.91, 0.94)
(0.71, 0.76)
No wastewater 0.55 0.44 0.26 0.69 0.21 0.44 0.86 0.82
(0.48, (0.35, 0.50) (0.26, 0.40) (0.66, 0.81) (0.21,0.41) (0.39, 0.50) (0.86, 0.89) (0.79, 0.85)
0.56) 0.78 0.57 0.85 0.70 0.68 0.94 0.96
0.76 (0.75, 0.80) (0.57,0.65) (0.85,0.93) (0.65,0.77) (0.64,0.71) (0.94, 0.95) (0.93,0.97)
0.72, 0.76)
No aquaculture 0.54 0.43 0.31 0.66 0.00 0.49 0.85 0.82
(0.48, (0.33,0.49) (0.29, 0.46) 0.62,0.77) (0.00,0.21) (0.42,0.54) (0.85,0.88) (0.81, 0.86)
0.55) 0.79 0.64 0.85 0.66 0.71 0.93 0.98
0.76 (0.75,0.81) (0.63,0.72) (0.85,0.93) (0.59,0.72) (0.67,0.74) (0.93,0.95) (0.95,0.98)
(0.71, 0.76)
No atmospheric de-  0.54 0.43 0.31 0.66 0.00 0.49 0.85 0.82
position (0.48, (0.33,0.49) (0.29, 0.45) (0.62,0.77) (0.00, 0.21) (0.42,0.53) (0.85, 0.88) (0.81, 0.86)
0.55) 0.79 0.64 0.85 0.65 0.70 0.93 0.98
0.76 (0.75, 0.80) (0.63,0.72) (0.85,0.93) (0.58,0.70) (0.67,0.74) (0.93,0.95) (0.95,0.98)
(0.71, 0.76)
No weathering 0.54 0.42 0.32 0.66 0.03 0.29 0.69 0.73
047, (0.33,0.49) (0.29, 0.45) 0.62,0.77) (0.03,0.23) (0.27,0.43) (0.68,0.73) (0.73,0.78)
0.55) 0.79 0.65 0.84 0.67 0.67 0.85 0.94
0.76 (0.75,0.81) (0.63,0.72) (0.84,0.93) (0.59,0.72) (0.64,0.72) (0.85,0.88) (0.93,0.97)
(0.71,0.76)
No dynamic light 0.54 0.44 0.33 0.61 —0.16 0.18 0.82 0.82
shading component  (0.48, (0.32,0.51) (0.32,0.47) (0.57,0.71) (—0.18,0.04) (0.16,0.24) (0.81, 0.85) (0.81, 0.86)
of algae dynamics 0.55) 0.76 0.64 0.84 0.71 0.58 0.92 0.98
Ke=0.15 0.76 (0.70, 0.79) (0.63,0.71) (0.84,0.91) (0.61,0.73) (0.55,0.59) (0.92,0.94) (0.95, 0.98)
(0.71,0.76)
Ke=0.45 0.54 0.44 0.33 0.61 —0.15 0.26 0.82 0.82
0.47, (0.33,0.51) (0.32,0.47) (0.58,0.72) (—0.17, 0.05) (0.23,0.31) (0.82,0.85) (0.81, 0.86)
0.55) 0.77 0.64 0.84 0.70 0.61 0.92 0.98
0.76 (0.71,0.79) (0.63,0.71) (0.84,0.92) (0.62,0.73) (0.58,0.62) (0.92,0.94) (0.95,0.98)
(0.71, 0.76)

eling benthic sediments. We acknowledge that our simpli-
fied benthic sediment component resulting from adapting the
Pelletier approach drives uncertainties in modeling the sus-
pended matter and benthic sediments, including important
diagenesis, other biogeochemical transformations, and phys-
ical processes (e.g., mineralization, denitrification, and net
long-term organic burial) that occur within the benthic sed-
iments. An implementation of more sophisticated benthic
sediment dynamics with improved observation-based con-
straints (Chapra et al., 2008; Di Toro, 2001) and bed-load
transport processes is thus subject to critical future work.
Uncertainties associated with sediment dynamics and bed-
load transport are compounded by the relatively simple rep-
resentation of lakes and the exclusion of anthropogenic hy-
draulic controls like damming, irrigation, and diversion that
affect many rivers. For model evaluation, if available, we
used the natural water discharges of GEMS-GLORI when
calculating loads and yields from the GEMS-GLORI concen-
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trations (see Sect. 3.3). Large dams or reservoirs, however,
have been shown to impound solids and nutrients to sub-
stantially decrease their loadings to rivers (Vorosmarty et al.,
2003). Thus, despite the relatively low global river SS loads
in this first implementation of LM3-FANSY, the lack of such
sediment trapping may have induced overestimations of solid
and nutrient loads from river basins including large dams or
reservoirs. As a representative example, the Colorado River
Basin is known for nearly complete trapping of solids due to
large reservoir construction and flow diversion (Vorosmarty
et al., 2003). LM3-FANSY does not capture such extreme
trapping. As a result, the Colorado River SS load simulated
by LM3-FANSY (99 232 kt yr~!) is more consistent with the
corresponding load calculated by using the “natural” wa-
ter discharge of GEMS-GLORI (120 010kt yr—!) than with
the load calculated by using the “actual” water discharge
(649ktyr—1). Although use of the actual water discharges
is found to not significantly alter the cross-watershed eval-
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uations (Fig. S6), such anthropogenic hydraulic controls are
expected to further increase in the future (Seitzinger et al.,
2010). It will thus be important to consider the effects of such
controls in future work.

There is also significant room for further model develop-
ment and improvement. An improved representation of lakes
(e.g., vertical layering) is necessary to better resolve algal
processes and associated transformations between inorganic
and organic nutrient phases. Modeling large lakes with the
ocean component of GFDL’s Earth system model (Adcroft
et al., 2019) is one of our priority developments, particularly
given the importance of algae as a control on the relative pro-
portions of inorganic vs. organic nutrients in freshwaters. An
initial configuration for the US Great Lakes is currently un-
der development.

There is also a need to pursue advances to provide a more
comprehensive and consistent approach of modeling the cou-
pled N, C, and P cycles across the terrestrial and freshwater
continuum of LM3-FANSY. Expansion of LM3 to include
terrestrial P dynamics will be targeted to improve estimates
of litter and soil P storage and fluxes to streams and rivers,
generating mechanistically consistent estimates of N : P ra-
tios of nutrient loads reaching coastal systems. Priority en-
hancements will also include integration of freshwater C, al-
kalinity, and silicon dynamics with the current solid, algae,
and nutrient dynamics of FANSY to simulate the impacts of
river inputs on coastal C budgets and acidification and bet-
ter understand a role of silicate limitation in the development
and persistence of many HABs worldwide.

The current version of LM3-FANSY simulates denitrifi-
cation emissions from freshwaters but does not include pro-
cesses that explicitly separate N»O and N; emissions from
the freshwater denitrification. As freshwater N, O emissions
have been recognized as an increasingly important green-
house gas source (Yao et al., 2020), it will be important to
differentiate N» and N, O emission processes in future work.

Although LM3-FANSY is capable of producing river
solids and nutrients in various forms and units, some dis-
agreements between the modeled and measurement-based
estimates remain. Many observational studies have noted the
uncertainties associated with measurement methods, loca-
tion, and frequency that likely contribute to these disagree-
ments. While in this new model development study, we have
particularly focused on evaluation of LM3-FANSY’s capa-
bility to capture broad-scale differences in yields, loads, and
concentrations across a globally distributed set of rivers, we
have also attempted to include a meaningful analysis of in-
terannual variability and trends to bolster this assessment. It
is difficult, however, to comprehensively analyze geographic
differences, temporal variability, trends, underlying mecha-
nisms, and the model’s external (e.g., climate forcings) vs.
internal (e.g., “land N memory effects”, Lee et al., 2021)
forcing effects in the same paper because data sources are
disparate and a substantial fraction of rivers we searched
for were too small to be well resolved by our relatively
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coarse-resolution global framework. We thus focused on the
largest and most comprehensively observed rivers supplying
climate-scale (multi-decadal) information to provide a mean-
ingful (albeit limited) complement to the spatial patterns. Ad-
ditional time-varying constraints are thus needed to build ad-
ditional confidence in projected changes. A commitment to
fostering long-term, frequent solid and nutrient sampling and
further scrutiny of the impacts of using different load estima-
tion methods on time series data are both essential to better
constrain the model. Finally, all of these model improvement
efforts will be facilitated by implementing LM3-FANSY at
higher resolution to allow comparison against extensive mea-
surements from smaller rivers across the world. Resolution
alone, however, cannot address model deficiencies, but si-
multaneous improvements in the other areas described above
are needed to improve the model.

5 Conclusion

Our comparisons of process-based LM3-FANSY outputs
with measurement-based estimates across major world rivers
demonstrate skillful simulations for most riverine con-
stituents despite being restricted to a universal parameter set
— the same parameters for all the basins (i.e., without tuning
of each basin). LM3-FANSY represents a significant step for-
ward in terms of capacity to model coupled algae, SS, N, and
P dynamics in freshwaters at a process-based, spatially ex-
plicit, global scale. Although this study is focused on model
development and descriptions of the coupled freshwater SS,
N, and P cycles, the capability of LM3 to simulate changes in
vegetation and soil C-N storage in response to many terres-
trial dynamics under subannual to centurial historical climate
and land use changes (M. Lee et al., 2016, 2019, 2021) allows
applications of LM3-FANSY for studies of temporal (suban-
nual to multi-year) variability and long-term trends in global
and regional water pollution. Therefore, LM3-FANSY v1.0
can serve as a baseline for studies aimed at understanding
the effects of terrestrial perturbations on coastal eutrophica-
tion. The mechanistic modeling framework of LM3-FANSY
is also well suited to make future projections by use of a
new generation of future socioeconomic and climate scenar-
ios over centuries, though we acknowledge that further work
is needed to fully resolve underlying mechanisms.

Code availability. The LM3-FANSY v1.0 code was written in For-
tran. The complete code has been archived on Zenodo (https:/
doi.org/10.5281/zenodo.10962725, Lee, 2024). The main FANSY
equations and descriptions that correspond to those in this paper
have been commented within the files: river_physics.F90 in the river
directory and land_model.F90 (see the README file in the reposi-
tory).
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Data availability. All reported data as well as model inputs and
outputs used to produce figures are available in the Supplement.
The observation-based, historical climate forcing data are available
at https://hydrology.soton.ac.uk/data/pgf (Sheffield et al., 2006b).
Annual atmospheric CO, estimates are available at https://aims2.
llnl.gov/search/inputdmips (Meinshausen et al., 2017b). The atmo-
spheric N deposition data are available at https://aims2.1lnl.gov/
search/input4mips (Hegglin et al., 2024). The dataset of land use
states and transitions as well as fertilizer N applications is available
at https://luh.umd.edu/data.shtml (Hurtt et al., 2020b). The obser-
vationally derived, monthly average global vegetation LAI dataset
can be obtained by contacting the authors of Zhu et al. (2013). The
nutrient inputs to rivers from Beusen et al. (2015) are available at
https://doi.org/10.17026/dans-zgs-9k9m (Beusen and PBL, 2016).
The datasets that cannot be obtained from established portals are
available on the Zenodo repository (https://doi.org/10.5281/zenodo.
10962725, Lee, 2024).

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/gmd-17-5191-2024-supplement.
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