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Abstract

Nitrous oxide, N2O, is widely recognized as one of the most important green-
house gases, and responsible for stratospheric ozone destruction. A signifi-
cant fraction of N2O emissions to the atmosphere is from rivers. Reliable
catchment-scale estimates of these emissions require both high-resolution
field data and suitable models able to capture the main processes controlling
nitrogen transformation within surface and subsurface riverine environments.
Here, we test and validate a recently proposed parsimonious, yet effective,
model to predict riverine N2O fluxes along the main stem of the Upper Mis-
sissippi River (UMR). The model parameterizes N2O emissions by means
of two denitrification Damköhler numbers; one accounting for processes oc-
curring within the hyporheic and benthic zones, and the other one within
the water column, as a function of river size. Comparison of predicted N2O
gradients between water and air (∆N2O) with those quantified from field
measurements validates the predictive performance of the model and allow
extending previous findings to large river networks including highly regu-
lated rivers with cascade reservoirs and locks. Results show the major role
played by the water column processes in contributing to N2O emissions in
large rivers. Consequently, we infer that along the UMR, characterized by
regulated flows and large channel size, N2O production occurs chiefly within
this surficial riverine compartment, where the suspended particles may create
anoxic microsites, which favor denitrification.
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1. Introduction1

The use of synthetic fertilizers and fossil fuel combustion, led the atmo-2

spheric concentration of nitrous oxide (N2O) to increase, reaching the today3

high levels [1]. Besides being an important greenhouse gas (GHG), N2O is4

recognized as the dominant stratospheric ozone-depleting substance [2]. Ac-5

cording to the Intergovernmental Panel of Climate Change (IPCC) [3] 4.56

million tonnes of N2O per year [3] are produced by agriculture, with 25%7

consisting of indirect emissions originating from runoff and leaching of fer-8

tilizers. Excess of fertilizers used for food and energy production enters the9

stream network from run-off, groundwater flow or atmospheric deposition10

and here they undergo a number of transformations and ultimately part of11

the reactive nitrogen returns to the atmosphere as N2O, chiefly through den-12

itrification. In this paper, we focus on the contribution to N2O emissions13

of the following three riverine environmental compartments: water column,14

benthic area and hyporheic zone [4, 5]; which together accounts for ∼ 10%15

of the total N2O emissions from lotic systems [6, 7, 8]. In these systems,16

N2O emissions are attributable to different biogeochemical processes (i.e. ni-17

trification, denitrification and reduction of nitrate to ammonia (DNRA)) [9]18

but still nitrification-denitrification represents the most important pathway19

that converts dissolved inorganic nitrogen (DIN) species (ammonium, NH+
4 ,20

and nitrate, NO−
3 ) to N2O. Production of N2O may be controlled by nu-21

merous geochemical (i.e., pH, temperature, DIN, dissolved oxygen: DO, and22

dissolved organic carbon: DOC) and hydrological (i.e. water discharge, river23

morphology and surface water conditions) factors [6, 10, 4, 11, 12, 13]. Al-24

though the main processes and the environmental factors controlling N2O25

emissions have been the subject of recent studies, [see e.g. 14, and citations26

therein], few tools are available to estimate these emissions at the catchment27

and larger scales [14, 15, 5].28

A major difficulty in modeling N2O emissions at the catchment scale is29

the large spatial and temporal variability of reactive nitrogen input as well30

as of the parameters controlling its transformations [16, 17]. The lack of31

detailed continuous measurements of in-stream N2O concentrations and the32

low spatial coverage of data, led to a major development of regression models33

that bind observed emissions with specific biogeochemical quantities such as34

nitrate [7, 18, 10, 19], dissolved oxygen [11], dissolved organic carbon [20]35

and temperature [21]. Looking at the river networks spatial scale, several36

studies showed that N2O emissions decrease exponentially as a function of37
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stream order [22]. This suggests that not only reactive nitrogen loads but38

also hydromorphology influence N2O emissions. Recently, Marzadri et al.39

[5] proposed a parsimonious, in term of parameters, model that was able40

to interpret the data collected in both the LINXII experiment [23, 4] and a41

detailed survey in the Kalamazoo river basin [24, 18]. The model provides42

N2O emissions, normalized with respect to the DIN mass flux, as a function43

of a suitable Damköhler number, defined as the ratio between a character-44

istic transport time and a characteristic reaction time [25], which quantifies45

the effect on emissions of the permanence of the reactive nitrogen in an46

environment favourable to reaction. The model identified two end-member47

expressions, under the form of scaling laws: an upper bound (UB) scaling law48

to be applied when emissions are controlled by hyporheic and benthic pro-49

cesses and a lower bound (LB) scaling law when benthic processes dominate50

and hyporheic processes are weak. The analysis of 400 reaches around the51

world, suggested the introduction of a third scaling law, coined as stream wa-52

ter column (WC) scaling law, which accounts for processes occurring chiefly53

within the water column. The use of the WC equation is recommended in54

large and deep rivers where the hyporheic zone has negligible effects on N2O55

emissions [5]. In this formulation, the proposed 3-equation model accounts56

for the decline in the relative contribution of the hyporheic zone to N2O emis-57

sions with respect to benthos and water column, as stream size increases. It58

is also fully characterized with measured or derived quantities and does not59

require any calibration or fitting to data. This is a key condition for its use60

as a predictive model.61

The UB and LB scaling laws were verified on an independent data set62

of 400 stream and river reaches (not used to develop the models) in three63

continents, obtaining good performances [5]. However, the WC scaling laws64

was derived from that 400-reaches data set because no large and deep rivers65

were contained in the original set of data used to derive UB and LB (i.e.66

the LINXII and Kalamazoo river data). Consequently, the WC scaling law67

was not validated. Additionally, Marzadri et al. [5] did not identify nor68

suggested the conditions under which LB performs better than WC scaling69

law and whether their performance is stream size dependent. Moreover, both70

LB and WC scaling laws depend on denitrification uptake rate [23, 26], whose71

effects on model performance has not been previously addressed.72

Here, we addressed these issues and we also tested our hypothesis that73

there is a river size threshold beyond which the WC equation is a better74

predictor of N2O emissions than LB because the importance of the benthic75
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processes reduces as the stream size increases. We addressed our goal by76

comparing LB and WC models’ predicted N2O emissions against an inde-77

pendent set of high-spatial resolution field measurements recently collected78

by Turner et al. [13] along the Upper Mississippi River (hereafter UMR). The79

UMR is a large system (widths larger than 80 m) with increasing size and80

discharge suitable for the validation of the WC scaling law.81

2. Materials and Methods82

UMR drains one of the most intensive agricultural areas of the world.83

The study reach is the 350 km long portion of the UMR between the Lower84

St. Anthony Falls (MN) Lock and Dam to the Lock and Dam 8 near Genoa85

(WI) for a total of 64,770 mi2 contributing area. Streambed material is86

mainly composed by sand and finer sediments [27, 28], with median grain87

size, d50 ∼= 0.7 mm [27]. There are 13 gauging stations along the study88

site with 3 major tributaries: the Minnesota, St. Croix and Chippewa.89

Flows is regulated by several dams and locks that form backwaters. Data90

were collected by Turner et al. [13] between 1st and 3rd of August 2015 when91

mean daily discharges varied spatially between 145 and 936 m3/s and channel92

widths between 80 and 3,200 m.93

2.1. Input data94

2.1.1. Water quality data95

We used a data set composed by 1,553 GPS geo-referenced (uniquely iden-96

tifiable by latitude and longitude) field measurements of in-stream dissolved97

N2O concentration ([N2O], mgN2O− N/L) [13], the saturation percentage of98

nitrous oxide (N2Osat%)[13] and the in-stream nitrate concentration, [NO−
3 ]99

(mgN/L) [29]. Data were collected with a boat-mounted flow-through sam-100

pling system [30] with a 200 m average spatial resolution (minimum distance101

∼ 7cm and maximum distance ∼ 1km) along the study reach (see Figure 1).102

Measurements were performed at daylight [30, 13, 29] with the overall ob-103

jective to obtain ”a regional-scale assessment of N2O concentration patterns104

in the UMR” [13]. Consequently, even if all the collected data represented105

conditions at a given time, their spatial coverage supported well our goal106

to test the upscaling capability of the Marzadri et al.’s model [5], namely107

to predict N2O emissions at the large regional scale. After removing 358108

measurements taken from lateral (i.e., outside the river’s main stem) natural109
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lakes or reservoirs and averaging 279 replicates the final usable dataset was110

composed by 916 independent measurements.111

The work by Turner et al. [13] reported only the mean water temperature112

for the entire UMR (T = 23.8oC with a standard deviation of 0.6 oC) during113

the surveying period (August 1-3, 2015). To spatially distribute the water114

temperature along the UMR, we assigned to the reaches, identified according115

to their Hydrological Unic Code (HUC-8) shown in Figure 1 and Table 1, the116

median temperature reported by Loken et al. [29] for the same sampling pe-117

riod. The mean of the assigned temperatures (T = 23.6oC and 0.6 standard118

deviation) compared well with the mean value of 23.8oC reported by Turner119

et al. [13].120

Similarly, the in-stream NH4 concentrations (mgN/L) along the UMR121

were spatially distributed proportionally to the spatial distribution of am-122

monium plus ammonia values, NH4, reported in Loken et al. [29].123

HUC8 Name Range of Median Median
measurements NH4 (mgN/L) T (oC)

07010206 Twin - Cities 1 - 367 0.036 23.01
07040001 Rush - Vermillion 369 - 911 0.012 24.06
07040003 Buffalo - Whitewater 912 - 1429 0.020 24.38
07040006 La Crosse - Pine 1430 - 1500 0.008 23.4
07060001 Coon - Yellow 1500 -1522 0.014 24.0

Table 1: Median values of ammonium plus ammonia (NH4) and water temperature (T )
variation along the main stem of the Upper Mississippi River.

2.1.2. Stream hydraulics data124

Discharge values, Q, were quantified as the average of the daily values125

measured between August 1st and 3rd, 2015 at the 13 gauging stations op-126

erated by the U. S. Geological Survey, USGS, and the U. S. Army Corps of127

Engineers stations, USACE, [31] (see Figure 1 and Table 2) along the study128

site. Their measurements accounted for the in-flows of the major tributaries129

and showed sudden increases in discharge at their confluences. Overall mea-130

sured water discharge increases almost linearly with distance (see Figure A.1131

in the Appendix), with major confluences, thereby allowing the use of linear132

interpolation to compute Q in the reaches between them. This is consistent133

with the hypothesis of a contribution proportional to the upstream drainage134

area, as showed in Figure A.1 of the Appendix.135
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Figure 1: Map of the analyzed part of the Upper Mississippi River (UMR) for which data
of water-air nitrous oxide gradient (∆N2O) are provided by Turner et al. [13] (red points).
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Agency River Station name Lat. Long. Q(a)

(-) (-) (-) (dec. Deg) (dec. Deg) (m3/s)
USGS MNR Fort Snelling Park , MN 44.87028 -93.1922 145.470
USACE UMR Lower St. Anthony Falls, MN 44.97833 -93.2469 198.901
USACE UMR Lock and Dam 1, MN 44.91528 -93.2006 331.344
USGS UMR St. Paul, MN 44.94444 -93.0881 352.112
USACE UMR Hasting, MN (Lock and Dam 2) 44.75972 -92.8686 352.112
USGS UMR Prescott, MN 44.74583 -92.8000 530.528
USACE UMR Red Wing, MN (Lock and Dam 3) 44.6100 -92.6103 494.656
USACE UMR Alma, WI (Lock and Dam 4) 44.32556 -91.9203 722.160
USACE UMR Minneska, MN (Lock and Dam 5) 44.16111 -91.8108 814.672
USACE UMR Winona, MN (Lock and Dam 5A) 44.08833 -91.6689 824.112
USACE UMR Trempeleau, WI (Lock and Dam 6) 43.99972 -91.4383 878.864
USACE UMR Dresbach, MN (Lock and Dam 7) 43.86694 -91.3072 838.272
USACE UMR Genoa, WI (Lock and Dam 8) 43.5700 -91.2317 936.448

(a) Q is the average daily discharge at the gauging station between 1-3
August 2015.

Table 2: Characteristics of the twelve gauging stations along the Upper Mississippi River
(UMR) and the gauging station along the Minnesota River (MNR).
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Reach scale estimates of hydraulic depth, D (m), were obtained as a136

function of Q, expressed in m3/s, through the power law scaling proposed by137

Miller et al. [32]:138

D = 0.18 Q0.47 (r2 = 0.73) (1)

and those of channel width, W (m), were obtained from Google Earth Pro139

(Google Earth Pro, 2017) at each sampling site location.140

Reach-scale flow velocities, V (m/s), were obtained as the ratio between Q141

and the cross sectional channel area (W · D) under the hypothesis of wide142

rectangular channel:143

V =
Q

W ·D
(2)

The stream slope s0 (-) was quantified by means of the Manning’s formula144

[33]:145

s0 =

(
Mn · V
D2/3

)2

(3)

by assuming prevailing uniform flow conditions in a wide channel, such that146

the hydraulic water depth D can be used in lieu of the hydraulic radius.147

The Manning’s coefficient Mn = 0.026 (s/m1/3) was inherited from previous148

hydraulic analysis of this system [34].149

The resulting gentle stream slope, s0 < 0.02% and fine streambed material150

are conducive to bed forms primarily composed by dunes [35], whose mean151

length (L) and height (Hd) were quantified with the formulation proposed152

by Yalin [36]: L = 6D and Hd = 0.167D, respectively. The head variation at153

the water-sediment interface (hm) is the main mechanism that drives stream154

water in and out of the streambed sediment through the hyporheic zone along155

the dune. It was quantified according to the formulation proposed by Shen156

et al. [37]:157

hm =
0.28 · V2

2g

(
Hd

0.34D

)3/8

(4)

where g is the gravitational acceleration (m/s2).158

Finally, we estimated the streambed hydraulic conductivity, Kh (m/s),159

according to the following expression proposed by Gomez-Velez et al. [38]:160
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Kh = 119.06 d1.62
50 (5)

which leaded to Kh = 9.2× 10−4 m/s (in agreement with typical values of161

fine-medium sand [39]) and was assumed homogeneous and isotropic [40].162

2.2. N2O emission model163

According to Marzadri et al. [5], we quantified the N2O flux, FN2O, as164

the product between its dimensionless expression, F ∗N2O, and the in-stream165

total flux of ammonium ([NH+
4 ]) and nitrate ([NO−

3 ]) (the two major species166

of dissolved inorganic nitrogen, DIN, responsible of N2O production [41]):167

FDIN0 = V ([NH+
4 ] + [NO−

3 ]). The dimensionless flux F ∗N2O assumes the168

following expressions169 
F∗N2O,UB = 1.55× 10−7(DaDHZ)0.43, W ≤ 10m
F∗N2O,LB = 1.91× 10−8(DaDHZ)0.58, W > 30m
F∗N2O,WC = 4.56× 10−6(DaDS)0.72, W > 30m

(6)

depending on the stream size. In equation (6), DaDHZ and DaDS are the170

two denitrification Damköhler numbers identified by Marzadri et al. [5] and171

whose importance depends on the size of riverine system, which was classified172

as small (width, W ≤ 10m) and intermediate (10 < W ≤ 30 m) streams and173

rivers (W > 30m) [42, 43]. DaDHZ was defined as:174

DaDHZ =
τ50
τD

= 17.810 g
D vfden

KhV2
(7)

where τ50 is the median hyporheic residence time evaluated according to175

the formulation proposed by Elliott and Brooks [44] (see major details in176

Marzadri et al. [5]), τD is the time of denitrification (τD = D/vfden) with177

vfden beings the uptake rate of denitrification[41]. This equation assumed178

dune topography with Yalin [36] scaling and Shen et al. [37] formulation for179

head variation at the water sediment interface.180

In WC model, τ50 is replaced with the characteristic time of turbulent181

vertical mixing [45]:182

tm =
D

0.067
√

g D s0
, (8)

thereby DaDS assumes the following form [5]:183
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DaDS =
tm
τD

= 14.925
vfden√
g D s0

(9)

2.2.1. Uptake rate of denitrification184

The uptake rate of denitrification, vfden, was evaluated according to two185

formulations, one proposed by Mulholland et al. [23] and the other one by186

Böhlke et al. [26].187

Böhlke et al. [26] defined vfden as the ratio between the areal uptake rate of188

denitrification, Uden, and the mean flow depth (vfden = Uden/D) and proposed189

four different models to estimate Uden as a power law function of in-stream190

NO3 concentrations. Here, we adopted the model that they obtained by191

combining and weighting the data from the LINXII [23] and UMR datasets192

in order to reflect the relative contributions of the different environments193

characterizing the two datasets and to attribute some preference for 15N2194

data.195

The formulation of Mulholland et al. [23] is:196

log(vfden,M) = −0.493log[NO3]− 2.975 (10)

with vfden,M expressed in cm/s and [NO3] in µgN/L, whereas that of Böhlke197

et al. [26] is:198

vfden,B =
17 [NO3]

0.51

D
(11)

with vfden,B expressed in m/s and [NO3] expressed as µmolN/L.199

2.3. Comparison between simulated and predicted values200

The performance of the LB and WC models against measurements was201

assessed by comparing the water-air nitrous oxide gradient, ∆N2O, provided202

by the model of Marzadri et al. [5] (equation (13)) against the estimate203

obtained from the field data provided by Turner et al. [13]:204

∆N2O = [N2O]− [N2O]eq = [N2O]− 100
[N2O]

%N2Osat

, (12)

where [N2O] and %N2Osat were measured, and:205

∆N2O =
FN2O

10−3 kN2O

(13)

10



where kN2O (m/h) is the water-air piston velocity for N2O and FN2O is the206

estimated nitrous oxide emissions per unit area (µgN2O− N/m2/h). The207

former is represented as [46, 47, 48]:208

kN2O = k600

(
ScN2O

600

)−nw

(14)

where nw is a dimensionless exponent, whose value depends on the state of209

the surface water [46], and ScN2O is the Schmidt number [−] evaluated as a210

function of the water temperature T (oC) by the following expression [47]:211

ScN2O = 2056− 137.11T + 4.317T 2 − 0.054T 3 (15)

Here, we assumed nw = 1/2 because the UMR large width and discharge212

favours the development of waves at the air-water interface [46]. The gas213

transfer velocity, k600, at a Schmidt number of 600 was evaluated by means214

of model 5 of Raymond et al. [48]:215

k600 = 2841 (V · s0) + 2.02 (16)

where V and s0 are estimated according to equation (2) and (3), respectively.216

We evaluated the model’s performance by using several metrics: the ab-217

solute error (AEi), defined as:218

AEi = |∆N2O
obs
i −∆N2O

sim
i |, (17)

its average value AE:219

AE =
1

N

N∑
i=1

AEi, (18)

the Nash Sutcliffe Efficiency index (NSE) [49] :220

NSE = 1−
∑N

i=1(∆N2O
obs
i −∆N2O

sim
i )2∑N

i=1(∆N2Oobs
i −∆N2Oobs

i )2
, (19)

the root mean square error (RMSE):221

RMSE =

√√√√ 1

N

N∑
i=1

(∆N2Oobs
i −∆N2Osim

i )2, (20)
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the percentage of bias (PBIAS)222

PBIAS =

∑N
i=1(∆N2O

obs
i −∆N2O

sim
i )∑N

i=1(∆N2Oobs
i )

· 100 (21)

and the ratio of RMSE to the standard deviation (SD) of the measured223

data (RSR):224

RSR =

√∑N
i=1(∆N2Oobs

i −∆N2Osim
i )∑N

i=1(∆N2Oobs
i −∆N2Oobs)

(22)

where N is the number of data (i.e. N = 916), and the superscripts obs and225

sim represent measured and simulated values of ∆N2O, respectively. Further-226

more, ∆N2Oobs is the mean of the observations.227

Interpretation of these indexes to quantify whether a model is satisfactory228

or not were based on the guidelines suggested by Moriasi et al. [50], who229

proposed that model simulations are satisfactory when NSE > 0.50, RSR <230

0.70, and PBIAS < ±25%.231

3. Results and Discussion232

All performance indexes indicated that the WC scaling law performed233

better than the LB and UB scaling laws for large rivers (Table 3). Only the234

WC model met all targets for the metrics used to assess the errors [50] (Table235

3). Visual inspection of Figure 2, which shows predicted vs measured ∆N2O,236

also confirms the better performance of WC scaling law compared to the237

other two scaling laws (with the 1:1 line passing through the data) and the238

poor performance of both UB and LB models. These results were supported239

by the analysis of correlation between AEi and ∆N2O
obs
i shown in Figure A.2.240

AEi obtained with the WC and LB scaling laws were uncorrelated with the241

measured ∆N2O. Therefore, the total error may reduce significantly when the242

emissions are aggregated (i.e. integrated) over the relevant (sub)catchments243

or higher scales.244

As expected, the UB scaling law strongly overestimated ∆N2O (Figure245

2a), because it was developed for small streams, where N2O emissions chiefly246

originate from the hyporheic zone, while measurements analyzed here were247

taken in a large river. This result confirmed the observation of Marzadri248

et al. [5], who argued that hyporheic zone was a negligible source of N2O in249

rivers. The LB scaling law, which was applied for large rivers in the original250
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Figure 2: Comparison between predicted and measured water-air nitrous oxide gradient
(∆N2O) along the Upper Mississippi River (UMR) by using: (a) the Upper Bound, UB,
power law scaling; (b) the Lower Bound, LB, power law scaling and (c) the Water Column,
WC, power law scaling (as in Marzadri et al. [5]). Color of the symbols shift from green to
yellow as the width of the channel increases. The uptake rate of denitrification (vf,denB)
is estimated by using the equation (11)[26].

work of Marzadri et al. [5], overestimated ∆N2O and had poor performance251

for the UMR data. This suggests that also the role of the benthic zone as252

a source of N2O was negligible along the UMR (Figure 2b). Conversely the253

high performance indexes for the WC scaling law combined with the lack of254

correlation between AEi and ∆N2O
obs
i (notice the very small value of r2 in255

Figure A.2c), suggests that processes within the water column were the main256

source of N2O emissions.257

In large riverine systems, such as UMR, we relate the major role played258

by the water column in controlling N2O emissions to the presence of anoxic259

Statistics UB model LB model WC model
RMSE 5.019 0.344 0.104
SD 0.155 0.155 0.155
NSE -1046.235 -3.912 0.547
PBIAS (%) -1583.319 -107.512 -4.881
RSR 32.361 2.216 0.673

Table 3: Main statistical parameters: Root Mean Square Error (RMSE), Standard De-
viation of observations (SD), Nash Sutcliffe Efficiency Index (NSE), Percentage of bias
(PBIAS) and the ratio of the root mean square error to the standard deviation of mea-
sured data (RSR) for the three expressions (equation (6)) for small (UB) and large (LB
and WC) rivers.

13



micro-sites associated to the suspended particle load that favor the micro-260

bially mediated process of denitrification along the surface water column261

rather than in the hyporheic and benthic zones [51, 52, 53]. Suspended sed-262

iments provide the supporting matrix of microbial colonies and biofilms and263

their density increase with discharge as reported in literature, since the pio-264

neering work of Leopold and Maddock [54]. Empirical observations showed265

that suspended sediment concentration (SSC) depends on Q through the266

following power law expression: SSC = a Qb (with a and b obtained by267

regression with the specific experimental data) [55, 56]. We suggest that268

the negligible role of the hyporheic zone in large rivers was due to low hy-269

porheic exchange, which in turn was due to low hydraulic conductivity of the270

streambed and low reaction rate constants as reported in the recent work by271

Reeder et al. [57]. This latter effect is due to the positive feedback between272

reaction and hyporheic exchange rate; higher downwelling velocities corre-273

late with higher reaction rate constants [57], and the associate delivery of274

substrate biogeochemical components (i.e. NO3) [58].275

Figure 3 shows NSE as a function of the average channel width (14 bins276

of 61 data points and one bin with 62 points as described in the caption of277

table A.2 of the Appendix) with the modeled data obtained with LB and278

WC scaling laws (6) and with vfden proposed by Mulholland et al. [23] (3a)279

and by Böhlke et al. [26] (3b). All performance indexes were reported for280

completeness in Tables A.2 and A.3 of the Appendix. The LB scaling law281

(red circle) with vfden,M showed better performance values than the WC282

scaling law for W <∼ 175 m, although both scaling laws had satisfactory283

performance (Figure 3a and Table A.2). However, as W increased NSE284

values of the LB scaling law decreased sharply becoming negative for W >285

286 m and with values of PBIAS larger than 40% (see Appendix Table286

A.2 where the negative sign indicate that the model tends to overestimate287

the observations). For the WC scaling law, NSE gently decreases with W288

to almost a constant value of 0.36 after W nearly equal 400 m. All other289

indexes showed similar trends.290

For LB and WC scaling laws with vfden = vfden,B, the LB scaling law291

had always negative NSE values and PBIAS larger than 50%, regardless of292

reach size (Figure 3b and Table A.3). Conversely, with the WC scaling law293

NSE were almost constant and equal to 0.59 for W > 230 m and increased294

steeply with W smaller than 300 m, peaking to value of 0.93 for W ∼= 100 m.295

Accordingly, the PBIAS values were always negative and < 15% in absolute296

terms (Table A.3).297
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Figure 3: Goodness of prediction (Nash Sutcliffe Efficiency, NSE) of the Lower Bound,
(LB red symbols), and the Water Column (WC blue symbols) power law models as a
function of the average channel width. In panel (a) the uptake rate of denitrification,
vfden,M , is estimated using the relation proposed by Mulholland et al. [23]; while in panel
(b) vfden,B is estimated using the relation proposed by Böhlke et al. [26]. Data are grouped
in fifteen bins (14 with 61 points and the last one with 62 points).
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These results are in agreement with previous studies [59, 60, 61, 62, 63]298

underlying how nutrient removal processes and consequently N2O produc-299

tion scale across a broad range of stream sizes. According to Wollheim et al.300

[64] vfden is a biological measure well suited for comparing biological ac-301

tivity in streams of different sizes and here, we showed the importance of302

this parameter to accurately predict N2O emissions. The local physical and303

biogeochemical conditions that control the characteristic time of reaction304

(accounted here by using two different formulations for vfden) influence the305

riverine environment that mainly controls N2O emissions. For W <∼ 175306

m similar results are obtained either by using LB and vfden = vfden,M or307

WC and vfden = vfden,B (see Figures 3a and 3b, respectively). Therefore, we308

suggest that accurate local measurements of this parameter are important to309

model ∆N2O emissions accurately. It also underlines the strength of the pro-310

posed power law model to capture correctly these emissions as the boundary311

conditions change (i.e., the NO3 load).312

To emphasize this aspect, Figures 4a and 4b show the bin averaged values313

(bars represents ± 1 standard deviation) of ∆N2O measured and predicted314

with LB and WC scaling laws, respectively with vfden,M , and vfden,B (results315

of Figure 4 are supplemented by Appendix Tables A.2 and A.3).316

The performance of the LB scaling law decreased with increasing river317

size regardless the model of vfden, and it was lower than that of WC scaling318

law (Figure 4). Using vfden,M , the LB scaling law predicted the measured319

emissions better than the WC scaling law for W <175 m and the measured320

∆N2O values fell between the two scaling law with LB overestimating and321

WC underestimating emissions for W >265 m. Conversely, the WC scaling322

law predicted well the measured average values of ∆N2O with vfden,B (Figure323

4b).324

The impact of vfden on the prediction is associated to the control that it325

exerts on the characteristic time of denitrification. Using vfden,B (> vfden,M),326

obtained combing data of small headwaters streams [23] with data of larger327

rivers [26], the characteristic time of denitrification decreases (τD reduces328

as vfden increases) and consequently denitrification, both within the benthic329

zone and the surface water, occurs at higher rate and therefore it results330

in a larger N2O production. Accordingly, in the dimensionless framework331

proposed byMarzadri et al. [5], an increase of vfden (i.e., a reduction of τD)332

leads to an increase in both the denitrification Damköhler numbers (DaDHZ333

and DaDS) and the associated dimensionless fluxes of N2O (F ∗N2OLB and334

F ∗N2OWC) that, under the same hydrological and water quality conditions,335
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Figure 4: Comparison between predicted (red and blue bullets) and measured (green
bullets) water-air nitrous oxide gradient (∆N2O) along the reaches of Upper Mississippi
River (UMR) as a function of the average channel width. Red bullets represent predictions
with the Lower Bound model (LB); while blue bullets represent predictions with the Water
Column model (WC) when (a) the uptake rate of denitrification, vfden,M , is estimated
using the relation proposed by Mulholland et al. [23] and (b) vfden,B , is estimated using
the relation proposed by Böhlke et al. [26]. Data are grouped in fifteen bins (fourteen with
61 points and the last one with 62 points) and error bars represents ± standard deviation.
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Figure 5: Pattern of variation of the water-air nitrous oxide gradient
(∆N2O = [N2O]− [N2O]eq) along the Upper Mississippi River: (a) evaluated from
measured data [13] and (b) predicted by using the WC power law scaling [5]. Subpanel
(c) report the absolute error between measured and predicted ∆N2O (AEi).

drive LB and WC scaling laws to predict higher N2O emissions.336

Figure 4 confirms that the WC scaling law captured with satisfactory337

accuracy ∆N2O measured by Turner et al. [13] along the UMR. Accordingly,338

Figure 5 shows the map of measured (panel a) and predicted ∆N2O (panel339

b) and their absolute error (panel c) for the WC scaling law. Although with340

some underestimation, the WC scaling law captured the spatial distribution341

of ∆N2O by matching the zone with high and low ∆N2O. The absolute error342

(Figure 5c) is larger mainly in the upper part of the analyzed reach where343

several locks and dams are closely spaced. Within backwaters, the system344

may not longer behave as riverine but potentially as lentic, thereby intro-345

ducing processes that the Marzadri et al.’s model [5] does not scale properly.346

However, the error associated with the model predictions is acceptable based347

on performance indexes analyzed in the present work.348

These results confirms the fading importance of both hyporheic and ben-349

thic zones with size from streams to rivers. Accordingly, we conclude that the350
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third equation for river of the Marzadri et al.’s model [5], (WC with vfden =351

vfden,B), was the most adequate to represent UMR data and performed well352

(NSEWC,average = 0.64, NSEWC,min = 0.55, PBIASWC,average = −10.10%,353

PBIASmin = −15.66%, RSRWC,average = 0.56, RSRWC,min = 0.27) in pre-354

dicting the water-air nitrous oxide gradient (∆N2O) measured by Turner355

et al. [13].356

4. Conclusions357

Results showed the robustness of Marzadri et al.’s model [5] and the358

importance of local measurements. The performance of the model as ex-359

pected increased with better inputs and specialized information. Finally, the360

present work underlined how with a parsimonious predictive tool, we were361

able to characterize N2O emissions along the UMR using readily available362

reach-scale biogeochemical measurements and hydromorphological data. The363

model does not require any calibration or fitting but only relays on measured364

or estimated quantities.365

Based on these results, we suggested the use of LB scaling law with vfden,M366

for river reaches up to W =100 m and the WC scaling law with vfden,B for367

rivers reaches with W >100 m but potentially even smaller as in this study368

we were not able to resolve this issue (because of the limited amount of369

narrower reaches within this dataset, see Figure 4b). The WC scaling law370

may be applicable even to small widths until about W =30 m as shown in371

Marzadri et al. [5].372
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Appendix A.384

Along the analyzed reach of the UMR, the average water discharge was385

obtained at 13 gauging stations from Fort Snelling Park(MN) to Genoa (WI)386

(see Figure 1) during typical summer baseflow conditions. Figure A.1 shows387

the trend of variation of the drainage area (DA, mi2) and the water discharge388

(Q, m3/s) as a function of the downstream distance (mi) and supports our389

assumptions to consider negligible the influence of the major tributaries dur-390

ing the sampling time (between 1st and 3rd of August 2015) and to expect a391

linear variation of Q between successive sampling points.392

Figure A.1: Trend of variation of (a) drainage area and (b) water discharge as a function
of the downstream distance from the gauging station of Lower St. Anthony Falls (MN) to
the gauging station of Genoa (WI).

Starting from these assumptions and using the sufficient and necessary393

input parameters summarized in Table A.1 we applied the model proposed394

and validated by Marzadri et al. [5] to analyze which riverine environmental395

compartment (i. e. hyporheic zone, benthic area or water column) controls396

N2O emissions.397

We conclude that the WC model produces good predictions of local398

emissions respect to the UB and LB models as remarked by the degree399

of correlation between the measured ∆N2O and the error (Absolute Error,400

AEi µgN2O − N/L) in Figure A.2. Accordingly, we expect that the total401
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Parameter (description) Units References
Latitude (cell latitude WGS84) [Decimal Degree] Turner et al. [13]
Longitude (cell longitude WGS84) [Decimal Degree] Turner et al. [13]
Q (water discharge) [m3/s] USGS-USACE
s0 (stream slope) [−] Manning’s equation [33]
T (water temperature) [oC] Sullivan et al. [65]
d50 (median grain size) [mm] Danivory [27]
[NO−

3 ] (in-stream nitrate concentration) [µmol/L] Loken et al. [29]
[NH+

4 ] (in-stream ammonium concentration) [µmol/L] Loken et al. [29]
[N2O] (in-stream nitrous oxide concentration) [mgN2O− N/L] Turner et al. [13]
%N2Osat (saturation percentage of nitrous oxide) [%] P. Turner (a)

(a) Values provided by P. Turner personal communication.

Table A.1: Sufficient and necessary input parameters to capture the N2O emissions from
the main stem of the Upper Mississippi River (UMR).

error will reduce significantly when the emissions are aggregated (integrated)402

over the relevant (sub)catchments.403

Finally, Table A.2 and Table A.3 provide some main statistical parameters404

(NSE, PBIAS, RMSE and RSR) to assess the performance and the accuracy405

of the LB and WC model in predicting the measured ∆N2O (mgN2O−N/L).406

In particular, these tables support the results proposed in Figure 4 when407

vfden is estimated using the relation proposed by Mulholland et al. [23] and408

by Böhlke et al. [26], respectively.409
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Figure A.2: Comparison between the Absolute Error (AEi) and the measured water-air
nitrous oxide gradient (AEi = |∆N2Oobs

i −∆N2Osim
i |) along the Upper Mississippi River

(UMR) by using: (a) the Upper Bound, UB, power law scaling; (b) the Lower Bound, LB,
power law scaling and (c) the Water Column, WC, power law scaling (as in Marzadri et al.
[5]). Color of the symbols shift from green to yellow as the width of the channel increases.
The uptake rate of denitrification (vf,denB) is estimated by using the equation (11) [26].
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Bin Width RMSE NSE PBIAS RSR
(-) (m) LB,M WC,M LB,M WC,M LB,M WC,M LB,M WC,M

1 105.08 0.087 0.151 0.856 0.570 -11.255 26.679 0.380 0.656
2 142.05 0.101 0.130 0.844 0.741 -18.192 23.162 0.394 0.509
3 173.79 0.132 0.134 0.594 0.582 -25.123 22.217 0.637 0.646
4 193.71 0.154 0.134 0.393 0.538 -31.553 21.056 0.779 0.680
5 207.14 0.169 0.129 0.148 0.506 -37.456 19.804 0.923 0.703
6 229.96 0.173 0.135 0.081 0.443 -38.588 21.137 0.959 0.746
7 260.85 0.175 0.139 0.040 0.391 -39.551 22.455 0.980 0.781
8 285.90 0.178 0.138 0.099 0.463 -42.290 22.370 0.949 0.733
9 310.34 0.178 0.138 -0.062 0.359 -43.233 23.393 1.031 0.800

10 325.49 0.177 0.139 -0.109 0.319 -43.755 24.567 1.053 0.825
11 364.24 0.180 0.137 0.010 0.426 -46.209 24.496 0.995 0.758
12 421.49 0.182 0.137 -0.103 0.377 -47.891 24.944 1.050 0.789
13 502.96 0.187 0.137 -0.175 0.364 -50.088 25.362 1.084 0.798
14 657.11 0.191 0.136 -0.266 0.362 -52.638 25.921 1.125 0.799
15 1198.10 0.195 0.136 -0.454 0.294 -54.601 27.230 1.206 0.840

Table A.2: Root Mean Square Error (RMSE), Nash Sutcliffe Efficiency Index (NSE),
percentage of bias (PBIAS) and ratio of the root mean square error to the standard
deviation of measured data (RSR) between measured and predicted water-air nitrous
oxide gradient (∆N2O (µgN2O−N/L)) as a function of channel width. Data are grouped
in fifteen bins (fourteen with 61 points and the last one with 62 points) with the second
column representing the average channel width (m). Predictions are obtained with the
Lower Bound model (LB) and the Water Column model (WC) when the uptake rate of
denitrification (vfden) is estimated using the relation proposed by Mulholland et al. [23]
(LB,M , WC,M ).
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Bin Width RMSE NSE PBIAS RSR
(-) (m) LB,B WC,B LB,B WC,B LB,B WC,B LB,B WC,B

1 105.08 0.273 0.062 -0.416 0.927 -49.616 -5.904 1.190 0.271
2 142.05 0.241 0.082 0.109 0.897 -58.820 -10.880 0.944 0.321
3 173.79 0.268 0.101 -0.663 0.763 -68.090 -12.210 1.289 0.487
4 193.71 0.292 0.110 -1.186 0.691 -76.704 -13.868 1.479 0.556
5 207.14 0.313 0.111 -1.936 0.631 -84.621 -15.664 1.713 0.607
6 229.96 0.319 0.113 -2.138 0.608 -86.130 -13.734 1.771 0.626
7 260.85 0.323 0.114 -2.267 0.595 -87.411 -11.824 1.807 0.637
8 285.90 0.325 0.113 -1.993 0.638 -91.071 -11.935 1.730 0.602
9 310.34 0.326 0.111 -2.561 0.589 -92.325 -10.451 1.887 0.641

10 325.49 0.327 0.108 -2.769 0.589 -93.018 -8.754 1.941 0.641
11 364.24 0.329 0.107 -2.298 0.651 -96.298 -8.848 1.816 0.591
12 421.49 0.330 0.107 -2.617 0.622 -98.542 -8.193 1.902 0.615
13 502.96 0.334 0.107 -2.768 0.612 -101.480 -7.584 1.941 0.623
14 657.11 0.339 0.105 -2.991 0.616 -104.890 -6.772 1.998 0.619
15 1198.10 0.344 0.104 -3.515 0.583 -107.512 -4.881 2.125 0.645

Table A.3: Root Mean Square Error (RMSE), Nash Sutcliffe Efficiency Index (NSE),
percentage of bias (PBIAS) and ratio of the root mean square error to the standard
deviation of measured data (RSR) between measured and predicted water-air nitrous
oxide gradient (∆N2O (µgN2O−N/L)) as a function of channel width. Data are grouped
in fifteen bins (fourteen with 61 points and the last one with 62 points) with the first
column representing the average channel width (m). Predictions are obtained with the
Lower Bound model (LB) and the Water Column model (WC) when the uptake rate of
denitrification (vfden) is estimated using the relation proposed by Böhlke et al. [26] (LB,B ,
WC,B).
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C. J. Vöosmarty, Nitrogen Cycles: Past, Present, and Future, Biogeo-414

chemistry 70 (2004) 153–226. doi:10.1007/s10533-004-0370-0.415

[2] A. Ravishankara, J. S. Daniel, R. W. Portman, Nitrous oxide (N2O):416

The dominant ozone-depleting substance emitted in the 21st century,417

Science 326 (2009) 123–125. doi:10.1126/science.1176985.418

[3] IPCC, 2014: Climate Change 2014: Synthesis Report. Contribution of419

Working Groups I, II and III to the Fifth Assessment Report of the In-420

tergovernmental Panel on Climate Change [Core Writing Team, R.K.421

Pachauri and L.A. Meyer (eds.)], Technical Report, Geneva, Switzer-422

land, 2014.423

[4] J. J. Beaulieu, J. L. Tank, S. K. Hamilton, W. M. Wollheim, R. O. H. Jr.,424

P. J. Mulholland, B. J. Peterson, L. R. Ashkenas, L. W. Cooper, C. N.425

Dahm, W. K. Dodds, N. B. Grimm, S. L. Johnson, W. H. McDowell,426

G. C. Poole, H. M. Valett, C. P. Arango, M. J. Bernot, A. J. Burgin,427

C. L. Crenshaw, A. M. Helton, L. T. Johnson, J. M. O’Brien, J. D.428

Potter, R. W. Sheibley, D. J. Sobota, S. M. Thomas, Nitrous oxide429

emission from denitrification in stream and river networks, Proc. Natl.430

Acad. Sci. USA 108 (2011) 214–219. doi:10.1073/pnas.1011464108.431

[5] A. Marzadri, M. M. Dee, D. Tonina, A. Bellin, J. L. Tank, Role432

of surface and subsurface processes in scaling N2O emissions along433

riverine networks, PNAS Proceeding of the National Academy of434

Sciences of the United States of America 114 (2017) 4330–4335.435

doi:10.1073/pnas.1617454114.436

[6] S. P. Seitzinger, C. Kroeze, Global distribution of nitrous oxide produc-437

tion and n inputs in freshwater and coastal marine ecosystems, Global438

Biogeochemical Cycles 12 (1988) 93–113. doi:10.1029/97GB03657.439

[7] J. J. Cole, N. F. Caraco, Emissions of nitrous oxide (n2o) from a tidal,440

freshwater river, the hudson river, new york, Environmental Science441

Technology 35 (2001) 991–996. doi:10.1021/es0015848.442

25



[8] A. Syakila, C. Kroeze, The global nitrous oxide budget revis-443

ited, Greenhouse Gas Measurement and Management 1 (2012) 17–26.444

doi:10.3763/ghgmm.2010.0007.445

[9] A. M. Quick, W. J. Reeder, T. B.Farrell, D. Tonina, K. P.Feris, S. G.446

Benner, Nitrous oxide from streams and rivers: A review of primary447

biogeochemical pathways and environmental variables, Earth-Science448

Rev. 191 (2019) 224–262. doi:10.1016/j.earscirev.2019.02.021.449

[10] H. Baulch, S. Schiff, R. Maranger, P.J.Dillon, Nitrogen enrichment and450

the emission of nitrous oxide from streams, Global Biogeochem. Cycles451

25 (2011) GB4013. doi:10.1029/2011GB004047.452

[11] M. S. Rosamond, S. J. Thuss, S. L. Schiff, Dependence on riverine453

nitrous oxide emissions on dissolved oxygen levels, Nat. Geosci. 5 (2012)454

715–718. doi:10.1038/ngeo1556.455

[12] A. V. Borges, F. Darchambeau, C. R. Teodoru, T. R. Marwick, F. Ta-456

mooh, N. Geeraert, F. O. Omengo, F. Guérin, T. Lambert, C. Morana,457
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