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Abstract. Nitrous oxide (NO) emissions are highly vari- than production of MO and is in that sense the key to under-
able in time, with high peak emissions lasting a few days tostanding NO emissions from denitrification. The effects of
several weeks and low background emissions. This temporathanging environmental conditions on reduction gfNel-
variability is poorly understood which hampers the simula- ative to NNO production strongly depend on the jl€ntent
tion of daily N,O emissions. In structured soils, like clay of the soil. More anaerobic conditions have hardly any effect
and peat, aggregates hamper the diffusion of oxygen, whiclon the ratio of production to reduction if NQs abundant,
leads to anaerobic microsites in the soil, favourable for den-but will decrease this ratio if N&is limiting. In the first case
itrification. Diffusion of NoO out of the aggregates is also the emissions will increase, whereas in the second case the
hampered, which leads to delayed emissions and increasesmissions will decrease. This study suggests that the current
reduction of NO to Ny. In this model simulation study we knowledge of the hydrological, biogeochemical and physical
investigate the effect of aggregates in soils on th®Mmis-  processes may be sufficient to understand the observ@d N
sions. We present a parameterization to simulate the effectBuxes from a fertilized clayey peatland. Further research is
of aggregates on MD production by denitrification and on needed to test how aggregates affect th®Nluxes from
N20O reduction. The parameterization is based on the mobileother soils or soils with different fertilization regimes.
immobile model concept. It was implemented in a field-scale
hydrological-biogeochemical model combination. We com-
pared the simulated fluxes with observed fluxes from a fertil- )
ized and drained peat soil under grass. 1 Introduction

The results of this study show that aggregates strongly af- . ]
fect the simulated D emissions: peak emissions are lower, Nitrous oxide (NO) is a strong greenhouse gas (e.g. Denman
whereas the background emissions are slightly higher. In&tal-, 2007) and negatively affects atmospheric ozone (Rav-
cluding the effect of aggregates caused a 40 % decrease jghankara _et al., 2009). Agricultural soils are the largest an-
the simulated annual emissions relative to the simulationghropogenic source for0, at a global scale (Denman et al.,
without accounting for the effects of aggregates. The new?007), in Europe (Schulze et al., 2009), and in The Nether-
parameterization significantly improved the model perfor- Ian(_js (Van der Maas et al., 2008). Agricultural peatlands are
mance regarding simulation of observed dailyONluxes;2 ~ Major sources of bD (Velthof and Oenema, 1995).
and RMSE improved from 0.11 and 198 g®N ha 1 d—! Observations of O emissions typically show a high tem-
to 0.41 and 40 ghO-N ha1d-1, respectively. Our analy- poral variability with long periods of low background emis-
ses of the model results show that aggregates have a largétons and a few high peak emissions lasting a couple of days
impact on the reduction than on the production ofNRe- 10 several weeks. Despite their short duration, these peaks

duction of NO is more sensitive to changes in the drivers contribute a major part to the total annuab®l emission
(e.g. Scheer et al., 2008; Yamulki et al., 1995). When mod-

elling N2O emissions, accurate simulation of peak emissions
Correspondence ta®. C. Stolk is therefore very important (e.g. Stehfest and Muller, 2004;
BY (petra.stolk@wur.nl) Lamers et al., 2007). This requires models with time steps
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as small as one day or less. Various process-based field-scalkelimited to one aggregate only, have been used to study the
simulation models for daily B fluxes are available (Chen effects of aggregates on the® concentration in the inter-
et al., 2008). Whereas cumulative emissions have been sinpore space (Leffelaar, 1988; McConnaughey and Bouldin,
ulated fairly well (e.g. Li, 2000; Saggar et al., 2007; Jarecki 1985), but this work has not been extended to models that
et al., 2008) the simulation of daily emissions is still poor describe the soil as a collection of aggregates.
(Groffman et al., 2009). In the current NO simulation models several concepts are
In a recent study with the SWAP-ANIMO model combina- applied that indirectly account for the effects of aggregates
tion simulated NO peak emissions from peatland occurred on NoO reduction and transport. For example, in the DNDC
too early and were too high, compared to the observed N model-family (Li et al., 1992, 2000; Li, 2000) a reduction
emissions (Stolk et al., 2011). It was hypothesized that thisfactor decreases diffusion of2® produced by denitrifica-
misfit was due to a violation of the assumption of direct equi- tion based on the anaerobic fraction and the clay content. In
librium between the DO concentration in the gaseous phase PaSim (Schmid et al., 2001),® from denitrification is first
and in the aqueous phase. In SWAP-ANIMO first the total assigned to a separate pool and a resistance is addeg@or N
soil concentration is determined, after which the concentrafrom denitrification to enter the total soilJ® pool. The
tions in the gaseous and aqueous phase are calculated, adectron affinity for NO relative to NQ was increased em-
suming equilibrium. However, if the assumption of direct pirically to get more reduction of O to Np. The disadvan-
equilibrium is not valid, the total soil concentration is not tage of these concepts is that they do not describe the soil
representative for the aqueous and gaseous concentration ietructure itself. Therefore each new situation may require a
dividually. In particular the gaseous concentrations need taew calibration of the parameters involved in these concepts.
be simulated realistically, since in unsaturated soils diffusionFurthermore, effects of changes in soil structure are difficult
in the gas phase is the main mechanism fgONransportto  to assess.
the surface. In other words, in cases of disequilibrium the to- In this paper we present a parameterization to simulate
tal soil concentration cannot be used to derig@Nemission  the effects of aggregates on dailg® emissions, following
if the commonly applied equilibrium assumption is invoked. the mobile-immobile concept. In this approach the soil is
Support for this hypothesis is found in studies that prove aseparated into an immobile and a mobile zone, representing
discrepancy between observed emissions and emissions cahe pore space within and in between the aggregates, respec-
culated from soil concentrations using Fick's law fos@! tively. Vertical transport in the immobile zone is completely
(Neftel et al., 2007) and C£XKoehler et al., 2010). blocked, and occurs exclusively in the mobile zone. How-
The assumption of direct equilibrium is commonly applied ever, there is mass transfer between the zones. The trans-
in biogeochemical models, although it is not always applica-port between the zones is based on the shape and the size of
ble in structured soils like clay or peat. Structured soils canthe aggregates (Van Genuchten and Wierenga, 1976). The
contain aggregates with smaller pores and higher tortuositymain advantage of the mobile-immobile approach is that the
as well as disconnected or dead-end pores (Hoag and Pricparameters are based on aggregate shape and aggregate size
1997). These smaller or disconnected pores remain watesind can be derived from observations. The new parameteri-
filled longer than the larger pores in between the aggregateszation is implemented in SWAP-ANIMO, a combination of
The absence of air filled pores hampers the diffusion of oxy-a field-scale hydrological and biogeochemical model.
gen (@) and results in formation of anaerobic microsites in ~ Simulations with the revised model are performed to test
the soil (Currie, 1961), favourable for denitrification (Groff- the hypothesis that aggregates cause delayed as well as re-
man et al., 2009). Diffusion of PO, an intermediate prod- duced peak emissions and that the mobile-immobile model
uct of denitrification, out of these microsites is hampered forretrieves better simulation results than the original concept
the same reason, increasing the residence timeOfiNthe  (Stolk et al., 2011) for a structured soil. To that end, the
agueous phase. This prolonged residence time facilitates fumodel simulations with the mobile-immobile model to ac-
ther reduction of MO to nitrogen gas (. Thus, aggregates count for the effect of aggregates are compared to simula-
can both delay and reduce® emissions. tions obtained with the original concept (Stolk et al., 2011)
Various concepts have been proposed to describe so#énd with observations. In addition, a sensitivity study is car-
structure and its effects on aeration and denitrification inried out to determine how the aggregate size and shape af-
simulation models, like aggregate models (Arah and Smith fect production, reduction and emission of@and which
1989), pore models (e.g. Groenendijk et al., 2005), fractalanodel parameters affect these processes most. Finally we
(Rappoldt and Crawford, 1999), the multi-domain approachmake a first assessment of the applicability and limitations
(Kdhne et al., 2009), or the mobile-immobile approach (Vanof the new model concept for simulating® emissions.
Genuchten and Wierenga, 1976). All of these model con-
cepts have been used to simulate the effect of aggregates on
nitrate (NG) and Q, but to the best of our knowledge none
of them has been applied to simulate the effect of aggregates
on NO. Single-aggregate models, where the model-domain
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2 Method 2.1.2 Original concept for O

2.1 Model description The original ANIMO concept assumes instantaneous equi-
o librium between the air phase and water phase concentra-

2.1.1 General description of SWAP-ANIMO tion of NoO throughout the soil. The ANIMO formulation of

. the conservation and transport (CT) equation foONeads
SWAP (Soil-Water-Plant-Atmosphere) (Van Dam, 2000; Van (Hendriks et al., 2011):

Dam et al., 2008; Kroes et al., 2008) is a multi-layered sim-

ulation model for the transport of water, solutes and heatdcs _ 9 () dew)  d(orew)  dew
in unsaturated and saturated soils. The model is designedr 9z ef 0z 1a 0z Y9z
to simulate flow and transport processes at field scale level. Qdr-cw+ Rpr.nit + Rpr.den— Rrd (1)
Top, bottom, and lateral boundary conditions in SWAP al-
low computation of plant transpiration and interception, soil where
evaporation, runoff, irrigation, lateral drainage to and infil-
tration from drains and surface water, and seepage to or infilS (@ROat ) cw 2)
tration from deeper aquifers. and
ANIMO (Agricultural Nltrogen MOdel) (Rijtema et al., 2
1999; Groenendijk et al., 2005; Renaud et al., 2005; Hen-Deff =aRrp10a” Do,a+ twbwDow 3

driks et al., 2011) is a dynamic process-based simulatio ) _3 3 ) )
model for nutrients (N and P) and organic matter dynamic;‘l_kareLS (kgNmg ) andew (kgNm,®) are the NO-N con

. . R . X . centration in soil and soil water, respectivedyd) is time,
inthe so!l. In ANIMQ vegetatlor_1 interacts with soil moisture 2 () is depth, Dt (M2d~1) is the effective diffusion co-
and nutrients. Aeration status is calculated from the averagé... . . e o
. ; ) eéfficient for simultaneous diffusion in soil air and wates,
pore size, based on soil moisture content. The greenhousg 35> .~ 3 o1 . .
gas module in ANIMO provides the simulation of production figm 2”7 andaqw (my, m~=d =) are the vertical air and
) : . water flux in the soil, respectivelyg (mS, m;3) is the recip-
and consumption of pD, CH; and CQ in the soil, as well as b ¥ (My, M) P

; T o= rocal of Bunsen’s solubility coefficien@g, (M3, ms3d1) is
the vertical transport of these gases and their emission to thﬁ]e discharge per layer tg drainage g/(gtfamws asn d su r)face wa-
atmos_phe_re. Transport of gree_nhouse gases inyolves mole%ér Rprnit and Ror.den (kg N ms_g d-1) are the NO produc-
ular diffusion as well as advective transport by air and watertion rate by nitrification and denitrification, respectivekyg

f!ow. The_minimum time step for ANIMO is one day; this kgNmg3d-1) is the NO reduction ratess (m3mg2) and

time step is commonly used in greenhouse gas studies. GeréW (M3 m=3) are the volumetric air and watear csontent re-
e . - i o Mg ,

erally, a daily time step is sufficiently short to simulateON ectively,p; and p; (=) are coefficients for vertical gaseous

emissions with reasonable accuracy, because emission ea%%f L . . ;
y P€akitusion in soil, Dg 4 and Do,y (M? d~1) are the NO diffu-

generally last a few days to several weeks. Special events,. . . . )
like daytime-only thawing events, can cause peak emissionglon coefficient in free air and free water, respectively, and
shorter than a day. In general A,NIMO is not suited to sim- ™ (-) is a tortuosity factor for vertical aqueous diffusion in

ulate those short-lived peak emissions. However, in ANIMO soil. Emission to the atmosphere is composed #DNiffu-

a special approach is implemented to account for short-liveas'ion over the atmosphere-soil boundary from soil water and
P PP P soil air and advection of pD by air flow. A more detailed

peak emissions during and after precipitation events. In thisdescription of NO diffusion and emission, denitrification
approach for each precipitation event the fraction of the daynitrification and aeration in the original ANiMO is provided
the topsoil is saturated is determined. This fraction and the Appendix A

spatial anaerobic fraction are used to determine the overaIIIrI PP '

aeration status of the top layer for that time step. Thisis €X- 1 3 Mobile-immobile model concept

plained in more detail in Appendix A.

ANIMO is coupled off-line to SWAP; the output from the |n the present study the mobile-immobile model concept
latter model is used to prescribe water flow, soil moisturehas been implemented in SWAP-ANIMO for®. Figure 1
and soil temperature on a daily basis in ANIMO. Although shows a schematic illustration of the mobile-immobile con-
the SWAP-ANIMO model combination has over 100 input cept for NO. The soil is divided into a mobile and an immo-
parameters, for most soils in The Netherlands default valuesile soil fraction, Fiuo and Fim (=), respectively. All vertical
are available (Wolf et al., 2003; Wéten et al., 1994), which transport is assumed to take place in the mobile zone. Ni-
makes it easily applicable to soils in The Netherlands, and tarification is assumed to occur exclusively in the mobile soil
comparable soils elsewhere, without extensive measuremefitaction, whereas denitrification is assumed to occur exclu-
campaigns or tuning of input parameters. sively in the immobile soil fraction. pD may be transported

from the immobile to the mobile zone, or vice versa, based
on the concentration difference.

www.biogeosciences.net/8/2649/2011/ Biogeosciences, 8, 26632011
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between the MO concentrations in the mobile and the im-
mobile zone, within the mobile soil fraction we assume that

Mobile zone

- Production by nitrification the concentration in the soil air is in direct equilibrium with
- Transfer with immobile zone . . . .
- Vertical transport the local concentration in the soil water, so that we can write:

- Emission
- Leaching

Immobi/f zone

csMo = (arfa+ 6w, m0) cwmo and csim = bw,imcw, i (6)

Immobile zone
- Production by denitrification Where
- Reduction

- Transfer with mobile zone

soil water

Ow,M0 = 6w —Ow,m and Oy v = Fimbsat (7

Heredy,im (M3, Ms>) andéw mo (M3, o Ms®) represent
the immobile and mobile moisture content relative to the
total soil, respectively, andy m (kgN "ﬁ/,u\n) and cw, Mo
(kgN nﬁ,’Mo) represent the concentrations of QN in wa-
The mobile-immobile approach is implemented fofON  ter in the mobile and immobile zone, respectively.

only. The effects of soil structure on,Care already ac- From Eq. (6) we can derive the CT-equation for theON
counted for in the original ANIMO by a pore-model ap- in the mobile zone:
proach (Groenendijk et al., 2005). Furthermore, we assume,

csmMo 0 ( O 3Cw,|v|o) 3 (arew,m0)

=—|( De — g

Fig. 1. Conceptual representation of the mobile-immobile model
concept for NO.

that the effect of aggregates on BB negligible and that the
NO3 concentration is constant throughout the soil, because ot 5 9z dz
the diffusion coefficient for N@in water is an order of mag- ‘w,MO .
nitude higher than for pO (Berner, 1971; Heincke and Kau- ™oz Qarcw o+ Ror i+ R ®)
penjohann, 1999). We will come back to this assumption inyhere
the discussion.

The two main vertical transport processes fopQ\  Deff,M0 = arp104? Do a+ t0w,Mo Do.w 9

gaseous diffusive transport.m soil air an_d c_onvectlve ﬂ.OW Here Dett Mo (M2 d—1) is the effective diffusion coefficient
with soil water, are leading in the determination of the size ’

; i . . ~ for the mobile zone an&y (kg N mg3d~1) is the exchange
of the mobile and the immobile zone. Assuming that all air +e of NO between the mobile and the immobile zone.

filled pores are interconnected, all air filled pore space is 8STnis term can be a source as well as a sink for the mobile

signed to the mobile zone and the immobile zone is aIWaySzone. The 2nd and 3rd terms at the right hand side of Eq. (8)

water saturated. If structgred soils are cqmplt_etely V\{ater ‘?‘atfor convective transport and the 4th term for drainage have
urated, part of the water is stagnant. This soil fraction with

; t wat s th . X bil i £ not been changed compared to the original CT-equation in
stagnant water represents the maximum immobiie ol rac'Eq. (2). In these terms soil heterogeneity has already been
tion, Fim max (). When the water filled pore space is larger

than F. the i bil | fracti ! Lt taken into account in the soil specific hydraulic characteris-
an Fim,max, the immobile soil fractionFim, IS €qual to i s 404 therefore it is reasonable to assign all convective and

Fim max drainage flow to the mobile zone. Also the nitrification term

_ Ow has not been changed compared to Eq. (1), because nitrifica-
Fim = mln{FlM,max, " ~0.95} and Fmo=1-Fim (4) tion, which requires oxygen rich conditions, is likely to occur

sat mainly in the mobile zone.

When water filled pore space is less thag max the immo- The CT-equation for RO in the immobile zone includes
bile soil fraction is set to 95 % of the water filled soil fraction. only production and reduction of XD by denitrification and
This percentage denotes that always part of the water remairgxchange with the mobile zone:
in the mobile soil fraction as water films around the particles
(Quinton et al., 2009). Occurrence of anaerobic conditions
required for denitrification is very unlikely when water filled ot ot
pore space is less than the maximum immobile fraction. Con-The exchange rat&, in Eq. (10) is the same as in Eq. (8).
sequently, this percentage does not significantly affe€ N
emissions. 2.1.4 NO production and reduction

The total soil concentratiosy is given by:

desim 3 (Ow, 1M - cw,Im)

= Rpr,den— er - Rtr (10)

Denitrification is the sequential reduction of nitrate (@
nitrogen gas (M) with N2O as an intermediate. It requires
anaerobic conditions, so it encompasses both production and
Here csmo (kg Nmo mg3) and csim (KgNim mg3) denote  reduction of NO. In ANIMO the ratio between production
the concentrations of mobile and immobile®tN in the to- and reduction is determined by (-), the electron affin-

tal soil, respectively. Whereas there can be disequilibriumity of N2O relative to the electron affinity of N§) as well

Cs=CsMO +Cs,IM (5)

Biogeosciences, 8, 2642663 2011 www.biogeosciences.net/8/2649/2011/
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as by the concentr:%tions of,® and NQ in water, cy n,0 Ry = ktrfw,« (Cw,IM — Ew,M0) (13)
andcw,nos (kg N my,®), respectively (Hendriks et al., 2011). 1 i

A more detailed description of denitrification in general in the re kﬂ'3 (q ) Is a mass tranfsfer coefficient a"%‘*»*
ANIMO is provided in Appendix A. my, . Mg) is the moisture fraction of the zone with the

In the mobile-immobile model the production and reduc- highest concentrationtiw.im it cw.im > cw.mo and éu.mo
tion rates are calculated as: if cwmo > cwim. This equation is an approximation

of diffusive transport in soil water and has often been

Rpr,den= i w.NOg 1 Rprel (11) used in mobile-immobile zone studies, like Gerke and Van
/146w.N0s + for f1 Ea™/ 140w.N,0.M Genuchten (1993). For the description of the mass transfer
coefficientky we follow Gerke and Van Genuchten (1993):
H.fT Eafcw,N,0,IM
R fp fT T Rpr,el (12)

= p

4/ 146w,NO3 + JpH ST Eafl/ 14CW,N20,IM ke = a_ZDO’W (14)
Here Rpr el (kmol e~ ms—s d-1) is the electron () produc- Here g (-) is a shape factor depend_ing on the geometry of
tion rate, and 4/14 and 1/14 (kmot&g~1N) express the the aggregateg, (m) represents the_ distance fr_om the center
electron equivalent ratio per molar mass of Nand NO-  Of the aggregate to the interface with the mobile zone.
N, respectively. Functiongn and fr (-) are response func- Assuming linear change \'Nlth' time t‘:iurlng a timestep,
tions for pH and temperature (Hendriks et al., 2011). The(d), the average concentration in the immobile zone can be
NO3 concentration is assumed to be equal in the mobile andPProximated from Eq. (10) as
immobile zones and all reduction of NGs assumed to be _ 1
located in the immobile zone. With respect to the original €W:M = “0.w.IM +O'5Ate‘w " (Rprden— Rra — Ru) (15)
ANIMO we left out the response function for the effect of ’
aeration on NO production and reduction. This response
function reduces the ratio of AN2O production if oxygen
is present (Hendriks et al., 2011). In the current mobile-
immobile model we assume that most oxygen that is Sti”Rtr:ktréw,*(CO,w,lM +05A1 (Rpr,den—er—Rtr)—Ew,MO> (16)
present in the soil is located in the mobile zone. The reduc- Ow.m
tion function, which is based on the average oxygen contenturther elaboration of Eg. (16) gives:
of the total soil, cannot be used for the immobile zone only. 1
With regard to denitrification two situations can be distin- Rr=¢ <Co,w,nv| +0.5A1 = (Rpr,den—er)> —$cw,mo (17)
guished: organic matter-limited or N@imited. If the or- gl
ganic matter content is limiting denitrification, the electron with the mass transfer help variabgte(ma,JM mg3 d—1y:
production rateRpr el, is known from organic matter decom-

Hereco w,m is the concentration in the immobile zone at the
start of the time step. Combining Egs. (13) and (15) gives for
the mass transfer rate:

position and nitrification. If N@ s limiting, the production 4 = kO, (18)

of N2O-N is equal to the reduction of NN, which is calcu- <1+k”0'5m90v‘vlvi; )

lated using a first order rate constag,no, (d=1) (Hendriks ] ] ' ] ) )
This can be implemented in the CT-equation for the mobile

etal., 2011).
zone (Eq. 8):

2.1.5 Numerical elaboration dcsmo 0 92w MO 9 (&REW Mo)

) ) ) ) 8—=8—< eff, MO 3’ )— aa—’_CIW
The CT-equations for the mobile and immobile zone are ©! % 4 z
solved separately in an iterative approach. In the first iter- dcw,M0 — (Qdr+ ) éw Mo + ko (19)

ation the transfer rate is calculated from estimates of the new 0z

concentrations in the mobile and immobile zone. Then al-where

ternately the CT-equations for the mobile and immobile zone 1

are solved. Each iteration step the transfer rate is adjusted tko = ¢ (CO,W,IM +0.5A7=—— (Rpr,den— er)) + Rpr nit (20)

the newly determined concentrations. The iteration is con- (al

tinued until the concentrations do not change significantly The CT-equation for the mobile zone (Eg. 19) is solved nu-
anymore. merically with a tridiagonal system of equations, with the

The CT-equation for the mobile zone is solved for daily TRIDAG routine (Press et al., 1989). The same routine is
average concentrations. According|y, the CT.equation forused to calculate the concentrations at the end of the time

the immobile zone is also solved for daily average concen-step. The concentrations in the immobile zone at the end of
trations. the time step are calculated with Eq. (15), usiginstead

The transfer rate of pO from the immobile to the mobile  0f 0.5A¢.

zone is assumed to be constant over a day and is approxi- Mass balance calculations to check for errors in the nu-
mated as merical implementation show no abnormalities.

www.biogeosciences.net/8/2649/2011/ Biogeosciences, 8, 26632011
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Table 1. Typical values for the input parameteggsanda. Table 2. Main characteristics of the Oukoop site for the year 2006
(Kroon et al., 2010).

aggregate type shape factpr radiusa Bla? Soil type clayey peat
) (cm)* (m=2) Soil clasé Fibric rheic
eutric Histosol
plane-sheet 3 0 %05 12102(?(?8 000 Mean annual temperatureQ) 11.1
) Annual precipitation (mm) 767
sphere/cube 15 0.25 2400000 Ground water level (cm under surface level) 0-70
2:5 24000 Fertilizer applied (kg N hal) 100
prismatic/cylindrical 11 0.5 440000 ppiied («g
5 4400 Cow manure applied (kg N iid) 253
Annual N;O emission (kg MO-N ha1) 17.8+58%

* a denotes the radius of a spherical or cylindrical aggregate, or the half-width of a

plane-sheet type aggregate * Soil classification according to the FAO (1998).

[S2)
o

2.2 New input parameters in the mobile-immobile
model

rain (mm)

o

The mobile-immobile model has three new input parameters
to describe the soil structure: the maximum immobile soil <
fraction, Fim max, Shape factop and the half width of the 2
aggregater. Here we describe how these parameters can be'g 04r f
determined and ranges reported in literature. 502 ‘ ‘ ‘ ‘
The maximum immobile soil fractionFim max, can be ? 220 240 ZGBOY 280 300 320
considered equal to the maximum fraction of stagnant water.
This fraction can be determined experimentally with nuclearFig. 2. Precipitation (mm) and soil moisture content (-) observa-
magnetic resonance measurements (Culligan et al., 2001)ions. The triangle indicates the time of fertilization.
curve fitting of measured soil water content (Price and Whit-
tington, 2010), 2-D image analysis with resin impregnation
(Hoag and Price, 1997), or 3-D X-ray tomographic image presented in Table 1, whef#a? represents a combined ag-
analysis (Quinton et al., 2009). In these studies the maximungregate transfer factor. The larger this factor, the more rapid
immobile soil fraction for peat was determined, ranging from the transfer between the mobile and immobile zones.
0.22-0.84. In a methane simulation model a similar param-
eter is used to define the immobile pore fraction for gaseou.3 Observations
diffusion in peat, with a default value of 0.5 for non-tropical
peatland (Walter and Heimann, 2000). For the immobile SOi|Dai|y N,O emission data were available for the site of
fraction in mineral soils, values in literature range from 0.04—Qukoop. This is a grassland site in the western part of The
0.98 (Jaynes et al., 1995). Netherlands used for intensive dairy farming. The annual N
The value for shape fact@r (-) depends on the type of ag- application is about 350 kg N h& and is a combination of
gregate. Values are available for a range of aggregate typasanure and fertilizer. The water level in the ditches is kept
and dimensions (Van Genuchten, 1985; Van Genuchten andt 45 to 55cm below the average surface level. From Au-
Dalton, 1986). Typical values range from 3 for plane-sheetgust until November 2006, day of year (DOY) 230 to 310,
type aggregates to 15 for spherical aggregates. Cubic ag80 min. NO fluxes have been measured with a combina-
gregates have a shape factor comparable to spherical aggréen of a quantum cascade laser spectrometer and a sonic
gates. Cylindrical or prismatic aggregates have shape factoranemometer following the eddy covariance method (Kroon
around 11. Larger shape factors are calculated for cylindricakt al., 2007). Daily average fluxes were calculated for days
or prismatic aggregates with a limited height. Smaller shapewith >12 measurements. During this period fertilizer was
factors are calculated for hollow cylinders. applied once, on DOY 257. The topsoil consists of peaty
Parameter: (m) denotes the radius of a spherical aggre-clay and clayey peat on a subsoil of eutrophic peat. The soil
gate, the half-width of a plane-sheet type aggregate, or thevas described in a pit and on four locations with augering,
thickness of the soil cylinder surrounding a cylindrical pore. following the guidelines for soil profile description from the
Typical sizes for fine to coarse aggregates in the FAO soilFAO (FAO, 2006). The soil was classified following the FAO
classification (FAO, 2006) are different for the different ag- classification system (FAO, 1998). The top layer (0—23 cm)
gregate types. Typical values f@r a and gla? (m~2) are has a fine to medium moderate granular and fine subangular

0.6

ure

Biogeosciences, 8, 2642663 2011 www.biogeosciences.net/8/2649/2011/



P. C. Stolk et al.: Modelling the effect of aggregates gi®N:mission 2655

Table 3. Ranges and base values for the magON\parameters used in the sensitivity analysis.

Parameter Values

min  max base
Eaf electron affinity NO relative to NG (-) 0.1 15 10
krd NO3 NOj3 reduction rate constant {d) 0.03 0.12 0.06
kox,NHg4 NH, oxidation rate constant (d) 12 50 25
Fim,max maximum immobile soil fraction (=) 0.22 0.84 0.5
Bla? aggregate transfer factor () 240 1.2x10° 4.4x10°
p2(1) coefficient for vertical gaseous diffusion in soil in top layer (<) 1.5 2.5 15
Ksaf1) saturated hydraulic conductivity top layer (m% 0.01 0.15 0.07

blocky structure. The second layer (23-50 cm) has a coarséiese et al., 2005). Additionally, the modeling efficiency
prismatic structure subdivided into a weak medium smoothrezff (-) (Nash and Sutcliffe, 1970) and the coefficient of resid-
prismatic structure. Deeper horizons showed a massive struatal mass, CRM (=), (Moreels et al., 2003) were determined.
ture. This represents aggregate sizes of 5-20 mm in the tom case of skewed distributions, as is often observed for daily
layer and 20-100 mm in the second layer. The main charN,O emissionsrgﬁ is a stricter measure tharf. A posi-
acteristics for the site are summarized in Table 2. Figure Zive value (0 to 1) forrgff indicates that the predicted value
shows the precipitation, soil moisture content and fertilizerjs a better estimate of the observations than the mean. CRM

application during the observation period. is the difference between the cumulative simulated and ob-
_ served flux, relative to the cumulative observed flux and is
2.4 Values for input parameters used to assess the model performance to simulate cumulative

fluxes. CRM is not affected by a time lag between observed

Values for the input parameters were equal to the values usegnd simulated fluxes.
in the former simulation study for Oukoop with the original A sensitivity analysis was performed for the Oukoop site
ANIMO (Stolk et al., 2011). In that former study values for to determine the most influential parameters faiONpro-
most input parameters were derived from observations, litduction by denitrification, MO reduction, and BO emission
erature, existing databases, or the model defaults. The onlgnd the difference in sensitivity of these processes between
parameters that were calibrated were two parameters for thghe topsoil (0-5cm) and the subsoil (5-300cm). The pa-
hydraulic characteristics, the humus and organic matter conrameters used in the sensitivity analysis and their ranges are
tent of the start-up run in 1941, two parameters describingeported in Table 3. For each parameter the minimum and
nitrification, andEay, the electron affinity MO relative tothe  maximum values were determined based on literature, spe-
electron affinity of NQ. cific for structured soils (clay and peat). The base values

Values for the new input parametgtsinda of the mobile-  are the input values of the Oukoop model. A reference run
immobile model were based on the observations of the soilvas performed with all parameters at their base value. In
structure in the second soil layer. Shape fagiés setto 11 an One-At-a-Time-analysis (Campolongo et al., 2001) each
for all layers, representing a prismatic structure, with radiusparameter was set alternately at its minimum and maximum
a of 50 mm. This set of parameters is thought to be represenvalue, keeping all other parameters constant. For each run
tative for a wet solil, i.e. the conditions when denitrification the cumulative NO emission was determined, as well as the
occurs. Fim max Was set to 0.5, the average value of the rangecumulative NO production and reduction for the topsoil and

reported in literature. the subsoil. The sensitivity is presented as the cumulative
production, reduction and emission, relative to the cumula-
2.5 Analyses tive production, reduction and emission of the reference run,

respectively. The parametefsanda are taken together as
The simulated MO emissions with the mobile-immobile /42, The effect of the new model parameters on the emis-
model for Oukoop were compared with the simulated emis-sjons was evaluated.
sions from the original model for Oukoop without aggre-
gates. Simulated emissions were compared with the ob-
served emissions and model performance was assessed with
the generally used coefficient of determinatioh(-), the
RMSE (gNO-Nhald=1) (Neter et al., 1996), and the
RMSE normalized to the standard deviation, RMSE)
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against water filled pore space (wfps) in the topsoil.
Fig. 3. Simulated NO emissions with and without aggregates and

observed emissions uncertainty.

annual emission that has been derived from observations
_ _ _ (17.8 kg NyO-N ha ! +58 %) (Kroon et al., 2010). This is
Table 4. Model performance regarding the simulation of the ob- 3 more than 40 % decrease compared to the annual emission

served daily NO emissions. simulated with the model without aggregates (42.0 kKON
N ha 1) and clearly a major improvement as well.
Statistic' ~ Units Model with  Model without The net effect of the aggregates on the emissions can be
aggregates  aggregates separated into two components: (1) a decrease in the peak
r2 - 0.42 0.11 emissions due to enhanced reduction gON\Nand (2) an in-
rZ; - 0.30 <0 crease of the “background emissions” in between the peaks
RMSE gNO-Nhald-1 40 198 due to a longer storage time. Both components contribute to
RMSE, - 0.83 4.09 the difference between the annual emission with and with-
CRM - 0.03 118 out aggregates (17.4kg®-N hal) although with an op-
posing effect: the annual cumulative peak emissions de-
* rgﬁ, modeling efficiency; RMSE, RMSE normalized to the standard deviation; crease with 22.2 kg pO-N ha—1, whereas the annual cu-
CRM, coefficient of residual mass. mulative background emissions increase with 4.7 k@N

Nha . Total gaseous N production is larger in the aggre-
gate model, whereas NQeduction is less. The fraction of
N20O/(N2O + Np) is smaller in the aggregate model, which is
] illustrated in Fig. 4 for the topsaoil.

3.1 Comparison of model results In the period between DOY 250 and 270 the simulated

flux is relatively low compared to the observed flux, both

Figure 3 shows the emissions simulated for the Oukoop-sitgy;ith and without aggregates. During the precipitation period
with and without taking into account the effect of aggregates.s.om DOY 230 to 246 production mainly is simulated in the

This figure clearly shows the improvement of the model's Ca-deeper soil layers. Most of the-® produced there initially
pability to simulate the observed fluxes. The effect of aggre-yissolves in the soil water, because in these layers the high
gates on the emission is as expected: smaller peak emissior@o_gg) water filled pore spac@y/sa, hampers gaseous dif-
due to increased reduction, a delay in most peaks, and high&,sion. The dissolved »O is then reduced further toNIn

emissions in between the peaks due to a longer storage timge aggregate model the emission is slightly higher, because
in the immobile zone. Generally the onset of the peak emisi, the mobile zone reduction cannot take place.

sions has not changed.

Table 4 shows the statistics indicating the performance 0f3.2 Sensitivity analysis
both model concepts regarding the simulation of the obser-
vations. The positive value oﬁﬁ (0.30) for the model with  In Fig. 5a—c the simulated dailyJ® emissions with effect of
aggregates indicates that those simulation results are reasoaggregates are plotted for various values for the new model
ably well, in spite of the occurrence of emission peaks whichparametergim max, 8 anda, respectively. A smaller immo-
often causes very low or negative values of that indicatorbile soil fraction (Fig. 5a) in general gives smaller emissions.
(cf. the simulation without aggregates). The simulated cu-Changes irFim, max do hardly affect NO production by den-
mulative emissions for the simulation period is only slightly itrification, but they do affect reduction. When the immobile
too high (CRM=0.03). The simulated annual emission for soil fraction is smaller and theJ® production in the immo-
2006 (24.5kgNO-Nha1) is in good agreement with the bile soil fraction is the same, thes® concentration in the

3 Results and discussion
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£ 00l | gates, peak emissions are therefore much higher. The dif-
é ference in emissions from soils with a different shape factor
¢ 2001 ] can also be traced back to a difference in the reduction of
Wi y W R A N2O (not shown). For soils with aggregates with a radius
%30 20 250 260 2020 20 30 310 >2 cm, the changes in the simulated emissions are consider-
1000 ‘ : able and therefore it is necessary to take aggregates into ac-
e , c count in the simulation of hD emissions. This is in line with
4~ 800/ ——alf=0.05 ! ] Arah (1990), who stated that simulation of denitrification in
e} i . . -
T el i | soils with aggregates 1 cm requires a model that takes spa-
z ] tial heterogeneity into account.
5 400} 1 A few experiments have considered the effect of aggre-
é gate size on denitrification (Miller et al., 2009; Drury et al.,
® 200 A 2004; Seech and Beauchamp, 1988). The results were con-
: tradicting, with more denitrification, less denitrification or no

300 310 significant difference in denitrification with increasing aggre-
gate size. However, in all experiments® reduction to N
Fig. 5. N,O emission for a range of values (&) the maximum  Was blocked. So, there is no experimental evidence yet to
immobile fractionFim max (=fim); (b) the shape factop (=bet); ~ Vvalidate our conclusions on the effect of aggregates size on
and (c) the radiusa (=alf) of a cylindrical aggregate. All other N2O reduction and emission.
parameters are at their base value. The results of the general sensitivity analysis are presented
in Fig. 7. The electron affinityrss has the largest impact on
the emission, followed by the aggregate transfer fagtof.
immobile zone will be higher. This results in more reduction The other parameters have less effect on the emissions. The
of N2O to Np. electron affinity and the mass transfer factor, and to a lesser
Less mass transfer between the mobile and immobile zonextentFiv max, have hardly any impact on the production of
causes smaller peak emissions. In this case, less mass trafi$;0, but a large impact on the reduction of®, mainly in
fer can result from either a smaller shape factor (Fig. 5b)the topsoil. The coefficient for gaseous diffusion in the top
or a larger radius (Fig. 5c). The start of the peak emissiondayer p»(1) affects both production and reduction of®lin
does not change, but timing of the highest peaks might occuthe topsoil and the subsoil. Interestingly, the effect in the top-
one day later when there is less mass transfer. The emissiors®il is opposite to the effect in the subsoil. The rate constants
in between the peaks are higher when mass transfer is lestor nitrification, kox nH, @nd denitrificationkqd nos, also af-
Decrease of the peak emissions is caused by increag@d N fect both production and reduction o@. The rate constant
reduction; NO production is hardly affected. for denitrification has most effect on reduction on the topsail,
Figure 6 clearly shows that in the simulations aggregatewhereas the rate constant for nitrification has the least effect
size has a large impact orp® reduction. In soils with large  on production of MO in the topsoil. The hydraulic conduc-
aggregates there is more reduction than in soils with smalfivity of the top layer,Ksa(1), has a relatively large effect on
aggregates. This in turn affects the emission; more reducreduction and production in the topsoil.
tion leads to less pD emission from soils with large ag- It is interesting to notice that reduction of,® is more
gregates, compared to soils with small aggregates (Fig. 5¢c)sensitive to changes in the parameters tha® droduction,
In soils with small aggregates, or in the absence of aggreand has more influence on the emissions. It appears that

e i Sl ! .
930 240 250 260 270 280 290
DOY
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Fig. 7. Results of the sensitivity analysis: range of cumulativg®ONemission, production by denitrification, and reduction, relative to the
cumulative NO emission, production, or reduction of the reference run. The ranges for production and reduction are given separately for
the topsoil (0-5cm) and the subsoil (5—300cm). The open and filled circles represent the minimum and maximum value of the parameter,
respectively.

1200

reduction of NO to N, is the key to understanding &
emissions from denitrification.

Itis interesting to note that reduction in the topsoil is more
sensitive to parameter changes than reduction in the subsoil
As pointed out before, in the subsoil typically the water filled
pore space-0.99 during denitrification. Here, anaerobic-
ity is mainly caused by limited diffusion of oxygen in the
nearly saturated soil, which also hampers diffusion gON
Therefore, both with and without aggregates, mogbihat
is produced in deeper soil layers is reduced further4oIN
the topsoil typically the water filled pore spae®.99 during b
denitrification. Here, anaerobicity is mainly caused by tem-
poral saturation of the soil, during and shortly after strong
precipitation events. After the excess precipitation has infil-
trated, gaseous diffusion of @ restarts immediately. Be-
cause of the “competition” for pD between emission and
reduction, changes in reduction related to aggregates havt
more effect in the topsoil than in the subsoil.

Another interesting aspect in Fig. 7 is that both the mini-
mum and the maximum value &fs5(1) result in lower emis-
sions than the base valu& s, is the saturated conductiv- Fig- 8. N20 production and reduction in the topsoil (0-5 cm)
ity and in the top layer it determines the infiltration rate at 31d NbO emission for(a) Ksaf1)=0.01md " and(b) Ksa(1)=
the soil surface. A lowKsa: hampers infiltration, which en- 0.15md™".
hances saturated conditions. As described before, this results
in more anaerobicity in the top layer. For high valuekagf;
the opposite occurs. A more detailed description of this pro-in the topsoil (Fig. 8a) can cause both an increase and a de-
cess is provided in Appendix A. crease in the peak emissions compared to the less anaerobic

The effect of the changing aeration status of the topsoil onconditions (Fig. 8b). This is related to the two situations that
N2O production and reduction is further explored in Fig. 8. can be distinguished for denitrification: organic matter lim-
This figure shows the results of simulations with a low andited or NG; limited. Around DOY 283 and 291 more anaer-
high saturated conductivity in the top layer (Fig. 8a and b, obicity leads to an increase in peak emissions. In these cases
respectively), representing more and less anaerobicity in th&lOgz is not limiting and both N@ reduction and MO reduc-
top layer. It can be seen that the more anaerobic conditiontion proceed at a rate higher than in the situation with less

——emission
----- production in top layer f
---------- reduction in top layer

10001

800

1 soil column

gNha

290 295
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DOY
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production in top layerf
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anaerobicity (Fig. 8b). The ratio between pl@nd NO re- tion of N>O is more variable than production ob@® and is
duction is hardly affected. Around DOY 275, 278, and 296 in that sense the key to understandingONemissions from
more anaerobicity leads to a decrease in peak emissions. ldenitrification. According to our simulations, the N©on-
these cases the available p@ insufficient to meet the po- tent has a major impact on the ratio betweei®broduction
tential organic matter decomposition. Consequently, the raand N>O reduction and how this ratio is affected by changing
tio between N@ and NO reduction is affected, in favour environmental conditions.
of N2O reduction. So, the effect of anaerobicity on the ratio Implementation of the effect of aggregates in the SWAP-
between N@ and NO reduction is opposite for situations ANIMO model combination highly improved the model per-
with NO3 excess or N@ shortage. Recently, this contrast- formance to simulate the observed®fluxes from a fertil-
ing effect of NG content on the ratio of pD production and  ized peat soil. With our implementation of these processes
reduction was reported in a field study for a wet and a dryin the SWAP-ANIMO model combination we were able to
section of a natural peatland (Roobroeck et al., 2010). simulate the observed fluxes reasonably well without exten-
Figure 8 also reveals that changesigy(1) can affect the  sive model calibration. As such this model combination is a
onset of peak emissions, for example around DOY 275. Inpromising tool for inventories, scenario studies or more inte-
the case with the higher conductivity (Fig. 8b) this improves gral scientific studies. However, model evaluation so far has
the model performance considerably, compared to the defaulveen limited to data series of one site only. As a next step the
simulation with aggregatesre?gf =0.50 versus 0.30 for the model should be validated for other sites with different soll
default case). Interestingly, the daily soil moisture content intypes, water management, fertilizer application, or climate.
the top soil has hardly changed. This shows the importance
of short periods of saturation of the top soil during and after )
precipitation events for pO emissions. Appendix A

3.3 Applicability and limitations Governing equations for NbO in ANIMO

In this study we have assumed that the effect of aggregates dff thiS Appendix a brief description is given of the processes
NO; is negligible and that the N§xoncentration is constant " ANIMO relevant for O emission. For a description of
throughout the soil. The good model performance does not® Symbols and their units we refer to Table AL~

cast a doubt on this assumption. However, other model stud- In the aeration module the aerated soil fraction is deter-
ies have shown that aggregates do affect the; N@ncen- ~ Mined:

trations; NQ concentrations within the aggregates are lower . _ 1 — p—Aae Npor (A1)
than in between them (Leffelaar, 1988; Arah, 1990). As we °°

discussed in the foregoing, our analyses show thag 8D-  where the aerated area around a pore is calculated as:

tent can have a large effect on the ratio betwee® roduc-

tion f':md NO reduction: in case of Nexcess this ratio is  Age=7 (rge_ rp%,r) (A2)
relatively stable, whereas in case of a shortage of N5

ratio can change. Especially in unfertilized soils with lit- and the average pore radius is calculated from the water suc-
tle NOgs, a difference between the N@oncentration within  tion:

and in between the aggregates might cause a major shift in 0.0015
the ratio between pO production and NO reduction and  rpor= —— (A3)
thus in the NO emission. In these cases it is necessary to V- Ysurt

include NG in the mobile-immobile model. The results of The aerated area around the pore is based on oxygen Supp|y
the present study suggest that in fertilized soils the effect ofand oxygen demand:

aggregates on the N@oncentration hardly affects the®
emissions and that the current parameterization is adequate, _ rporl— 4Dw,0, - Cw,eq0, (A4)
Rrd,0, 'rgor

with the oxygen reduction rate based on organic matter de-
composition and nitrification:

The results of this study strongly confirm that aggregates af- 2 8

fect simulated NO emissions. More in general, this study Rrd.0,= 75 Fc: Rdect o RoxNH, (AS)
emphasizes the importance of physical transport processes

in NZO simulation models. The main effect of the aggre- For the tOp |ayer also partial tempora| anaerobiosis through
gates is to increase the reduction efto N,. This reduces ~ saturation is taken into account:

the strength of the peak emissions. Longer storage@ N K _

also Ieadg to slightls higher background gemi:ssiong. Reducfae(l)ﬂ—e*A“‘Npm'mi“<1vmax<0’ %ﬁvm» (A6)

4 Conclusions

www.biogeosciences.net/8/2649/2011/ Biogeosciences, 8, 26632011



2660

Table Al. Description of the symbols used in Appendix A.

P. C. Stolk et al.: Modelling the effect of aggregates @ Hmission

Symbol Description Value Unit

Age aerated area around a pore Zm

cw concentration in liquid phase kg

cw,eq O, equilibrium concentration of oxygen in liquid phase at air-water k@m
interphase air filled pores

Def vertical diffusion coefficient for bulk soil fd—1

Dy, 0, oxygen diffusion coefficient in water f—t

Do.a diffusion coefficient in free air 1.2407 1

Do.w diffusion coefficient in free water 1.8810°3 m?d?

Eaf electron affinity NO relative to NG -

fae aeration response function denitrification -

fan reduction factor for decomposition under anaerobic conditions 0.6 -

SpH pH response function denitrification -

ST.den temperature response function denitrification -

ST.nit temperature response function nitrification -

Swips wfps response function O nitrification -

Fae aerated fraction -

Fc fraction C in organic matter 0.58 -

Fhit fraction NHy-N that is transformed to HD-N during nitrification -

Fhit max maximum fraction NH-N that is transformed to $O-N during nitrification -

Fhit, min minimum fraction NH-N that is transformed to §O-N during nitrification -

knog reduction rate constant denitrification NO d-1

Ksat saturated conductivity per layer mé

Ksattop total saturated conductivity for topsoil (0—-0.3 m) md

Npor number of air filled pores 114

P1.P2 coefficients for resistance to diffusion in soil air -

qw, surf net water inflow at the soil surface nd

010,p/ox,NO, ratio Q1¢ factor NG, production toQ1¢ factor NG, oxidation 2 -

Q10rd,N,0/NO;  Tatio Q10 factor N,O reduction toQ1¢ factor NO; reduction 2.6 -

r'S.ae ratio of aeration effect on N@and N>O reduction -

rae radius of aerated area around the pore m

T'por average pore radius m

Rdeco potential decomposition rate of organic material kg OMa—1

Rdecano potential anaerobic decomposition of organic matter kg OM i1

Rox NH, NH,4 oxidation rate kgNm3d—1

Rpr.el,an electron production rate in anaerobic soil fraction kmohe—3d~1

Rprel.an0 potential electron production rate in anaerobic soil fraction kmahe3d—1

Rpr.N,0,den production rate BNO during denitrification kgNm3d-1

Rpr, N0, nit production rate NO during nitrification kgNm3d-1

Rrd.N,O reduction rate NO kgNm3d-1

Rrd,0, oxygen reduction rate from decomposition and nitrification kg1

T temperature °C

Tref reference temperature determinati@ng values 10 °C

wfps water filled pore space -

WfpSihr threshold value for wfps during nitrification -

QR reciprocal of Bunsen'’s solubility coefficient 53

B exponent for effect of wfps during nitrification -

™w tortuosity coefficient for diffusion in soil water 0.66 -

Oa volumetric air content -

Bw volumetric water content -

) water suction cm

Ysurf air entry value 2 cm

Biogeosciences, 8, 2642663 2011
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In the organic matter module the potential decompositionin the transport module the vertical diffusion is calculated
rate is determined. Part of decomposition takes place unsimultaneously for soil water and soil air:

der anaerobic conditions. It is assumed that decomposition o
in the anaerobic soil fraction proceeds sub-optimal: Deff = arp16a” Do,a+ twbw Do,w (A19)

Rdecano= fan(1— Fae) Rdeco (A7) In the_mob|le—|mmoblle model vertical d|ffus_|on only tgkes
N _ _ place in the mobile zone. In the corresponding equation the
From the decomposition rate we can determine the potentiamoisture content is replaced by the mobile moisture content.

electron production rate in the anaerobic soil fraction: Emission to the atmosphere is composed of simultaneous
1 N0 diffusion in soil water and soil air over the atmosphere-
Rprel.ano =4- 12 c Rdecano (A8) soil boundary and advection-dispersion by air flow.

In the denitrification module PO production by denitrifica- ~ AcknowledgementsThis research has been performed in the
tion is either determined from organic matter decompositionframework of the Dutch National Research Programme Climate

or from NG; reduction: changes Spatial Planning\w.klimaatvoorruimte.nl It has been
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Rpr.N,0,der=min LA Rpr.elan0 (A9) Genuchten for valuable discussions on the conceptual model and
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1146wNOg + for f1.denfaear {1 4ewz0 three reviewers for their critical comments on an earlier version of

The production term reveals the actual electron productionthis manuscript.
from which the NO reduction can be calculated:

Cw,NO3
Rpr,N O,den— Rpr,el,an (AlO)
: 4/ 146w NOs+ for f1 denfacEaf/ 146w,N20

Edited by: A. Neftel
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