10

15

20

25

Supplement

Jize Jiang'#, David S. Stevenson!, and Mark A. Sutton?

!School of GeoSciences, The University of Edinburgh, Crew Building. Alexander Crum Brown Road, Edinburgh, EH9 3FF,
UK

2UK Centre for Ecology and Hydrology, Edinburgh, Bush Estate, Midlothian, Penicuik, EH26 0QB, UK

*now at: Institute of Agricultural Sciences/Institute of Biogeochemistry and Pollutant Dynamics, ETH Zurich, 8092 Zurich,
Switzerland

Correspondence to: Jize Jiang (jize.jiang@usys.ethz.ch/ jize jiang@ed.ac.uk)

S1 Budgets of TAN and other nitrogen species in soil layers for simulating chemical fertilizer applications

The budget of TAN in each soil layer (Mran, L, g N m™, given in per unit area; all masses have units of g m?if not
specifically explained) varies as processes can be different. For the top soil layer (0-2 cm), the time-dependent TAN pool is
expressed as:

dMTANL1 _

dt - ITAN + FTAN - FNH3 - FN runoff Fdiffusion - Fdrainage - Fnitrif‘ (SMI)
For soil layer 2 and 3:
dMTANL23 __

dt - ITAN + FTAN - Fdiffusion - Fdrainage or leaching — Fnitrif - Fuptake- (SMZ)

The bottom soil layer acts as a boundary layer of the deeper soils where dissolved nitrogen is lost from the soil column
through leaching and diffusion, where the pools and concentrations of nitrogen species are set to 0. The bottom soil layer has
a thickness of 14 cm in order to define the transport distance for diffusive fluxes and also to be consistent with the layering
of the reanalysis soil data used in the model.

AMCLIM also simulates urea and nitrate in soils. In the top soil layer, the time-dependent urea and nitrate pools are

CXpresses as:

dMurea,Ll _

dt - Iurea - KUreaMUrea - Furea runoff — Fdiffusion - Fdrainagea (SM3)
% = Fnitrif - Fnitrate runoff — Fdiffusion - Fdrainage' (SM4)
For soil layer 2 and 3:
% = Iurea - KUreaMUrea - Fdiffusion - Fdrainagea (SMS)
W = Fnitrif - Fdiffusion - Fdrainage - Fuptake' (SM6)

The fluxes have been explained in Sections 2.2.1 (/tan — direct input of TAN species, such as ammonium or ammonia; /Tan —
direct input of urea from fertilizer; Fran — TAN production through urea or UA hydrolysis and decomposition of organic N;

Fyp, — flux of NH3 volatilization; FraNureanitrate runoft — flux of surface TAN, urea or nitrate runoff; Fuitusion— diffusive fluxes;
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Flrainage — flux of drainage; Fleaching — flux of leaching; Fuiwit— nitrification; Fuptake — flux of N uptake by plants/crops; all N

fluxes/flows have units of g N m?s™! if not specifically explained).

S2 Adsorption coefficient of NH4" on solid particles

Soils can adsorb NH4" due to cation exchange, and the adsorption of NH4" on soil solids varies between different soils (Buss
et al., 2004). The cation exchange capacity of soils is difficult to simulate especially on a global scale. Therefore, the
partitioning coefficient K4 used to determine the NH4" adsorption is derived from an empirical relationship depending on the
fractional soil clay content (fcay) to which the soil cation exchange capacity is related (Dutta et al., 2016). The equation is
expressed as:

K4 = 0.5(7.2733f " — 11.22f,,") + 5.7198f,1,, + 0.0263. (SM7)

S3 Nitrification process

Nitrification is considered to take place in soils and solid manure systems exposed to oxygen. In contrast, for liquid systems,
such as slurry system or lagoon, nitrification is considered to be absent or negligible due to the high water content that
reduces oxygen availability.

A first-order reaction is used to determine nitrification as shown in Eq. (12). The optimum nitrification rate (Kxuitrif,opt) 1S
set to be 10 % per day, and the nitrification rate Kuiir is affected by temperature, water content, and pH as shown in Eq. (12)
(Parton et al., 1996, 2001). The dependence of each factor is expressed by the following equations. The temperature
dependence is taken from Stange and Neue, (2009):

tmax_T n tmax_T n
o exp (ax(o=2), (SM8)

Kniirigr = tmax—Lto ax—topt
where Tgnd is the ground temperature. The maximum temperature (fmax) and optimum temperature (Zopt) for microbial activity
is 313 K and 301 K, respectively. asis an empirical factor that equals to 2.4 for manure; optimum temperature is 303 K and
asis 1.8 for synthetic fertilizer (Stange and Neue, 2009).

The water content and pH dependence are taken from the empirical function of Patron et al. (1996)

b—a
WFPS—b\d-(—) WFPS—c\g4
— ) o= )%

knitrif,WFPS = ( (SM9)

where WFPS is the water-filled porosity of soil and is set to 1.0 for solid manure storage. Coefficients a, b, ¢ and d are equal

to 0.60, 1.27, 0.0012 and 2.84, respectively (Parton et al., 1996).

an~1(0.45m(pH-5))

Knitripr = 0.56 + - (SM10)
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Nitrification is mainly found to take place in soils at pH ranging between 5.5 to 10, with the optimum pH at around 8.5, and
the process mainly ceases in soils under natural pH less than 5.0 (Parton et al., 1996). In AMCLIM-Land, the pH dependence

for nitrification rate is a trigonometric function from Parton et al. (1996).

S4 Nitrogen and water uptake by crops

Nitrogen uptake by plants in AMCLIM-Land is assumed to take place in soil layers 2 and 3, which can be calculated by Eq.
(13) in Sect.2.2.1. Uptake is not treated in the top soil layer (layer 1), which focuses on the ammonia—atmosphere exchange
interface (Sect.2.2.1). AMCLIM-Land uses a root uptake scheme derived from several studies (Riedo et al., 1998; Thornley,
1991; Thornley and Cannell, 1992; Thornley and Verberne, 1989). Crops can take up both ammonium and nitrate from the
soils, together termed as Mnetr, as expressed by the follows:

Myets = My + @prancMnos» (SM11)
where M NH and Myo; are ammonium and nitrate pools in soils. A dimensionless parameter aplant varies between 0.5 to 1.0

depending upon temperature, and is calculated by the following equation:

(ZO_Tgnd)
(20-10) ’

Aplant = G20 — (A20 — A10) (SM12)

where a,, and a,, are reference values at 20 and 10 °C, respectively (Thornley and Verberne, 1989). However, this equation

is only applicable between 10 and 20 °C so is extrapolated to a broader temperature range as the following equation:

aplant = 0_2560-0693Tgnd. (SM13)
The integrated root activity parameter &, is determined by the following equation:
Aroot=0N Lz VilWy s, (SM14)

where W:i(g m?) is root structural dry matter and viis the corresponding root activity weighting parameter (Thornley and
Verberne, 1989). oy (g N g'! d!) is the temperature-dependent root activity parameter for nitrogen, which is calculated by the
following equation:

oN = Oyoft> (SM15)
where o, is a reference value that is set at 0.05 at 20 °C (Thornley and Verberne, 1989), and the temperature dependence
(fr) is identical as Eq. (SM13).

The combined response factor Jcn for plant uptake to substrate carbon and nitrogen from the soil is calculated by the

following equation:

_ Kcun N
Jon = 1+5EN (142, (SM16)

JNUN

where Kcun (0.05[C]) and Jnux (0.005[N]) are constants. In this equation, C (g C m?) and N (g N m?) are substrate
concentration of carbon and nitrogen (Riedo et al., 1998; Thornley, 1991; Thornley and Cannell, 1992; Thornley and
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Verberne, 1989), respectively. As the model does not simulate plant dynamics, C and N are represented by fixed values of 40
and 4, respectively (Riedo et al., 1998).

Combining these terms, plant uptake of N (Fuptake) can be expressed as (Riedo et al., 1998; Thornley, 1991; Thornley and
Cannell, 1992):

_ 4 W MNHI"'aplant,nitMNog 1
= oN Zi=1 Ui,

Fuptake (SM 1 7)

A My +@plantnitMNog +KNett 1+K—CC(1+%)'
where Knettis a root activity parameter, set at a constant of 5 ¢ N m (Riedo et al., 1998). There are four components in Wi
that represent the structural dry matter of roots at different stages (i.e., four age categories of roots from young to mature).
Mature roots have larger W;;values. The root activity weighting parameter vi changes as plants grow, i.e., larger values refer
to more mature roots of the plant. AMCLIM-Land uses a set of empirical values to represent vi, which describes the status of

roots at six growing stages (Table A1). The six growing stages are evenly distributed during the growing season of a crop.

Table S1. Root activity weighting parameters at different crop growing stage.

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6
Vi 0.1 1.0 1.0 0.5 0.25 0.1
V2 0.1 0.5 1.0 1.0 0.5 0.25
V3 0.1 0.25 0.5 1.0 1.0 1.0
V4 0.1 0.1 0.25 0.5 1.0 1.0

Water uptake by crops is represented by a simple empirical equation that is related to the soil water content (Dardanelli et al.,
2004), which is expressed as follows:
= Kuptake(g - gwp)a

where Kupuke is an empirical coefficient that equals to 0.096 d™!' (Dardanelli et al., 2004).

Wuptake (SM 1 8)

S5 Calculation of soil resistances

Aqueous and gaseous diffusion of nitrogen species in soils are constrained by soil resistances. The soil resistance is
determined by the following equation:

R _ Azgoi)
soilaq/gas — 3 (G)Daq/gas ’
aq/gas NH,4/NH3

(SM19)

where Azg,;; (m) is the transport distance in soils, which is treated as the distance between the mid-points of each soil layer.

The molecular diffusivity (D;(Il{/4 g;;\?H3, m? s!) is multiplied by a soil tortuosity factor, $aq/gas(0), to adjust for the soil water
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content as well as the porosity (Millington and Quirk, 1961; Moéring et al., 2016; Vira et al., 2020)). The molecular
diffusivity and tortuosity factor are calculated by the following equations:

9.8 x 10719 1.037-27315  for NHI
Daq/gas = { 1077 TS (1 /myip+1/mypg) 0 for NH,

NH,/NH; =L (SM20)
PICairv) Y3+ (ENua vi) 1P

where mair and myy,are molecular weight of air and NH3, respectively, using values of 29 g mol™ and 17 g mol. ¥;, v;

(20.1) and Yy, v; (14.9) are the atomic diffusion volumes for air and NH3 (Perry and Green, 2008), and p is pressure in the

atmosphere.
85
(9_9%, for gaseous diffusion
$aq/gas(0) = os , (SM21)

63 e s
o7 for aqueous diffusion
sat

where Osat is soil water content at saturation. The tortuosity factors are calibrated by site simulations using AMCLIM under

the conditions of the GRAMINAE field experiment (see Sect.2.3.1).

S6 Concentrations of nitrogen species at surface

Volatilization and runoff take place at the land surface, with these fluxes being primarily driven by nitrogen concentrations
at the surface. To take into account the soil resistance and heterogeneity of the soil, the surface concentrations of nitrogen
species are not calculated from dividing the mass of nitrogen in the soil layer by the volume (or the thickness over unit
areas), but are solved by assuming that the upward diffusion (from the mid-point of the top soil layer to the surface) is equal

to the volatilization and runoff, as expressed by Eq. (14). Therefore, Eq. (14) can be expanded as:

[NH3(8)]srf~Xatm +q,- [TAN(aq)]srf — [TAN(aqQ)]L1—[TAN(aq)]srf + [NHS(g)]Ll_[NH3(g)]srf. (SM22)

Ratm RLl,aq RLl,gas

The aqueous concentration of TAN at the surface can be solved as:

K
[TAN(aq)]L1'<RLiaq ’ RLT,:SS) ’ ﬁZEZ (SM23)

b
1 1 1
: K . :
quRLl,aqT NH3 <RL1,gasTRatm>

and gaseous NH3 concentration at the surface can be solved subsequently (combined with Eq. (6)).

[TAN(aq)]s¢ =

S7 Water drainage and percolation flux

Leaching of nitrogen from soils is determined by multiplying the aqueous concentrations of each species by the percolation
flux of water. The percolation flux of water is the minimum value between the soil hydraulic conductivity and the drainage

potential as shown in Eq. (17).
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The soil hydraulic conductivity (Ks) is related to the soil water content and the soil characteristics, which is approximated by

the following equation (Li et al., 2019):

Ks = il(sata (SM24)
Where K, = 2.2 x 10~7¢*, (SM25)
given X = 7.755 + 0.0352fyj — 0.967BDg4;? — 0.000484f,,,> — 0.000322f,” + % - ‘;7‘: — 0.643log, fuiie —
0.01398BDs,; * fuirt — 0.1673BDgoit * froms (SM26)

and where Ksat(m s) is the soil hydraulic conductivity at saturation, which is dependent on the fractional soil silt (fsir) and
clay content (fuay), bulk density of soil (BDsoil, g cm™) and fractional soil organic matter content (fiom). The information of
soil properties is from the Regridded Harmonized World Soil Database (HWSD) v1.2 (FAO and IIASA, 2012; Wieder et al.,
2014).

The drainage potential of a soil layer is calculated by the following equation:

Dpor = max (0, —

00k, (SM27)
fc

where f. is a reference time that soil water content reaches field capacity, which is set at 24 h. The field capacity of soil is

determined from the bulk density (BD) (Li et al., 2019), as expressed by the following equation:

B¢ = 0.45 — 0.06BDg;°. (SM28)

S8 Fertilizer types from IFA and disaggregation of total nitrogen rates

AMCLIM-Land uses nitrogen chemical fertilizer consumption statistics at country-level from the International Fertilizer
Association (IFA, 2023). Nitrogen fertilizer types provide in the IFA dataset includes direct NH3, ammonium phosphate
(AP), ammonium sulphate (AS), ammonium nitrate (AN), calcium ammonium nitrate (CAN), NK compound fertilizer (NK),
NPK compound fertilizer (NPK), nitrogen solution, other NP fertilizer (other NP), urea, and other N straight fertilizer. It is
assumed that NK compound fertilizer, NPK compound fertilizer and other NP fertilizer have the same amount of ammonium
and nitrate on an equivalent basis. Nitrogen solution is assumed to contain 75 % of ammonium and 25 % nitrate (Vira et al.,
2020). Other N straight fertilizer is treated as urea in AMCLIM-Land. The nitrogen in ammonium fertilizer, urea fertilizer

and nitrate fertilizer can be calculated accordingly by the following equations:

Ammy = NH; + APy + ASy + 0.5(ANy + CANy + NK + NPK + other NP) + 0.75Nsolution, (SM29)
Ureay = Urea + Other N straight, (SM30)
Nity = 0.5(ANy + CANy + NK + NPK + other NP) + 0.25Nsolution. (SM31)

The fraction of the major three nitrogen fertilizer groups (ammonium, urea and nitrate) is then calculated as follows:

Mgert(j
frert() = ) (SM32)

3 .
X1 Mtert(j)



The nitrogen application and fraction of three types of fertilizers as derived here for 2010 and 2018 are shown in Figure S1
165 and S2.
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Figure S1. Fertilizer information of 2010. (a) Total nitrogen application rate. (b) Fraction of ammonium fertilizer. (c) Fraction of
urea fertilizer. (d) Fraction of nitrate fertilizer.
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a) total N application c) fraction of urea fertilizer

Figure S2. Same as Fig. S1, but for 2018.



175

180

185

190

195

200

205

S9 Model diagnostic for the GRAMINAE site simulations

Figure S3 shows the modelled concentrations of N species in soils, as well as soil resistances and the NH3 emissions. Figure
S3 includes aqueous TAN and gaseous NHs3; in this paragraph, TAN refers only to aqueous TAN only excluding solid
exchangeable TAN.

The simulated concentrations of surface gaseous NH3 are found to be much higher than the atmospheric NH3 concentration at
1 m. Surface NH3 concentrations range between 100 and 150 pg m™ on the first day, and between 50 to 100 ug m? for the
rest of the week, while the atmospheric concentrations of NHs are mostly within the range between 0 to 25 pg m=>. Two
evident peaks in surface NH3 concentrations that are larger than 200 ug m™ on 10 June can be seen. In contrast to the surface
gaseous NH3 concentrations, surface TAN concentration shows greater variation within a day, and its trends are opposite to
the emissions, with higher values at night and lower values in the day. In the top soil layer (0—2 cm), TAN concentrations
show a smooth declining curve from 1750 g m™ to less than 250 g m™ throughout the simulated period (Fig.S3c), indicating
depletion of the TAN pool due to N losses through multiple pathways, which together act as a 1% order loss process. The
simulated gaseous NH3 concentrations of this soil layer show large variations due to the diurnal cycle in the temperature.

Soil resistances that constrain aqueous diffusion are found to be much larger than the resistance for gaseous diffusion of
NH;s (Fig.S3c). It is found that soil resistances are larger at night than day time due to low temperature, which slows down
diffusion fluxes through the soil. When there are no runoff fluxes (i.e., no precipitation), upward soil diffusion fluxes are
only balanced by the volatilization. As a solved variable by assuming an equilibrium state, surface TAN concentrations
therefore tend to be high at night, leading to low concentration gradients. Meanwhile, since the resistances are large, upwards
diffusive fluxes become smaller, which limits the surface fluxes (i.e., volatilization).

An averaged value of measured soil pH of ~6.3 was used for the simulations (Fig.S3d) based on field measurements at the
site (Sutton et al., 2009a; Sutton et al., 2009b). As a result, the gamma value (([NH4"]/[H*]) of the top soil layer derived from
the TAN concentration is shown as a smooth decaying curve. The modelled gamma values of the top soil layer were between
50000 and 25000, which are the same order of magnitude as the estimated measured values (exact measured values of
gamma are not available; crude values are estimated from Fig.3 in Personne et al. (2009); Sutton et al. (2009b) by vision)
and are comparable with the simulated gamma of the litter layer by Personne et al. (2009). Surface runoff was directly
represented by the precipitation, and the modelled NH3 emissions show sharp declines immediately after rain (e.g., 5 June
evening) because the surface runoff is a competing pathway to the volatilization, which together deplete the TAN pool of the
soil (Fig.3). The GRAMINAE measurements focused on NHs fluxes and did not include quantification of surface run-off,
preventing site validation of this term. For example, the drivers for run off and leaching are similar, and would both lead to
loss of ammonium (thereby reducing NH3 emissions), especially for the soil in question with low cation exchange capacity
site (Sutton et al., 2009a; Sutton et al., 2009b). For the entire simulated period of 5 to 15 June, AMCLIM-Land estimated
that 10.4 % of the applied ammonium N is estimated to be lost due to NH3 emissions to the air, 1.1 % is washed off by

rainfall (runoff), 13.4 % is converted to NO3™ through nitrification, and the remaining 75.1 % of N is retained in the soil.
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Figure S3. Modelled

2009b) by AMCLIM-Land. (a)

concentration of NHs. (c) Concentrations of TAN and NHj of the 1% (top) soil layer, and soil resistances for aqueous and gaseous

Modelled and measured NH; emissions. (b) Solved concentrations of TAN and NH; at the surface and the atmospheric
diffusions. (d) Gamma value ([NH,"]/[H]) of the 1% (top) soil layer (0.3-2 cm depth) and soil pH used in AMCLIM-Land.
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