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ABSTRACT 

Improved values for NOx fluxes from tropical agriculture 

are needed for global climate models. Fluxes of NO were 

measured in a drip-irrigated, fertilized tropical sugarcane 

field in Hawaii. The chamber approach was used to measure 

surface NO fluxes, and a flux-gradient approach, to measure 

above-canopy NOx fluxes. Soil water, NH/, and N03 - content, 

weather data, leaf area, etc. were measured to interpret the 

NO fluxes. Daily surface NO fluxes tended to increase and 

decrease concurrently with soil water content. Peak fluxes 

were lcrge (typically l20 ng NO-N m- 2 s- 1 ) for the drip line, 

but much smaller bet.ween the rows (10 ng NO-N m- 2 s- 1 ) • In

air chemical reactions of the N0-03-N0 triad caused2 

divergence of NOx fluxes from inert values; the actual 

fluxes were calculated with the reactive eddy diffusivity 

model formulated by Jila-Guerau de Arellano and Duynkerke (NO 

fluxes were 0.5% larger). 03 interference with the 

chemiluminescent analyzer introduced large errors into some 

fluxes. Decreasing ratios of above-canopy NOx to surface NO 

fluxes late in the study are associated with increasing 

canopy cover. The NOx flux was comprised more of NO early in 

the study and N02 , later. The 198-d average NO flux was 9 ng 

N m- 2 s- 1 which is comparable with other studies in fertilized 

and irrigated systems. 
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1. INTRODUCTION 

Nitrogen oxides such as NO and N0
2 

(NOx) are important 

trace gases in the cycling of nitrogen between t~e biosphere 

and the atmosphere. In ths troposphere (Fig. 1.1) NO and 

N02 participate in photochemical reactions that regulate the 

production or consumption of tropo~;pheric ozone (03 ) and 

hydroxyl radicals (OH), which are the pri~ary oxidants for 

other tropospheric trace gases such as CH4 • 
Increases in 

NOx cculd lead to increases in ozone affecting air quality. 

NO~ is also a precursor in the production of nitric acid 
L 

(HNC3), which is a major component in acid rain and acid 

depositio~ (llational Academy of Sciences, 1977; Anderso~ 

a1;.d Levi::·,_.., 1987; P2nner et al., 1991; Hutchinscn and 

Davidson, 1993; Robe~tson, 1993). 

In the stratoEphere ozone shields the earth from 

harmful ultraviolet radiat~cn; however, high ozone 

concentrations in the troposf~0re damages plants and human 

beings and interferes with growth (Bruce, 1990). The 

vertical distribution of ozone is chansi~s due to m~n-Kade 

pollutants (Fig. 1.1). The ozone cc~centr~tion is 

increasing in the troposphere but decreasing in the 

stratosphere. The decrease in stratospheric ozone is 

thought to be a cause of climate change (Bruce, 19SO). It 

is crucia1 to understand the relationship be~ween ~nd its0 3 

precursors (such as reactions with the nitrogen oxieesl i.n 

order to identify specific sources and the potential of 

concentration c~ange over time. 
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Altitude 
(km) 

Figure 
heights and 

640 
480 
320 THERMOSPHERE 
160 
96 
80 ---------------Mesopause 
64 10- 7 MESOSPHERE 
48 ---------------Stratopause 
32 5 x 10- 6 STRATOSPHERE 
16 ---------------Tropopause 
0 10- 3 TROPOSPHERE 

t 
Ozone concentration (ozone/air molecules) 

1.1. Layers in the atmosphere with typical 
ozone concentrations (Miller et al., 1975). 
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The estimated global sources and sinks of atmospheric 

NOx raL1e from 25 to 99 and 24 to 64 Tg N yr- 1 
, respectively, 

from one study (Logan, 1983 2s cited in Robertson, 1993). 

Other studies of atmospheric NO fluxes include those by 

Baulch et al., 1982; Enhalt and Drummond, 1982; Tedman and 

Helter, 1983; a~d National Arademy of Sciences, 1984 (as all 

cited in Anderson and Levine, 1937). The main sources of NOx 

in the troposphere are fossil-fuel combustion, biomass 

burning, lightning, soil emissions due to microbiological 

activity, a:r..d transfers frorr. the stratosphere. A number of 

estimates of NOx fluxes have been made (Table 1.1); however, 

these estimates are still being refined as more precise 

meas~rera2nts are collected, as the data is measured to be 

reore representative regicnally, and ~s the understanding of 

the atmospheric r~oLesses rcsoonsible for NO ·p, reduction and 
~ X 

consumption is improved. Anthropogenic sources (fcssil-fuel 

\.... } . d . . fJ_i].017',i3.SS JUrlllr~g, an emJ.SSlOT.S T.OTil fertilized 

agriculture) are considered the greatest sources of NO, ~ut 
X 

natural factors such c:..s lightning and soil emissions from 

na~ural ecosystems are also important particularly in areas 

of low human settlement. Although the estimated amount of 

NOx transferred from the stratosphere is small, it is of 

relatively great inportance since its lifetime is longer than 

that of NOx emitted frcm the surface (Johansson and Sanhueza, 

1988). 

http:J_i].017',i3.SS
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Table 1.1 Tropospheric NOx flux in Tg 
cited in Robertson, 1993) 

Sinks/sources 

Sinks 
Wet deposition 
Dry deposition 

Sources 
Combustion 

Indi.:..strial 
Bior.iass burning 

Lightning 
Soil (m:crobial activity) 
Atmospheric NH 3 oxidation 
Oceans 
Stratosphere 
Total 

N yr- 1 (Logan, 1983 as 

12-42 
12-22 

21 
12 
8 
20 
6 
<l 
<l 
68 
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Davidson (1991 as cited in Robertson, 1993) estimated 

soil emi_ssions of NOx of 20 Tg-N yr- 1 based on a review of 23 

studies. Estimating NOx fluxes from soils to the atmosphere 

is imprecise due to the scarcity of neasurements for many 

regions and the difficulty of interpreting soil surface 

measurements due to its reactivity with several compounds 

emitted from soils and plants and its deposition on plant 

canopies by dry and wet deposition which is hard to quantify 

(Robertson, 1993). NO emitted from soil~ is converted 

rapi.dly to N02 , which can be either photolyzed back to NO, 

transported to the atmosphere, cc:,·, ::.rt:.ed to 

peroxyacetylnitrate (PA.~), er ci(.!posj_L2.d on plant surfaces 

(Robertson, 1993; Delany et al., 19S6; Wesely ct al., 

1989) . The NO emitted from the soil appears tc be a major 

contribution to tte tot&l N gas loss from natural and 

agricultural systems, but its transport to the atmosphere 

and subsequent deposition substantially changes its 

distribution (Williams et al., 1992 as cited in Hutchinson 

and Davidson, 1993). 

Since natural tropical ec0systc2s a~e being converted 

to int~nsive agLicultural use, they represen~ a major new 

source of NO due to fe~tilization, selecticn of specific 

cropping systems, and other management practices that affect 

the nitrogen cycle. Little is Jrncwn about the NO fluxes 

from these ecosystHrns and how it contri~1tes to the global 
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NOx budget, because most research has been in temperate 

ecosystems. The evaluation of NO production and consumption 

in the soil is important to estimate its contribution to the 

chemistry of the atmosphere and its influence on the earth's 

climate, as well as, to evaluate the impact of human 

activities on emissions. 

The purpose of this research is to measure the 

magnitude of NO (and related NOx) emissions from a tropical 

sugarcane field and to observe how different agricultural 

practices affect the emissions. 



'I 
I 

2. LITERJ\TURE REVIEW 

2.1 Chemical reactions of NO in the atmosphere 

NO chemistry in the atmosphere remains an active area 

of research. It is ccmplicated because of the many chemical 

reactions produced by hydrocarbons, nitrogen oxic;.es, carbon 

ffiOnoxide, wacer vapor, a~d other trace components of air, 

that ca~ be present in the atnosphere. The understanding of 

the relationship among nitric oxide (NO), nitrogen dioxide 

(N02 ), ozone (0 3 ), and othe= pictochemical oxidants such as 

peroxyacetylr.::i. t.ra te ( P.l'1l-J) , r..yo.:..: uxyl radiculs (HG) , 

hydroperoxyl radicals (EG2 ), a~ c't hyc:::.·ocarbons j s crucial to 

unde:i::standing the :::-ole of: NO i:1 t:1e atmosphere particularly 

in the production of ozone and E~-0g. 

Ni L:·cgen dioxide, a molec1;le ,.,1::ith an average lifetime 

of 1.4 min (at a latitude cf 4-C, 0 
), aiJ:,c:r~:JE:; sunlight. and is 

photclyzed to produce ozone. 

NO"+ l~ght (290-430 nm) --~--> 0 + NO ( 2. 1) 

0 + + M -----> 0 3 + M (2.2)0 2 

where Mis a molecule (~itroqen or oxysen) that absorbs the 

energy released and stabiliz2s ;te ~zone prod~ced (National 

Academy of Sciences, 1977). Th~se very active ozone 

molecules react wich tne NO which is produced in reaction 

2.1 to regenerate nitrogen dioxide. 

----> N02 + 0~ 

RE:actions 2 .1 to 2. ::. frxr..r1 2.. cycle :..n wL:~c:: the net: 

result is conversion of solar energy 1 ~rr~d~ation) into 

http:oxic;.es
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thermal energy which is released into the environment (Fig. 

2. la). This important cycle of reactions of the N0-03-N02 

triad is summarized by Vila-Guerau de Arellano and 

Duynkerke, (1992.) as: 

NO + 03 ~ N02 + 02 + hv (A 5 420 nm) (2. 4) 
k2 

Nitric oxide is also converted to nitrogen dioxide in 

small amounts (up to 2 c. S.. of total NOx) by the oxygen in theJ 0 

air through thermal oxidation. 

---> 2N0 2 (2. 5) 

This cycle of reactions with the NO, 0 3 , and N02 (Fig 

2.la) however only produces an ozone concentration of 1 ppm 

o:c less. To reach higher ozone concentrations such as 

hundreds of rpm, as are commonly present in a polluted air, 

peroxyl radicals of hydrocarbons, and R02 , must enter the 

reaction (Fig 2. lb) (National Acader,1y of Sciences, 1977), 

In a irradiated smog-cha~ber cr~tain~ng propylene at 2.2 ppm 

and nitric oxide at 1.0 ppm, ozone started to form when the 

NO:N0 2 ratio reached 1 and continued fcrffiing until all the 

nitric oxide was converted to nitrogen dioxide (Fig 2.2) 

(National Academy of s~iences, 1977). This is a 

simplification of what happens on a daily basis in a smoggy 

area. 

A series of reactions including the hydroxyl radical 

and carbon monoxide (CO) have been used to explain the major 

source of nitrogen dioxide. 
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(a) 

.;;::~ ~oiii!""1('''"''~G~,;-i~:r.,·~ 
(b; 

Figure 2.1. Represented above (a) is the NO-N02 -03 ~ycle 
where nitric oxide and ozone are produced in a l:l ratic. 
Below (b), when other photochemical oxidants are present, 
they can form peroxy radicals which cxidize nitric oxide to 
nitrogen dioxide. This leads to a larger production of 
ozone (adapted from the National Academy of Sciences, 1977). 
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Figure 2.2. Trace-gas concentrations in a time profile for a 
irradiated smog chamber containing a propylene-NO mixture 
(Niki et al., 1972 as cited in National Academy of Sciences, 
1977) . 
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C'O + HO -- > CO 2 ~ H ( 2. 6) 

---> H02 + M (2. 7) 

m .. + NO --- > HO + N0 2 (2. 8) 

The 0ydropercxyl radical forIDed in Reaction 2.7 oxidizes 

~icric oxide to nitrogen dioxide, and the hydroxyl radical 

is regenerated in R2action 2.8 (National Academy of 

Sc .i. e :1c e s , 1 9 7 7 ) . 

AJ.dehydes and hydrocarbons may contribute to prcductio~ 

of carbon monoxide and hydroperoxyl radicals. A reaction 

including formaldehyde (CH2 0) the simplest example is show~: 

(2. 9) 

EC'.O + 0-, ------ > H0 2 + CO ( 2. lC1
) 

hC 2 + NO -----·--- > HO + i?C:: (2 .11) 

.l'·:i.c.ellydes can al:,o 12 decomoosed b:/ st:, l.:'.ght to forrn the 

hy,5roperoxyl ra-:::.icc::l. (Nat.iona:i_ l',ca.:ler:,~· of Sciences, 1977) 

I ··, ~ " 1CH2 0 + s~nlight (3~00-2900 A) -------~ H HCO+ \ L, ~ -- .t::.. I 

Both the hydrc9e:1. atom and the formy j_ radical 1~,rcduced : n 

.r<ea.ct: ion 2. 12 ·,.ri:1.1 react in air t.:o ::or,r-1 tr,e hy6i '.Jr;t3r'.:xy:i. 

··--·---- > H02 + CO 

T~ese oxidative cycles stro~gly affect che 

cc:·:.c,2n·~ration o.f czone (Natio:--1.aJ. P.cadcr.,y of Sciences, lS77) 

T~e products of the photolyEis of nitrogen dioxide becc~e 

unbalar.ced since most of the nit:i::ic c-:cidc reacts with 

d ' ' pero:::/.J ra. ic:...L '3, thus the ozon~ conce0tration inc1ease~. 

http:Natio:--1.aJ
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Also N02 reacts with hydroxyl to form nitric acid 

(HN0 3 ), a major component in acid rain (Penner et al, 1991) 

HO+ N02 + M > HON02 + M (2.15) 

A summary of the chemical reactions of the N0-03 -N02 

triad, which are of most importance in this study, follows. 

In a clean atmosphere durir.g the day NO reacts with 0 3 to 

form N02 and 0 2 and N02 is photolyzed back to NO and 0 3 in~ 

1:1 ratio. During the night (withcut light) there is no 

formation of NO and 0 3 frcm N0 2 allowing 0 3 depletion and N02 

accumulation. 

2.2 Nitrogen cycling in the soil-plant-atmosphere system 

All living organisms demand nitrogen in either its 

inorganic or organic fer~ to accomplish their metabolic 

functions. Although the atmosphere consists of 78 % 

elemental nitrogen (N2 ), this form of N is not directly 

available to plants (Tisdale et al., 1986; Gallon and 

Chaplin, 1987). 

Nitrogen occurs in the environment in numerous forms in 

various oxidation states (Table 2.1). A reduction process, 

which requires an input of energy, is necessary to convert a 

compound from a higher oxidation state to a lower one; 

whereas oxidation yields energy. The more oxidized N 

compounds can serve as terminal electron receptors (Gallon 

and Chaplin, 1987). 

Nitrogen is constantly cycling from the atmosphere, 



Table 2.1. The different oxid&tion states of nitrogen when 
it is combined with other elements (adapted from Gallon et:. 
al., 1987). 

oxidation state compoun.d form 
--·---· 

+5 (oxidized) N0 
3 

- nitrate solid 

+4 N02 nitrogen dioxide gas 

l ' ,+3 N0
2 

- nitrite S0.LlQ 

-.-2 NO nitric oxide 

+l N2 0 nit:rous oxide gas 

0 N2 dinitrogen * 
1 NH2 0tT h·,·C:,rcxylamine SC)lid-· 

-2 ;:~)JNI-:2 hyr~".:cazine 

-3 NH 3 an-,,:Kn:::.a 

-3 (reduce::l) NH4 
+ am,nonium solid 

* also called atmospheric, elemental, or free nitrogen 
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where it is in the form of N2 , to the many components of the 

biosphere and geosphere, where losses may occur ty leaching 

and crop removal. Eventually nitrogen goes back to inN2 

the atmosph(:::::::e (Fig 2.3), 

2.2.1 Fixation of atmospheric nitrogen 

Nitrogen fixation refers to the conversio~ of 

atmospheric N2 to a ~on-elemental form by biological and 

non-biclogical processes. The biclogical process of 

reduction c;f N2 to amn:onia is carried out by Rhizobia and 

other sy!~~biotic bacteria and also by free-living soil 

rnicroor0anisms such as diazotrops. The non-biological 

prcce~s ref~rs to the fixation of N2 into nitrogen oxides ~y 

2tmosp~eric electric3l 6ischa~g2s and to the fixation of N2 

manufacture of nitrogen fertilizers. Mcst nitrosen is fi~0~ 

by microorganisms in t~e soil. 

The fellowing reaction represents biological ~~xatic~ 

(Gallon and Chaplin, 1987). 

----> 2NH 3 + 3/202 .6G0 =+340 kJ/mcl NE3 (2.16) 

On the other hand, the non-biological fixation is 

represented 2s follows: 

.6G0 =-,+14 2 kJ /mol (2. l7) 

----> 2NH3 .6G0 =- 3 3 kJ /mol ( 2 - J. ['.) 

---->CO+ 2NH 3 6G0 =+10 9 kJ /mol ( 2. 19) 



--

15 
ATMOSPHERE < 

NH3 N02 N20 NO:[[;J 
Ammonia 
Volatil-
zation 

Biological 
Fixation 

Crop 
Removal 

1' 

181 
Uptaket 

I 

SOIL 

Immobilization 

Mineralization 

->,Exchange sites! 
1 f 

.l, .l, Nitrification 

NH •, , 4 I-> I NH20HI--> 

t .l, 

~~~ NH3 

I 
I I N, J <-- I N20 j<-

Industrial 
Fixation 

.l, 

IFERTILIZERS ~ 
>jGREEN MANURE 

I 

Decomposition I 

,1 

> 
jorganic Compounds 

t .l, I 
<--

Inorganic Compounds 

' 

E]->/ N03 -1 I 
I 
I I 
I 

I 
.l, 

I NO I <-@ 

Denitrification 

I~ 

Lixivi~tion to groundwater! 

Figure 2.3. Nitrogen cycle for a cropped soil. 

I 
I 



16 

These reactions occur at high temperature and pressure (400-

6000C and 10-20 MPa, respectively) (Gallon and Chaplin, 

1987) When 6G~, which is the standard free energy change 

of the reaction is positive, the reaction requires an input 

of energy; when it is negative, energy is released. 

2.2.2 Uptake and assimilation 

Inorganic compounds of nitrogen such as NH4 • and N0 3 -

are taken up from the soil by plants to be converted into 

organic compounds, which animals can use. NH4 • is the 

preferred form since N0 3 - must first be reduced to be 

incorporated into a~ino acids, using energy from 

photosynthate; however, NH4 + can be held on the exchange 

sites and become Lnavailab!e fer the plant, whereas N0 3 - can 

move to the roots by diffusion or by mass flow with water. 

NH4 + also depresses the absorption of other cations sue~ as 

K., whEr2as N0 3 - depresses the absorption cf Cl - and so/-

(Paul and Clark, 1989). 

2.2.3 Mineralization of nitrogen compounds 

Nitrogen in organic residues from dead plants and 

animals is converted to ammonium (NH4 ·), the mineral form, 

by the aerobic process of mineralization through 

heterotrophic microorganisms, which require organic carbon 

as a SJurce of energy. Proteins are decomposed by 

hydrolysis to amines and amino acids, which are further used 



by ether 110:t(:roc.rophs releasing ammoni urn: these processes 

are called aminization and ammonification, as shown in 

Reactions 2.20 and 2.21, respectively. 

R-NH2 + HOH ----- > NH3 + R- -OH + energy (2. 20) 

(2. 21) 

where R is usually a C compound group. 

Once ammonium has teen formed it can have a number of 

fates (Paul and Clark, 1989): 

1 It can be ccnverted tc, nitrate by nitr:::_f::i_c::ation. 

2 It can be absorbed by pJ.ants. 

n3 It can be used by SOJ 1 iT,J_cro,:::,rgani sms .L 
-. 

•• furthe:.c 

decomposing organic residues. 

4. Ammonium is held or:c t:'ne excha;.1ge sites, ·,1here it can 

nc replacc-,d Ly cat.ions ic1 trice: ::_,Dil solutiori.. 

has 2 sirr:ila:c s:i.ze thus car1 

fixed in the interlayers of clays. 

6. If it is not adsorbed, ammonium can volatiliz2 as 

ammonia (NH3 ) • 

2. 2. 4 III',!I!.obi1 ization 

Nitroger1 imraobilization is the incorporation of 

ammonium into amil-10 acids by microbial grm·1th. It occurs 

when residues of low-nitrogen aLd high-carbon content begin 

to decompose. Soil n1-croor92.nisms gr0\·1 f2st at high 

carbohydrate amcunts, th~1s nitrogen is needed to form 

protoplasm. 
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populations decline immobilized nutrients are released back to 

the soil for plant use (Paul and Clark, 1989, Tisdale et al., 

1986) C 

2.2.s Nitrification 

Biological nitrification is the conversion of ammonium 

(NH/) to nitrate (N0 3-) under aerobic conditions by biolcgical 

oxidation. Ammonium is first converted to hydroxylamine 

(NH20H) and nitrite (N02-) mainly by Nitrosomonas, an obligate 

autotrophic bacteria (Tisdale et al., 1986, Gallon and 

Chaplin{ 1987). The reaction is as follows: 

2NH/ + 302 > 2N02- + 2H20 + 4H+ 6G0 =-65 kcal moi- 1 (2. 22) 

Nitrite is converted to nitrate mostly by Njtrobacter, an 

obligate autotrophic bacteric, but heterotrophs such as fungi, 

actinomycetes, and bacterial strains will also produce nitrate 

or nitrite, as follows: 

2N02 (2.23) 

Once nitrate is formed in soils, it follows several 

paths (Fig 2.3 and 2.4): (1) it may undergo biological 

denitrification, (2) it may be taken up by plants and 

microorganisms (assimilative reduction), (3) it may used as 

electron acceptor and be reduced to ammonium by 

microorganisms under the absence of oxygen (dissimilative 

reduction), (4) it may be leached to the underground 

water, (5) it may be transported by runoff, or (6) it may 

accumulate in the soil (Paul and Clark, 1989). 
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Dissimilative reduction 

r ---=---1,-,-.~_bjio~r~,-i~r_:'_~; 1, 
;::enitrification II I ii 1r--1, I! I. )1 

f i -r ~ ~ 1 i 1f1 1 + jj 1 t t t1 I IJi 
~--1 r __:JL .-- r---_JL1 ~ 

1r-----,1 r----1 ' I ' t 
+ 'I.[ N20 NCJ NOa.· N02 1103"lJI{4 l·TH:OH ... 1 , , r r , ,

L .J L _____ j ,_____J '-- '----·1-·-- L_____ L ______ 

r11-[ -- __1_~-·----------·--··--··-t_i______2_~_-1 L ___J 
r-----·, N.Ltrification 

NH3 c_..____j 

-3 -1 0 1 2 3 4 5 
Yl~ac1on state of N 

F::Lgure 2. 4 :Sialogical and abiol.cgi.cal prcduct ion 
and cons,.:.mpt: ion of NC :.::.rd N 0 (Davidsor:, J.9 91; 
Fenchel et al., 1979). 

2 
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A possible path of NO production by the oxidation of 

NH20H via nitrification was proposed by Firestone and 

Davidson, (1989) (Reaction 2.24) (Fig 2.3 and 2.4); however 

there is still uncertainty about how this process may occur. 

NH 4+ -> NH20H -> HNO -> NO -> N02 - -> N0 3 ( 2 • 2 4) 

Factors which affect nitrification rates in soils 

include the rate of organic-matter mineralization, the 

population si~e of nitrifying organisms, soil acidity and 

alkalinity, and soil physical properties such as temperature, 

aeration, and soil-moisture content (Fig. 2.5 shows controls 

on nitrification). 

If conditions in soils are not favorable for 

mineralization and NH3 release, no nitrification occurs due 

to lack of ammonium supply. The importance of NH/ 

availability is illustrated in the conceptual model of 

proximal and distal factors (Fig. 2.5). 

The soil water content controls the diffusion of oxygen 

and ammonia needed in the nitrification process under wet 

conditions, and controls bacterial survival under dry 

conditions. Aerobic bacteria require oxygen to nitrify, 

therefore nitrification rates generally decline as oxygen 

becomes unavailable (Firestone and Davidson, 1989). 

Autotrophic nitrification occurs over a wide range of soil 

moisture conditions provided that oxygen is available and the 

soil is not water saturated (Levine et al., 1984). The 
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optimum moisture level varies with different soils, but in 

most, nitrification rate is highest at field capacity (soi: 

water potential of -33 kPa), and it declines as the moisture 

content increases (Tisdale et al., 1986). Justice et al. 

(1962 as cited in Tisdale et al., 1986) found that even at a 

soil water potential of -1.5 MPa (wilting point) 

nitrification rates were near half those at 0.7 M~a. 

The effEct of temperature on nitrification has been 

studied. Below 5 and over 35 °C nitrification decreases, 

with a maximum rate between 30 and 35 °C (Stanford et al., 

1977 as cited in Tisdale et al, 1986). Nitrification occurs 

in the pH range of 4.5 to about 10 and is maximal ac pH 8,5 

(Tisdale et al., 1986). A supply of calcium, phosphorus, 

iron, copper, and manganese is also needed by the nitrifyi~g 

bacteria (Tisdale et al., 1986). 

2.2.6. Denitrificat~~n 

2.2.6.1 Biological denitrification 

N

Biological denitrification is the conversion of 

nitrates to gaseous forms of nitrogen such as NO, N2 0, and 

2 by anaerobic microorganisms (Fig. 2.3 and 2.4). The 

ability of some microorganisms to denitrify permits electron 

transport in which oxides of nitrogen are used as terminal 

electron acceptors in place of 0 2 • The reactions 

responsible for denitrification are showed below (Tisdale et 

al., 1986; Gallon and Chaplin, 1987; Firestone and 



Davidson, 1989) 

+4H +2H +2H +2H 
2HN03 -··--> 2HN02 > 2F0 > N20 ---> N 2 (2.25) 

-2H2 0 -2H20 -H2 0 -H20 

Many groups of bacteria are able to denitrify, but the 

Pseudomona~ species has been found to be the most important 

group in most environments. The Alcaligenes species usually 

has the second most numerous population (Firestone and 

Davidson, 1989). 

The soil factors affecting denitrification rates 

include the supply of oxygen and content of organic matter, 

nitrate, and carbon (proximal factors), which are affected 

by many environmental factors sue~ as plants, soil-moisture 

content, soil aeration, soil pH, and soil temperature 

/clistal fi:1,ctors) (Fig 2. 6) . 

Watey saturation of soils impedes 0 2 diffusion by 

filling the pores and reducing aeration, and, hence, it 

creates anaerobic conditions, which enhances denitrification 

(Firestone and Davidson, 1989). Distal factors controlling 

soil moisture are rainfall, plant-water uptake, and soil 

texture. The soil water content is the dominant factor 

controlling denitrification in agricultural soils since soil 

nitrate levels are commonly high due to fertilization 

(Groffman et al., 1987). 

High nitrate concentrations increase the rate of 

denitrification and the ratio of nitrous oxide to elemental 

nitrogen production (Tisdale et al., 1986). In N-fertilized 
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soils, nitrate is not a limiting factor; 

unfertilized soils, mineralization is the only source of 

nitrate, and, thus, denitrification depends on distal 

factors such as soil type, soil organic matter levels, aud 

climatic conditions (Groffman et al., 1987). 

The abundance of readily decomposable C)rganic materials 

will increase the soluble carbon in soil, increasing the 

energy source available to denitrifying bacteria (Lurford 

ar:d Bremme:c, 19 7 5 as cited in Tisdale et 2.. l ,, , 19 8 6) . Tlie 

following reaction illustrates this: 

4 (CH20) + 4N0 3 - + 4W ---> 4C02 + 2N;;O + 6E:O + energy ( 2. :: 6) 

The rate of denitrificaticn i~creas~s ra~idly as temperature 

increases frcm 2 to 25 cc. It is slighcly higher from 25 to 

60 °C, an~ disappears at temperat~rcs greater than 60 cc. 

Activity observed at abcut 60-65 °C is tho~ght to be caused 

by Bacillus thermodenitricans (Garcia, 1974 as cited in 

Chalarr:et, 1983). 

Soil &c~dity affects denitrification since den~trifying 

bacteria are sensitive to lcw pH. Ac pH values of 6 to 6.5, 

nitrous oxide is produced predominately. I'Ji tric cxidP. is a. 

dominant denitrification product at pHs lower than 5.0 

(Fi11 e ry , 1 9 8 3 ; Tis~ale et al., 1986); however, the nitric 

oxide production in acidic media is nc~ considered a 

biological denitrification pr0duct but ~o a=ise from 

chemocenitrif ication reactions by chern.:.~.al decompoE1ition of 

nitrite, which will be the next subject of discussion. 

http:chern.:.~.al
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2.2.6.2 Chemodenitrification 

Chemodenitrification refers to the chemical aerobic 

reactions that lead to nitrite (No2 -) decomposition by 

nonenzymatic pathways (Fig 2.4) (Paul and Clark, 1989; 

Chalk and Smith, 1983) Nitric oxide and nitrogen dioxide 

have been measured as nitrite decomposition products (Smith 

and Chalk, 1979 as cited in Chalk and Smith, 1983). The 

identified reactions are described below (Galbally, 1989; 

Firestone and Davidson, 1989; Chalk and Smith, 1983): 

(1) Volatilization of HN0 2 from the soil aqueous solution. 

6H = -7.0 kcal/mol (2. 27) 

Since the pr:"' for this equilibrium is 3. 29 at 25°C (Aylwa::::-d 

and Findlay, ~S71 as cited in Chalk and Smith, 1983) in a 

system at pH 5, 4, and 3 the proportions of HN0 2 are 1.9, 

16, and 74%, respectively. Nitrite is stable at pH 2 5.5. 

(2) Decompositior. of HN0 2 to NO and NO,-. 

2h. + 3N02 - = 2NO (g) + N0 3 - + H20 (2. 28) 

N02 ( g) + N02 - = h0 3 - + NO (g) ( 2. 29) 

3HNC2 -- > W + N0 3 - + H2 0 + 2NO (g) (2. 3 0) 

2NO + 0 2 - > 2N02 -> N2 0 4 + H2 0 - > HN0 2 + HN0 3 ( 2 . 31) 

Reactions 2.28 and 2.29 show the decomposition of No2 - in 

acid soils. At equilibrium, calculated NO partial pressures 

10 4 10 8of 10-5 to 10- 2 bars and NO to N0 2 ratios of to 

indicate that NO will diffuse to the atmosphere (Galbally, 

1989) . Chemical decomposition of nitrous acid may occur 

spontaneously (Reaction 2.30), releasing NO which may escape 
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to the atmosphere or which may react with 0 2 and water to 

form N0 3 - (Reaction 2. 31) (Paul and Clark, 1989) 

(3) Reaction of HN02 with soil organic matter. 

No

Production of nitrogen gases by chemodenitrification of 

2 - has been found to be increased by increased organic 

matter. Nitrous acid reacts with organic matter 

(specifically, phenolic sites according to Tisdale et al., 

1986) to form CH3 0NO (methyl nitrite), which decomposes to 

form No 2 - (Magalhaes et al., 1985 as cited in Galbally, 

1989) . Amino groups in the a: position to carboxyls can also 

react with nitrous acid to form N2 : 

(2. 3 2) 

This reaction occurs in soil onLj a~ c pH o~ 5 er lower 

(Paul and Clark, 1989) 

(4) Photolysis of No2 - in soil aqueous solution yielding NO. 

N02 - + H20 + hv - ·- - > NO + OH + mr ( 2 ~ 3 3) 

Experiments on fertilized flooded rice fou~~ a NO flux cf 5 

x 10-c ng N m· 2 s-- of the photolyzed No2 - (Gs.lbally et al., 

. - ~ ' 1987 as cited in Galbally, 1989) App2renc1y, this source 

of NO from soils is negligible. 

2.3 Nitrogen balance 

The atmospheric nitrogen is actively cycled to and from 

the surface (Table 2.2). Quantitative. eetimations of the 

nitrogen flow associated with each process of the nitrogen 

cycle have been made for various agricultural systems (Table 
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Table 2.2. Nitrogen contents and fluxes on a global 
Tg (10 12g or a million metric tons) (Paul and Clark, 

Content Annual flux 

Atmospheric nitrogen (N2 ) 3.9xl0 9 

Soil nitrogen 105,000 
Soil N mineralized 3500 
Plant uptake 1400 
Symbiotic N2 fixation 120 
Associative and free liv~ng fixation 50 
Fertilizer nitrogen 65 
Fertilj_zer nitrogen utilized 26 
Atmospheric inputs 25 
Denitrification, volatiliza~io~ 135 
Runoff erosion 25 
Leaching 93 

basis ,r, 
1989) 



2. 3) . The ccntrib~tion of each process vari8s wit}1 pla~e 

and time depending on environmental and other factors such 

as climate, type of soil, and agricultural practices. 

studies have a difficult time precisely determining the 

fluxes and accounting fer all N. For a example, half of the 

studies snow a difference between inputs and outputs. Small 

fluxes often are lost with errors. Garret (1991) found ~02 

evolution in a grassland in Irelan~ was 0.7~% cf the N 

cycled. Anderson 2::)d Levine (1987) in Virginia :ceported 

that 0.79 % of the added fertilizer (196.5 kg N ha- 1 as 

anhydrous ammonia) was lose as NO. Jd.·;c;nsso:::-i et :11. (l'.?8S) 

reoorted that the loss of N as NO after 3J h cf nitrate 

addition to the soil (120 ks N ha- 1 as NalTZJ3 ) ·was less thar: 

0.5% of the applied N. The NO flux derived from fertil~zer 

applications ccrresponded to loss rates of 0.04% for NaNO~ 

and 3.3% for urea (Slemr and Seiler, 198~). 

2.4 Nitrogen cycle processes important for NO productic::1. 

In the nitroge~ cycle, the NO flux is a minor flux 

(e.g. a NO flux of 10 ng m- 2 s-: cc;rresp0nd~o to 3 kg be. yr-· 

' .wnJ_c..h is small compared to many fluxes in T, 0 ble 2. 3) . 

Nitrification, denitrification, and seve~2i abiological 

reactions including chemod2nitrificati~n have been 

identified as potential sources of both NO and N2 0. 

Generally, the nitrification proce2s is considered the 

overwhelming source of NO production, while N2 0 is produced 
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Table 2. 3. Estimated nitrogen balance in kg ha- 1 y- 1 on 
agricultural systems (surn~arized from Frissel, 1978). 

Location 

In!?ut.s: 
l. fert.ilization 
2. N-fixation 
3. Dry and wet 

deposition 
4. Mineralization 
5. Manure added 
6. Irrigation 
7. Plant residues 
Total 
Outputs: 
l. Denitrification 
2. Ammonia 

volatilization 
3. Leaching 
4. Run-off 
5. Immobilization 
6. Plant uptake 
Total 
In!?uts-outputs 

ju.K. Japan USA* jus,V* I Israel Brazi}. / 

wint.erlpacidy
wheat rice 

96 
40 

l 
earn 
grain 

I 

112 

\ 
soy 
bear.s 

I 

I 
ll23 

I 
grains Ishrub 
r**. tree++ 

90 91 
17 

l 7 
83 

203 

5 

20 
17 

178 

10 
so 

10 
15 

148 

5 
6 

60 
166 

10 

20 
138 

70 15 15 2 

18 
10 

83 
95 

206 
-3 

20 
1 

96 
187 

-9 

10 
] 

l 2 0 
14S 

0 

166 
166 

0 

15 
l 

141 
159 
-2} 

i 
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mainly during denitrification (Davidson, 1992; Hutchinsori 

and Davidson, 1993). 

Recent work, using chemiluminescence detectors to 

quantify NO and N2 0 production from cultures of nitrifiers 

and denitrifiers, indicates that nitrifiers produced the 

highest concentrations of NO. The mole ratio of NO to N 2 0 

was in most cases greater than one from nitrifiers (0.9 to 

8. 5) and as low as O. 01 from denitrifiers (P.~nderson and 

Levine, 1986). Chemoautotrophic nitrification has been 

recognized as an important source of NO and as the 

:::-esponsible first step of NH/ oxidation to r:-m 2 ·· in cultuiE::: 0 
.:; 

and mo:ce recently in soils (Hutchinson and Davidson, 1993) . 

Davidson ( J.. S92) :.-eportec:1. tha ,- :::1i t rif icat ion is a rr:2~<:::-:· 

source of NO. Measureffients were ~ade o~ soil incubaticns 

2.t, telow, and above field capacity (1:-.oisture content) 

Acetylene was used as a nitrification inhibitor. r~o 

prcduction was greater below than at field capacity and it 

was strongly inhibited by acetylene at both moisture 

cont.ents. On the other hand, N2 0 production was two to five 

times higher when the soil was above than at field capac!:..t-:_:, 

and it was not inhibited by acetylene. Both nitrificaticn 

and denitrification were sources of NO and N2 0, with no 

produced primarily via nitrification and N~O prod~ced 

primarily via denitrification. 

Chemodenitrification is thought to be an important 

source of NO in arid soils by the decomposition of nitrous 
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Chemodenitrification also occurs at soil 

microsites where No 2 - can accumulate in thin water films and 

a low pH can occur (Davidson, 1992a as cited in Hutchinson 

and Davidson, 1993) 

Chemodenitrification was responsible for most of the NO 

produced in cultures poisoned with saturated HgCl 2 • 

Concentrations of NO in enclosed vessels peaked at about 8 

and 3.8 µL NO L- 1 for samples with and without additional 

nitrite, respectively (che medium initially contained 2.2 ~M 

No2 - and 2. 2 mM No 2 - were added) . NO emissions from nitrite 

supplemented samples remained high throughout the 20-h test 

(Anderson and Levine, 1986). 

Other abiotic processes resulting in NO production in 

soils are the decomposition of hydroxylamine (NH 2 0H) and 

reaction of No 2 - with phenolic compounds in organic matter 

(Nelson, 1982 as cited in Hutchinson and Davidson, 1993) 

Abiological production of NO occurred with or without the 

addition of No2 - to sterilized samples (6. 7 mg No2 --N L- 1 

added as KN02 ) • The NO flux increased by a factor of 100 or 

more on samples with added nitrite (0.48 and 87.1 µg NO-N 

kg- 1 non-nitrite and nitrite added respectively, during 

6 h). The peak NO fluxes resulted in the loss of 6 % of the 

added No 2 --N (Davidson, 1992). 

Many of the numerous environ~ental factors that affect 

the nitrification and denitrification rates, as mentioned 

before, also affect the production ratio of NO to N2 0. NO 
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emissions are strongly dependant on soil temperature. 

Several studies have shown that NO emissions occur over a 

wide range of soil moisture conditicns provided the soil 

microorganisms do not have water stress due to a deficit or 

saturation. 

NO emission from soil is not usually considered a major 

denitrification product, since denitrification occurs at 

water contents high enough to restrict the diffusion of 0 2 

and other gases and, therefore, NO diffusion co the surface 

would be slow and the restriction might permit it to react 

before it reaches the surface (Hutchinson and Davidson, 

1993) . 

Cyclic wetting anc drying of the soil affect the N 

trace gas emissions. Changes in the O; diffusion p~oduce 

transient periods in which beth nitrification and 

denitrification are high, p=ovided that there is enough N 

and C substrate for the microorganisms to function 

(Firestone and Davidsen, 1989). 

was observed within cne hour of ~e~ting dry soil (Davidson, 

1992) indicating that nitrifiers and denitrifiers become 

metabclically active rapidly after wet~ing. 

NC and N2 0 flu::eE, r::easured from an ;.;;.:-~diE:tu.rbed savanna 

soil in Venezuela (pH 5.3, graviDetric soil water was 0.05 

kg kg- 1 dry soil, 3 3 pp:,1 UH4 +, G. 72 ppm N0 3 ·) during the dry 

1seaso~ were 7. 9 ar:d 1 .. :-:: ng 1'J m-) s- respect i vcJ.y (NO to N 20 

ratio of 6. 5) (Johans,:::on et al., J.98El). 
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Williams and Fehsenfeld (1991) considered the influence 

of temperature, soil water content and soil nitrate content 

on NO emissions at a grassland site in northern Colorado (pH 

5.8; 1.1 and 2. 8 ppm soil N0 3 - and NH/, respectively; 

gravimetric soil water was from 0.01 to 0.13 kg kg- 1 dry 

soil). Emissions nearly doubled (from 5 to 11 ng N rn- 2 s- 1 1 

with a 10°C increase in temperature and outside a 

temperature ra~ge of 15 to 35 °C emissions decreased 

sharply. The emissions followed the soil temperature 

diurnal trend (the influence of light was separated fro~ 

soil temperature) . NO emissions from O to 200 ng N m- 2 s ·'. 

were correlated to nitrate coLcentrations from 0.2 to 180 

ppm. 

NO emissions were hig~·1er 2,.t higher soil moisture levels 

in the Venezuelan savanna duri~g the rainy season with 

fluxes of 16 to 117, 9 to 38, 2.:i:cd 3 to 15 ng N m- 2 s- 1 

corresponding to gravimetric scil water levels of 0.15, 

0.07, and 0.02 kg kg- 1 dry soil, respectively (Johansson and 

Sanhueza, 1988). No 2 - ccncentration~o of 4 and 2.8 ppm 

corresponded to NO fluxes of 150 to 250 and 9 to 23 ng N m- 2 

s- 1 
, respectively (gravimetric scil water was O.15 kg kg- 1 

dry soil) (Johansson and Sanhueza, 1988). 

2.5 Effect of agricultural practices on NO evolution 

The production and evolution of NO in the soil is 

dependent on various agricultural practices (Table 2.5) 



Table 2.5 ManagemeLt practices affecting NO emissions. 

Fertilizer t/pf:: 
Application rate 
A:9plication techEique 
Timing of application 
Tillage practices 
Use of pesticides 
Cre,p type 
Cro0 structure (e.g. row spacing, crop morphology) 
Irrigc:: ci_o:r. type 
Irrigatic~ amount 
Irrigacion timing 
Residual soil nitrogen and carbon 

-----·--·--------

Only the general effects from fertilizer, crop, and 

irrigation have been studic~ and reported in the literatv~e. 

2.5.1 Effect of fertili~~~ 

Tl°'J.e e:=fect of sever'c,.] f:=:rtilizer types on a hot, ory 

E:oil in SDain (pH 7. 4; f;he,~;c.d that NO:( emissions werecc 

a:Ocut 1. 5, 4 1 ~ and 10-fcld greater frrn~ plocs fertil i_zec 

non-fe~tilized p~ots. The fertilizer was applied at a rate 

rair.fall •.i1:~rc ap~::-ili,:c;d for the t1,10 r..::;r;ths of experiment 

(Slemr and Seiler, 1984). Slemr and s~~.i·:.er (1984) in 

Germany cbserved NOx e~ission peaks about 20 times bigger 

with fertili~aticn than without 10 days after NH4 Cl 

appJ.ication (pH"' 7.4). 

In Virginia on slightly acid S8ils with 2 gravimetric 

soil waLer ranging from O. 08 to O. JO kg kg-~ dry soil, 

http:s~~.i�:.er
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Anderson and Levine (1987) reported NO fluxes of 1.7 ng Nm 

2 s- 1 
( O. 5 3 kg N ha- 1yr- 1 

) from unfertilized fields, 1. 9 ng N 

m- 2 s- 1 (0. 61 kg N ha- 1 yr- 1 
) from a field fertilized 3 months 

prior to measurements, and 6. 6 ng N m- 2 s- 1 
( 2. 08 kg N ha< 

yr- 1 
) from a moderately fertilized field (196. 5 kg N ha- 1 ) • 

NO emissions from fertilized and unfertilized arable 

land in Sweden were O. 6 and 1. 9 ng N m- 2 s- 1 
( O. 2 and o. 6 kg 

N ha- 1 yr- 1 
), respectively (Johansson and Granat, 1984 as 

cited in Anderson and Levine, 1987). 

In a Brazilian forest, Bakwin et al. (1990) measured 

NO increases of 5-fold to 150-fold 30 minutes after the 

nitrate and ammonium fertilizer application (NaN0 3 and NE,Cl 

at a rate of 50 kg N ha-: with water). NO emissions peaked 

2 days after fertilization (10 and 87 ng NO m- 2 s- 1 for NH/ 

and N03 - fertilization, respectively (45 and 374 x 10 9 

molecules NO cm- 2 s- 1 
)) • 

In the same Brazilian forest as Bakwin et al. (1990), 

Kaplan et al. (1988) reported average NO fluxes of threefold 

to fourfold over NO fluxes from non-treated plots (12 ± 4 ng 

m- 2 s- 1 10 10NO ( 5. 23 ± 1. 7 x molecules NO cm- 2 s- 1 )) two weeks 

after a 2 0 0 kg N03 - -N ha- 1 fertilization. 

Johansson et al. (1988) reported that the NO flux 

increased 100 times above the background level in a 

Venezuelan savanna after nitrate was added to the soil (120 

kg N ha- 1 
( 12 g N m- 2 

) as NaN0 3 dissolved in water 

corresponding to 3 mm of rain) . The peak of 900 ng N m- 2 s- 1 
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wa.o cbserved 12 h after the fertilizer application. lJO 

emissions were 7 0 times higher than tT2 0 emissions (81 C and 

12 ng N rn-:2 s- 1 
, re spectively) . 

By providing an additional source of available nitrogen 

to the soil, mineral N fert~lizers increase the emissions of 

ni;::.rogen gases. Apparently the magnitude of N lost from 

applied fertilizers is small (about 1%) (Section 2.3) and 

the simulta~eous increase in NO flux happens in a sh8rt time 

period (from hours to days). Contributions cf nitric oxice 

fro~ fresh crop residues have not been investigated. 

2. 5. 2 Effect of irrigation 

The effect of irrigation on the NO flux was studied in 

a savan~a ecosystem during the dry season. T:1e soil was 

extremeJ_y dry (gravirneL.:j_c soil water of O. 005 kg kg- 1 for 

the top O. 03 m of the soi:i_). When 15 mm of water were 

applied only once to a plot, NO fluxes peciked (from 5 to 300 

ng N m- 2 s- 1 
) aft:::er the first 6 hours &nd decreased steadily 

to near zerc over the fellowing 4 days as the soil dried 

(Johansson et al., 1988\. In another plcc: mm of water was 

applied by sprinkler daily for s, .:.,:\::-;. The NO emissions 

increased only 5 to 10 rdn af:ter irriaatj_on (from 5 to 70 ng 

N m- 2 s- 1 
) , peaked (at 14 O ng N m- 2 s- 1 

) une hour af te:::- the first 

irrigation, and thereafter decreased. The NO flux increase 

in response to subsequent irrigations was lower (e.g 50 ng N 

m-~ s- 1 
) compared with the increas Pmissions in response to 
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the first irrigation. Apparently large amounts of NO are 

emitted into the atmosphere at the beginning of the wetting 

period, but the emissions are slowly reduced once the soil 

remains wetted and the readily available N-containing 

compounds in the soil have been decomposed. This could be 

attributed partially to nitrogen mineralization rates. 

Further mineralization provides N-containing compounds to 

the microorganisms slowly but soil moisture favors 

mineralization. In fact, there was an increase of ammonium 

and nitrate concentration in the irrigated plots (Table 

2. 6) . 

Table 2. 6. Changes in NH4 + and N03 - concentrations and pr: 
after wate~ treatments (0.1-m sampling depth) (Johansso~ et 
al•/ 1988) 

Treatment pH 

µg N g-1 dry soil 

Control 33 0.72 re:. ·-1 

Irrigated daily (3 mD d- 1) 66 2.8 5' ', 
Irrigated once (3 mm d- 1 

) 46 0.59 5.2 
Irrigated once (15 mm d- 1

) 44 5.6 t; . 4. 

Anderson and ~evine (1987) measured NO emissions frcm a 

wheat field in Colorado after an extended period of dry 

weather. The soil was unvegetated and the gravi~etric soil 

water was 0.11. Application of 25.4 mm of water did no~ 

reach the field-capacity water content of 0.32 (the 

resulting gravimetric soil water content was 0.25). The NO 

flux was 6 and 16 ng N m- 2 s- 1 a day before and a day after 

irrigation, respectively. 1de large increase in NO flux was 



partially attributable to changes in the Exchangeable NH~· 

and N0 3 - concentrations from 4.6 to 17.1 and f:rom 3.3 to 2.4 

µg g- 1 soil, respectively, from one day to the other. They 

also measured NO and N7 0 fluxes from a soybean field in 

Virginia following a 25.4 mm rain. The gravimetric soil 

water content before and after the rain was 0.18 and 

(the water content of this soil at field capacity is 0.21) 

The site had been fertilized (exchangeable nitrate was 37 µ3 

N g- 1 soil) . NO fluxes ranged from 8 to 48 ng N m- 2 s- 1 b,2fore 

and decreased to 15 ng m- 2 s- 1 4 h after the rain, whereas N20 

. - ' 1 fincreasea snarp y _rom 150 to 50C: n3 N rn-:2-=· before and to 

S 5 O ns N rn- 2 s- 1 after the rain. 

Sl2mr and Seiler (1984: observed that NO and N0 2 

fluctuations from 10 to 100 ng N ,Tt-
2 s- 1 followed gravir.-:etric 

soil water content fluctuations £rem 0.01 to 0.15 in Germany 

and Spain. 

The water content in sc~~~ ~sen imporcant factor 

controlling the activity of r:icrc::'os:'.5c:.r!.:.. s,-:1-; ,L:.d; thus, the 

biogenic emissions cf NO from soil. NG e~iosions from soiJ.s 

respond to soil water content with initial irrigation 

causing the largest response. Large NO emissions are 

observed after wetting dry soil on a time frame of minutes 

to hours. 

2.5.3 Effect of vegetation and crops 

Vegetation affects NO and N0 2 fluxes in various ways. 
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The plant canopy acts as a porous source and sink to NOx gas 

fluxes. NO and N02 can also be emitted or absorbed by 

plants. In a forest canopy, NOx decreased gradually through 

the canopy away from the surface (Bakwin et al., 1990). 

Vegetation affects the emission of NO and N02 from soils 

influencing the soil nutrient levels (ammonium, nitrate arici 

carbon), aeration, temperature, and water content in the 

soil; through this influence the presence of plants has a 

strong impact on microbial nitrification and denitrification 

(Johansson, 1989). In this section, emissions and 

absorption by plants will be discussed. 

2.5.3.1 NOx deposition on plants 

The uptake of NOx is described in terms of the dry 

deposition, which depends on the surface and meteorological 

conditions. Deposition velocities (the flux divided by ~hp 

concentration at a reference point above t.,e surface) are 

the inverse of resistances to transport: 

[ 2 . 1] 

where vct is the dry deposition velocity, ra is the 

aerodynamic resistance to turbulence, rb is the boundary 

layer resistance to diffusion, and rs is the surface 

resistance. 

NO uptake constitutes a small flux compared to that of 

N02 (Galbally, 1989; Johansson, 1987 as cited in Johansson, 

1989). NO can also be taken up by plants but at a much 
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slo~er r~te thac N02 due to its lower solubility (Hill, 197l 

ciced in Galbally and Roy, 1983) however, NO can be 

absorbed on soils by microbial processes such as 

nitrification and denitrification (Johansson and Galbally, 

1984 cited in Cohansson, 1989). 

The ~eaf boundary layer resistance consti.tutes a small 

fraction of the total resist2nce, thus it has a negligible 

effect CG the dry depositicn velocity (Meyers, 1987 as cited 

in Johans~:on, 1989). 

In t~e case of NO and N02, Dajor emphasis will be given 

to the sur~3ce ~esistance since it ccnsists of the 

resis~2~c2 for rlant uptake througt the stomata a~d leaf 

surfac~s a~d uptake on soil aLd lJtter (Johansson et al., 

1929) . 

By orra approach, the stomata! resis~ilnce can be der~ved 

fro~ the following equacion (Johansson. 1989): 

[ 2 . 2] 

whe:r.:-e rs,c,i~, is the minimur:1 stomat:tJ. response; (3 j_5 cl light 

R::e2pcr1.r:.ie factor; - t I and D are functicns of9 

teoperat~re, water vapor deficit, and gas diffusivity, 

respeccivel:/; ana LA is the leaf area. Otlc.er in,portant 

factors controlling stomatal resistance which are not in 

this equation &re the leaf level in the canopy, absorted 

photosynthetically active radiation, shading, leaf 

morphology, leaf age, and water stress. 

A mesophylli,. resistance (this 5.nvolves N02 diffusicn 

http:e2pcr1.r:.ie
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and/br metabolic limitation), which seems to be independent 

from the stomatal resistance, has also been observed in 

several studies (Johansson, 1987 and Weseley et al., 1982 as 

cited in Johansson, 1989). It appears to be a major 

resistance to plant uptake. This resistance is associated 

with the diffusion paths of water vapor as it passes thro1,qr1 

the intercellular cavities within the leaves (Johansson, 

1989; Galbally and Roy, 1983). 

Grantz and Meinzer (1991) observed diurnal trends in 

canopy conductance fo= sugarcane that were parallel to those 

for net radiatior, evapotranspiration, and photon flux 

density. The canopy conductance which included the 

stomatal, boundary layer, and aerodynamic ccmpcnents (which 

were not separated in their analysis) increased from 0.25 to 

O. 75 mol m- 2 s- 1 in the morning and decreased to about O. 1 

mol m- 2 s- 1 in the afternoon. 

N02 uptake on the cuticle of the leaves is only 

relevant at higher N02 concentrations (hundreds of ppbv) 

than those normally found in the atmosphere (Johansson, 

1989) . 

Measurements on grassland using micrometeorological 

methods showed that stomata were the major sink for N02 with 

deposition velocities of 3 to 9 mm s- 1 (Hargreaves et al., 

1990 as cited in Fowler, 1992). N02 uptake by vegetation in 

rural areas of Europe and North America can be up to 6 or 8 

mm s- 1 at concentrations of 20 ppb or greater. N02 can also 
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be adsorbed within the plant cuticle (Lendzian and 

Kerstiens, 1988 as cited in Fowler, 1992) 

Johansson, 1989 calculated a N02 dry deposition rate 

from 2 to 16 ng N rn- 2 s- 1 based on a d::l.ytime deposition 

velocity of 5.6 mm s- 1 determined by Wesely et al., (1982), 

and N02 concentrations of 0.5 to 5 ppbv in clean continental 

air. This dry deposition rate is similar to typical NO 

emission rates of 1 to 10 ng N m- 2 s- 1 from uncul t ::_vated 

soils (Johansson, 1989). Vitousek a~d Walker (1989) 

estimated a nitrogen deposition rate of 12 ng-N m- 2 s- 1 (3.8 

kg-1\J ha- 1 y:::-- 1 
) comprised mainly of tX\ spec:Lc::::: l:ased on wet 

depo,:.0 it.icn at Kilauea, Ho.vvai:i. 

2.5.3.2 NOx release by p:aLts 

NOx, which is taken up by plant~ through the sto~ata, 

absorbed onto leaf surfaces, or possibly by root uptake, may 

be later =eleased making plants a source of NOx. 1~02 fluxes 

can f o21ow a diurnal trend possibly due to i:.h':3 ciiurnal trend 

in stomatal aperture which controls emission of NOx a~d 

which in turn depends on radiation, leaf water potentia!, 

vapcr pressure deficit, and temperature (Delany et al., 

1986; Johansson, 1989). 

The N02 absorbed by plants is rapidly converted (a 

matter of minutes) to other readily Detabolized forms. In 

plants harvested and freeze-dried immediately after a 3-hr 

exposure to 15N02 , 1 $.; of the 15N was found as 15N03 - , 3 5 % as 
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soluble reduced 15N (amino acids, amides, lipids, and 

chlorophyll), and 63% as insoluble :sN compounds (proteins 

and nucleic acids) (Rogers et al., 1979 as cited in 

Galbally, 1989). Most of these N-comtaining compounds are 

unlikely to be quickly released as NO. 

NO emissions from plants via absorption of inorganic 

nitrogen from the soil have not been confirmed by studies 1n 

the field. 

Plants emit NOx under special circumstances. It has 

been suggested that senescing plants can emit NOx to the 

atmosphere (Wetselaar and Farquhar, 1980 as cited in 

Galbally, 1989). Herbicide treated plants can emit NO due 

to cell nitrite accusulation, which may be reduced to NO and 

N0 2 (Klepper, ~979 as cited in Johansson, 1989). 

2.6 Comparison of NO fluxes 

A summary cf NO emissions from the soil measured by 

chambers in fert~lized and non-fertilized iand in 

agricultural and natural ecosystems is presented in Table 

2.7. NO emissions are generally higher when fertilizer is 

applied simultaneously with water (f~om 0.1 to 250 ng N m- 2 

s- 1 
) than when water is applied alone to the soil (from 0.1 

to 150 ng N m- 2 s- 1 ). NO emissions from tropical agriculture 

have not been reported. 
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Table 2.7 Summary ot NO emissions from soils as 
affected by agriciil.~·.u:::-e frcrn different sources (adapted 
from Kaplan ec al., 1988; ~onansson et al., 1988; 
Willi~ms and Fehs8~~eld, 1991) 

Land use Place NO {ngNm·'s· 1 ) Ref 

-----·------ --~==-;G._·__r:~_e_a_n_~~~=- range I . 
A. Fertilized 
Temperate cropland Sweden 0.1-62 
Subtrocical crocland Soain Sept -Oct: 2-250 2 
Temperate flood~d rice .A.~s ;:ralia Dec <0.2-0.95 3 
Temoerate crooland USA =~ year 4 
Temperate pasture UK. July-7'.:~!S 8 0-36 

! 1'Grass 1 ~· * s 
6, 

Bermuda grass Texas 0-S, Wf;(·~J< 4~ J.3-186 71 
Beans Canada C-:: me nth :2 S C. 4.2-162 SI 
Corn Pennsyl."'l'cnia l mo::r-~h 94 l.6-323 9!/ I 
B. Vr.:fertilized or :not 
recently fert:'..lized I 
Temperace crop~an~ Sweden ,!_pr-Se?t 0.6* 0.3-17 1! 
Temperate crop~~na USA P!a.y-June 1 ... 7* O.C0:>67 41 
Temperate cropland GK Ju}y-Aug 0.5*" -12,~26 s1 

I 
!Be:::--muc:2 grass Texas lJ 1-72. 

1 
Eeans C2.nada 19 years C: • ~1 2 - l :L . ! :: ;1 

jWhe=.t. Penns1 ~.vania ~ year 1.2 C.21-3.8 sl 
I 

I I 
IC. I::-::-:'..·;r:1 '~"'d (wet/dr.r), I 
or in rainy sea5on 
Savanna, rair:y "Venezuela se2.so:: 0. 64 0. G7-J.7 
Savanna, rair~y \ter.e'zuela C:'" 2-250 ~~ I~o 

Savanna, dr:,r Venezuela se2.scn 8 3 -1 c; ....~::: I 
+Chaparral, wet/dry C:i.lifo:c:1ia 3: 6-101 ::.3 
++Chacarral, wet/dr, Cc.li fo!:6nia 13 0-35 :.3 
Forest, upland, dry. Mexicc seaso;:. 0. 92 l4

IForest, up~and, wet //,exico season 2. :3 14 
green t(Jrest 9.2-16lG ·"" ·-----J-~ 

* weighted annual average, ** as NOx-N, + burned, ++ 
unburned, Ref= references, (1)J0hansscn and Granat, 1978, 
(2)S1emr and Seiler, J.984, (3)Galbally et al., 1987, 
(4)Anderscn and Levine, 1987, (S)Colbourn et al., 1987, 
(6)Johansson and Galballv, 1984, (?)Hutchinson and Brams, 
1992, (8)Shepherd et: al.: 1991, (9)Williams et al., 1988, 
(lO)Sanhueza et a.l., 1990, (ll)Johansson ans Sanhueza, 1988, 
(l2)Johansson et al., J.988, (13)ll.ndero.;;on et al., 1988, 
(14)Davidscn et al., 1991, (15)Kaplan et aJ.. , 1988. 

http:0.2-0.95
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2.7 NOx conservation 

2.7.1 Reactions which produce or consume NOx 

A number of reactions outside the N0-0
3 
-N0

2 
triad 

produce or consume NOx; however, they are not important in a 

short time-scale. Some examples are given. The NOx 

concentration in the atmosphere can be modified by the 

oxidation of ammonia (NH3 ) by reaction with hydroxyl 

radicals. The reactions are represented as follows: 

NH + OH > + H20 (2.34)3 NH2 

NH2 + NO > products (Nz, N20) (2.35) 

NH2 + N02 > products (Nz, N20) (2.36) 

NH2 + 03 > products (NH, HNO, NO) (2.37) 

These reactions consume NOx if the concentration of NO and 

N02 is greater than 0.06 ppbv or produce NOx if the 

concentration of NO and N02 is less than 0.06 ppbv (Logan et 

al., 1981 as cited in Galbally and Roy, 1983). Another 

important reaction during night is the formation of N03 which 

reacts rapidly with N02 to form HN03 on a longer time scale 

(10 to 15 hours) (Johansson, 1989). 

2.7.2 N02 emissions from the soil 

N02 is somewhat soluble in water, but at equilibrium 

most N02 is in the gaseous and not in the aqueous phase. 

Further loss of N02 is limited by its reactions with species 

in water to form nitric acid, reactions which are slower than 

those in the air (B. Hubert to E.A. Graser, personal 

communication, 1994). 
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The importance of N02 emissions from the soil relativE:. 

to contributions of NO to NOx is still unresolved in the 

literature (Delany et al., 1986; Johansson, 1989; Wesely et 

al., 1989; Lee and Schartz, 1981 cited in Slemr and Seiler, 

1984; Table 2.8). 

Table 2.8 Surface fluxes of N02 from different sources (from 
Williams et al., 1987). 

% of Galbally Sle:mr and Johansson Williams Williams 
NO and Roy Seiler and Granat et al. et al. 
flux (1978) (1984) (1984) (1987) (1988) 

N0 flux < 4 % 125 % 5.9 % 10 o, 6 %
2 "' 

Del2ny (persona:i. communication to E .A. Graser, 1994) 

explains that N02 is harder than NO for the soil 

microorganisms to make. Johansson and Granat (1984 as cited 

in Delany et al., 1986), using a chamber system that remov,3d 

0 3 , found that the N02 flux was less than 10 % of the NO 

flux. Williams et al. (1987) found that the N02 flux was 

substantially reduced by wet soil and vegetation. N02 

emissions were less than 2 % of the NO flux after 

precipitation. After precipitation N02 fluxes were strongly 

attenuated apparently by dampened vegetation, soil, and 

chamber walls. N02 was not detected during early morning 

measurements when the soil and vegetation were wet from 

condensation. They reported that the N02 flux was 9.7 % of 

the NO flux for the whole period. They expected that N02 

would not contribute significantly to the NOx emissions from 
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soils except in dry and bare areas. Williams et al. (1988) 

reported that the N02 emissions increased by a factor of 8 

and 56 on two occasions after the vegetation in the chamber 

site was removed. Overall, they reported that the N02 

emissions were about 6 % of the NO emissions. Slemr and 

Seiler (1984) reported large N02 fluxes from the surface and 

explained that N02 is mainly produced in the uppermost layer 

of the soil, and that it c2n be produced by biological and 

non-biological processes in the soil. Others have suggested 

that this N0
2 

could have been formed in the measurement 

system which could indicate t~ese measurements were artifacts 

of the measurement method (Killiams et al., 1992 as cited in 

Hutchinson and Davidson, 1993). Slemr and Seiler (1984) 

observed that the N02 flux was positively correlated with 

solar radiation and soil moisture. They observed negative 

N02 fluxes on plant-covered soils, whereas emissions rates 1r 

to 417 ng N m- 2 s- 1 ( 1500 µ.g N m- 2 h- 1) were measured on bare 

soils. The N0
2 

flux was reduced by vegeta~ion either by 

shading or by actual plant uptake at the leaf surface. Any 

N02 produced deeper in the soil has its transport to the 

surface limited because it is slightly soluble in water, 

reactive with organic matter, and easily absorbed by the soil 

{Lee and Schartz, 1981 as cited in Slemr and Seiler, 1984). 
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2.7.3 NOx deposition on plants 

(see Section 2.5.3.1) 

2.7.4 NOx release by plants 

(sc0 Section 2.5.3.2) 

2.8 Techniques for measuring trace gas fluxes 

2.8.1 Chamber methods 

'I'wo kinds of chamber systems are commonly used to 

measure gas exchanges from the soil to the atr;,osphere in 

field conditions: tr~nsient systems w~ere g~s is allowed to 

accur:m1ate, and steady-state systems where a E:teady 

concentration resembling that in ambient air is maintained 

in the chamber by circulating air with an appropriate 

concentration. A transient. system is simpler because 1 +

doe~ not require contrcl of the air stream concentration to 

maintai~ the inside concentration at a constant level. The 

control required for a steady-state system requires real 

time rr,onitoring of the chambe2.- concentration, air flow 

control, and concentration control. Transient systems do 

not req1.nre air-·flow and concentration control but reactive 

gases do require real-time monitoring. 

Unfortunately the type of chamber affects the measured 

fluxes. The intent is to measure fluxes which would exist 

if no chamber were present, but any chamber has some effect 

on the flux. A major way chambers affect the flux by 
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changing the microclimate in the enclosed space (Section 

2.8.1.1). A transient chamber also changes the atmospheric 

gas concentration and the soil to atmosphere gradient which 

drives the flux; a steady-state chamber minimize this 

modification {Section 2.8.1.1.3). To minimize these 

problems chambers are not left in place longer than 

necessary. Systffinatic differences in measured fluxes have 

been found depending· on how long a transient chamber is left 

on the ground and on the flow rate for a steady-state 

chamber (Denmead 197S as cited in Jchansson 1989). 

Transient ch2mbers tend to be closed chambers, but 

sometimes they are vented to avoid pressure differences from 

outside conditions (Section 2.8.1.1.2). Steady-state 

charabers may be open if outside air is used to maintain the 

steady inside concentration, but they also can be closed if 

the concentratio~ of the inside air is kept steady by~ 

scrubber or gas source (Denmead and Raupach, 1993). 

The flux coming in or out of the soil into transient 

chambers is calculated based on the rate of concentration 

change over time in tee chamber: 

F = (V/A) dpgldt [ 2. 3]
9 

where F is the gas flux density, Vis the volume enclosed 
9 

in the chamber, A is the enclosed surface area, p is the
9 

density of the gas inside the chamber, and tis the time. 

In steady-state systems, the flux is calculated as 

follows: 



s~ 

[ 2 . 4 ] 

where vis the gas flow rate, pb is the background 

concentration of the gas, p is the concentration of the gas
9 

drawn from the chamber, and A is the cross-sectional area of 

the withdrawal port. 

Although chamber methods have been criticized because 

of the non-representative microclimate that is formed inside 

the enclosure and the small surface area enclosed, they are 

used extensively in studies where replication in space and 

time is needed, because of their potentially low cost and 

portability. In the following sections, several of the 

physical and biological disturbances of the soil and the air 

abo~e it caused by chambers and various other errors 

associated with chamber usage and data analysis will be 

discussed in more detail. 

2.a.1.1 Physical and biological disturbances 

2.a.1.1.1 Temperature effects. The biological 

production of trace gases such as NO, N~O, CO2 , and CH4 in 

the soil strongly depends on temperature, so the temperature 

inside chambers should be maintained like that outside; 

however, it is difficult to keep the same temperature inside 

and outside the chamber, because the energy balance at the 

soil surface is modified. The magnitude of this 

disturbation can be minimized by sampling for short-time 

periods (minutes) and by using a chamber which has been 
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designed to reduce solar heating (for example by using a 

insulative material and external reflective cover). 

Matthias et al. (1980 as cited in Hutchinson and Livingston 

1993) found that chambers made of insulated metal caused the 

least temperature perturbation on both air and soil 

temperature compared to other materials such as plexiglas or 

metal alone. 

2.a.1.1.2 Pressure effects. Atmospheric pressure 

differences between inside and outside of the chamber can be 

either mean pressure differences or differences in the 

pressure fluctuations. The mean air pressure is caused by 

the modification of the energy balance inside the chamber if 

the chamber interior is not connected (such as ~ya vent) to 

the atmosphere. Fluctuations i~ air movement over the soil 

surface causes pressure fluctuations which cause air to 

"pump" into and out of the soil (Hutchinson and Livingston, 

1993; Denmead, 1979a as cited in Denmead and Raupach, 

1993). If the pumping action induced by the pressure 

fluctuations are eliminated by the chamber, then the gas 

exchange reduces, and the flux rate is mainly determined by 

a concentration buildup that represents the net gas 

production in the soil (Kimball, 1983 as cited in Hutchinson 

and Livingston, 1993). Differences between instantaneous 

air pressure inside and outside of the chamber can be made 

negligible if a closed chamber is vented with a hole of 



proper size ana shape, buc this solution also allows 

exchange of air between inside and outside of the enclo~ure. 

Hutchinson and Mosier (1981 as cited in Hutchicson and 

Livingston, 1993) suggested using a vent tube with a 

sufficient volume to hold exhausted air and return it back 

to the chamber when ambient pressure decreases and 

increases, respectively. This would allow losses of the 

trace gas only by diffusion down the tube. 

2.8.1.1.3 Concentrations effects. The exchange rate 

o~ a tr2ce gas is decreased i~~edi~tely by th2 reduction of 

the con~entration gradien~ due to a ccncentration buildup i~ 

either a closed or an cpen chamber. Th~ concentration 

:Ouildup is mc:,st:. severe :: ;---'- a cluscd :::h2.:n.ber 2-nd continncs 

throughout the whole sampling period. Equat:i.on [2.L'.:] 

assumes a constant flux over time and can un~erestimatc 

fluxes if they change over time. Gas sampling over-share 

time periods reduces the non-linearit:y (Antb.ony and 

Hutchinson, 1990 as cj_ted in Hutchi~son and Livingston, 

1993). 

2.8.1.1.4 Site distu~bances, Soil ccmpacticn cause~ 

by the installment of chamber collars and by frequent 

walking around the chamber site d1iri ng sG.r.:r1le collect ion car'. 

affect soil properties important to microbial activity and 

can modify gas path ways as soil r1.:n:es are bJ ocked. The 

http:Equat:i.on
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collar insertion can also modify the nutrient cycling 

between plants and microorganisms by destroying plant roots. 

2.8.1.2 Measurement and flux estimation bias 

2.8.1.2.1 Analysis bias and sample handling. Trace 

gas exchange measurement bias can be introduced by the 

sample transport and/or storage procedure and the analyti, ·2 l 

procedure. Photochemical reacticns between the NO-N02 -03 

triad continue to occur while the air sample is transported 

from the chamber to the analyzer, and gas uptake (or 

production) by the chamber walls and tubing can lead to NO 

flux underestimation (0ohansson, 1989; Hutchinson and 

Livingston, 1993). The chenical reaction bias is not a 

problem in closed chambers w~en the NOx flux is measured. 

2.8.1.2.2 Flux calculation bias. Procedures to 

calculate trace gas fluxes from conce;1tratio:r1 measuremE:nts 

need to account for the effect of chambers on the measured 

process or estimation errors will occur. For the transient 

chamber approach, exchange rates are bes~ predicted by 

linear regression from concentration changes measured just 

after the chamber is installed on the ground, because at 

that time a linear trend is followed and disturbance of the 

soil environment is still minimal. A non-linear model is 

needed for longer sampling periods to account for the 

decreases in the rate of exchange over time that result from 



55 

concer1tration buildup in the chamber (Hutchinson and 

Livingston, 1993). 

2.8.1.3 Sampling design and data analysis errors 

Trace gas exchange measurements based on chambers 

without extensive sampling are criticized because they do 

not represent the extent of spatial and temporal variabj_lity 

existing in a field. Trace gas production in soil can be 

highly variable over a distance of less than one meter and 

over time of less than one tour (Morrissey and Livingston, 

1992 and Williams and Fehsenfeld, 1991 as cited i.n 

Hutchinson and Livingston, 1993). The environmental factors 

which affect the trace gas exchange rate, the variability ~n 

the field, and the anticipated statistical analysis should 

be considered in order to determine the number and lacaticn 

of chamber-Deasureme~t si~es (Hutchjnson and Livingston, 

19S3) . 

2.8.2 Micrometeorological methods 

Micrometeorological tech~iques are use~ for measuring 

trace gas exchange because they provide an average flux over 

large areas thereby accounting for thR spatia: variability, 

they do riot disturb the biological and physical processes 

responsible of gas production in the $Oil, and they al:ow 

monitoring of environmental factors effects b} rapid and 

continuous measurements. The practical considerations limit 
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the application of these methods: a large, level, and 

homogeneous site is needed, so the gas concentration profile 

is adjusted to the local rate of exchange, horizontal 

concentration gradients are negligible, and the vertical 

flux is constant with height; accurate instruments with a 

rapid response are required to measure the small gas 

concentration differences (Denrnead, 1983; Denn,ead and 

Raupach, 1993). Such fields are not always available and 

such instruments are not availatle for all ~ases. 

Above-canopy placement of the instruments is limited by 

field characteristics. The air stream is affected by 

surface characteristics. When the air passes over a new 

surface, at the "leading edge", air begins to adjust to it 

forming what is called the II internal boundary layer" (Fig. 

2. 7) . Only 10 % of the internal boundary layer is "fully 

adjusted", or in complete equilibrium with the new su.rfc:c:e 

conc,itions (Rosenberg, 1983). The thickness of the fully 

adjusted layer (FAL) above the zero plane displacement (d) 

can be calculated as: 

415 1 ! 5FAL = 0. 1 x z 0 [ 2 . 5] 

where xis the distance downwind £rem the leading edge and 

z 0 is the roughness parameter for the new surface. d and z 0 

are approximately 64% and 13% the height of the crop 

(Campbell, 1986). This layer is important since it provides 

the limit below which sensors must be placed to represent 

the surface conditions. Equation [2.5] yields a height-to-



S7 

~ -----------
/' ' ,.., I 

// ir~terna1 
leading edge / ~-;oundary inst:'._·11ment 

-1..:::ri::.. r rn2 st ------
wind /__/ _!I_____ _ ---:-..::::=,- t fal 
--·> 

---,-~--~~rs 

,i, : crcp rt1 
-------- ____J _____J______ I _LL! 

fal = fully adjusted layer 
rs = roug.'.·mess scJ.bla:,·er 

Figure 2.7 Layers formed as air flows from a smooth to a 
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fetch ratio of about 1:50 for crops; however, it 1s good 

practice to use the more conservative ratio of 1:100 

(Rosenberg et al., 1983). Cke (1987) suggests 100-200:l. 

Within the turbulent surface layer, also called the 

"constant :r:lux" layer, which reaches from immediately above 

the surface to 100 m 2bove the surface in the daytime and 1 .• c, 

10 mat night (Lenschow and Delany, 1987; Vila-Guerau de 

Arellano and Duynkerke, 1992; Oke, 1987, p.4G), fluxes are 

constant with height and horizontally horn~geneous with an 

adequate averaging period of 20 m~nutes to l hour (Rosenberg 

et al., 1983). For crops, the internal boundary layer 

remains within the constant flux :ayer. 

2.8.2.1 Gradient techniques 

Flux-gradient methods are based on the principle that 

the vertical transport of trace ga~es in the lower 

atmosphere occurs by turbulent diffusion along a gradient of 

mean corcentration. TlL?. relationship can be written as 

follows: 

Fg = - pa Kg as/oz [ 2. 6 J 

where Pa is the density of dry air, K
9 

is the eddy 

diffusivity of the gas, s(=p
9 
/pa) is the mixing ratio of the 

gas with respect tc dry air, z is the height, and the 

overbar denotes a time average. This equation is for mean 

conditions which can usually be represented by a 20 to 30 

minute average. Unlike molecular diffusion which is the 
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movement of individual molecules, eddy diffusion is the 

movement of groups of molecules. Therefore the eddy 

diffusivity is much greater than the molecular diffusivity. 

The eddy diffusivity depends on wind speed, height above the 

surface, aerodynamic roughness of the surface, and 

atmospheric stability (Denmead and Raupach, 1993). 

The energy balance Bowen-ratio method is a flux 

gradient approach to determining K
5

. This method is based 

on the principle that the energy that is gained by ~atural 

systems is balance~ by losses of energy to the atmosphere 

and scil a~d changes in the energy storage in the syscem. 

For cropping syste8s, the relat~onship is represented as 

follows: 

Rn + H + LE + GO + M + S :..: = 0 [2. 7 j 

r;:o.diation (the di~ference between 

downw2r~ and upward radia~ion fluxes), LE is the ~aten~ 

energy flux density, H is t.he sens:i.ble he2.t. flux density, GO 

is the flux of heat into the soil or water, Mis the heat 

stored by photosynthe3is and by other miscellaneous 

processes, ard St is the storage of ~eat in the air and 

plants by changes in system temperature and humidity. Mand 

St are usualiy so small as to be negligible. The eddy 

diffusivities for the transport of heat (Kh), water vapor 

(K.,.), and trac:e gar:3es (K ) are assumed to be equal, so,
9 

consequently, the eddy Ciffusivity for heat or water vapor 

are measured co give the eddy diffusivity for the trace gas. 
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Sensible heat flux (H) is the energy moved through the 

air by convection along the temperature gradient (heat 

transfer occurs from warm to cool areas). During the day 

this energy typically comes from surfaces heated by solar 

radiation such as the soil, plants, etc. The sensible heat 

flux density can be expressed in terms of gradients (for 

example, for the Bowen-ratio-energy-balance method): 

H = p cP KH 6 T / 6 z [2 . 8] 

where pis the density of air (0.0012 x 10 3 kg m- 3 
), 

cP is the specific heat of air at a constant pressure 

(1. 01 X 10 3 J kg- 1 K- 1 ), 

KH is the eddy diffusivity for heat, 

6T is the temperature gradient, and 

62 is the vertical height interval (m) 

Latent heat flux (LE) is the energy transfer carried by 

the water vapor coming from the evapotranspiration process 

(evaporation and transpiration). The water vapor flux 

density, E, can be expressed by the following gradient 

formula: 

E = K, f::.pj t:.z [m2 s- 1 * kg m- 3 * m- 1 = kg m- 2 s- 1
] [2. 9] 

where Pv is the vapor density, and K, is the eddy 

diffusivity for water vapor. Adding the latent heat of 

vaporization (L) we can convert water vapor flux density 

into latent heat flux density. 

LE = L K, t:ipj t:iz [2.10] 

Equation [2.9] can be simplified and rearranged as follows: 
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Rn + GO + I ,E + H = 0 [2.l}_J 

Rn + GO -- (LE + H) [2.12~ 

Rn+ GO - - K (L (6pv/6z) + p 8 Cp (6T/~z)) [2.13] 

Thus K can be expressed as follows: 

K = (Rn+ GO)/(L 6pv/6z) + p
8 
Cp (6T/6z)) [ 2. 14] 

The Bowen ratio method is less accurate at night when 

net radiation, water vapcr, and heat fluxes are near zero, 

so errors in the eddy diffusivity are greatest. 

Webb et al. (1980) suggested that corrections for 

density effects on gas transfer should be made due to gas 

density variations in the air due to sensible heat ani water 

vapor fluxes; however, when the gas concencration is 

,.easured relative to dry a.i::: and at a cc,mmon ter:-;perature 

this correction is nc~ n~eded. Often gradient techniques 

can be def:;ianed to remcvc ,,.:t,te1· vapc:t 2.nd ur.::.fy 

temperatures. 

2.8.2.2 Eddy correlation 

The mean flux density of a gas is the product of the 

instantaneous vertical wind speed (w) and the instanta~eous 

gas density (p
5 
), and it is represented as fellows: 

F = vlp 9 [2.15]g 

Both wand Pq can be expressed as sums of means and 

fluctuations from those means (the mean is represented by an 

overbar and the fluctuation is denoted by a prime) where w = 

w + w' and = + p 9 ' • Thusp9 p9 

http:ur.::.fy
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[ 2 , 16] 

Because there is not flow of air into the ground, w = 0, so 

this equation can be simplified to just the average of the 

product of the fluctuations. For many trace gases, an 

analyzer to measure Pg or Pg' is not yet available. 

2.9 Micrometeorological principles applied 

to reactive trace gas fluxes 

The fll x of inert species is constant with height in 

the surface l2ver with adequate fetch, and it can be 

determined from the gradient and the eddy diffusion 

coefficient or eddy diffusivity (K) which is equivalent for 

sensible heat, water vapor, and trace gases. 

The measurement of fluxes of chemically reactive gases 

above the canopy such as the N0-0 3 -N02 triad can be 

difficult because reactions begin happening even before ,h1 

species reach the measurement height and continue in the 

measurement layer causing a flux divergGnce which violates 

the assumptions of the flux gradient approach. This happens 

because the reaction time scale for the N0-03 -N02 triad is 

of the same order of magnitude as the turbulent time scale. 

Lenschow and Delany (1987) reported a reaction time scale of 

30 to 70 sin the boundary layer. The turbulent diffusion 

time scale at a measurement height z is determined by z/Ku. 

(Lenschow and Delany, 1987) where K = 0.4 is the Von Karman 

constant and u. is the friction velocity, or Tc= zx/u. 
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(Fitzgerald and Lenschow, 1985), or Tc K (z + =:) /l'-o.u.,=c 

where A is w2 /u*2 or 1. 56 (Panofsky and Dutton, 1S84 a.s cited 

in Vila-Guerau de Arellano and Duynkerke, 1992), or Tc 

z/u* (Stull, 1980) A diffusion time scale of 100 to 200 s 

at 8 m above the grcund was reported by Delany et a~. 

(1986). 

The NO and N02 fluxes determined by inert K approaches 

(Section 2.8.2.1) based on NO or N02 concentration gradients 

can be and usually are erroneous because of the chemical 

:::eact ions between NO 1 0 3 , and N0 2 , The inert K apprcach ca~ 

be applied to a conservec. ent:i.ty such as 1':0x (LO + 1.\JC)J . 

The inert eddy diffusivity needs tc be ~odified for reactive 

Sj_:Jecies. 

Several theoretical·stL~ies have alreadv been done on 

the effect that c~s~ical reactic~s havE on 8St~m2tion of the 

~lux of reactive cpec~es. 

included the chemical reactions, Fitzjarrald and Lenschow 

(1983) ~eporced that the calculated fluxes for NO/NOx ratios 

less than 0.1 were 10 to 20 % difEerent from the ncn-

reactive. f lL1xes i Lenschow a~d Delany (1927) repo~ted that 

the flux at a height of about l m already deviates from its 

surface value by 23%. When they assume ozone is constart 

with height and the photostationary state is r2ached at 

large heights, they find the ratio of the flux of NO to N02 

is equal to the ratio of the~r concentrations. Vila-Guerau 

de Arellano and Duynkerke (1992) developed a reactive K-

http:ent:i.ty


64 

theory model and compared it to the inert K-theory model. 

They found that the maximum difference between the reactive 

and inert K is 30 % for NO, 5 % for N02 and 3 % for 0 2 • The 

Vila-Guerau de Arellano and Duynkerke approach will be 

developed further and two ocher approaches discussed. 

The effect of chemical reactions on turbulent transport 

is frequently analyzed under conditions of neutral 

atffiospheric stability because then the shape of the wind 

profile can be expressed in a simple logarithmic form. 

Changes in the shape of the wind profile due to the~ma~ 

stability are accounted for by ¢m the empirically determined 

Monin-Obukhov function as follows (Rosenberg et al., 1983; 

Oke, 1987) : 

au u. 
[2.17] 

OZ KZ 

where oU/ az is the vertical gradient of mean wind speed. 11 

is the friction velccicy, K is the Ven Ka=man's co~stant, 

and z is height. For neutral conditions¢~ equals to 1 and 

Equation [2.6] converts into a logarithmic wind profile 

equation written as: 

u. z 
U(z) = ln - [2.18j 

K Zo 

The chemical cycling of the N0-03 -N02 triad is represented 

as follows: 

N0 2 + 0 2 + hv ( >-- s 4 2 0 nm) (2. 4) 



wr.E:::ce >~ and k; :_.n,, the reaction rc1tes of the seccnd and 

first order reactions, respectively (sometimes they are 

called k and j, L~nschow and Delany, 1987). The flux 

equation for the N0-03 -N02 triad that includes the 

t1_,,_-buler-J.ce ir.. the neutral bourcdary laye:c and also ':::he 

chemical reactions can be written as follows: 

OWC; ac,. l op c;v2 C, 

+ v:2 (-·-) + - (c1 -- \ 
I + --·- [2 :. J] 

p ,~at oz 0 '? az 
I ~ \(a) (b; (c) ', C.' 

2 
7 

- "\ 1. ( ~ ( l - C\-n) }~: c~:~,V."'Ci: 
r:-,r: 

(f) 

' - -
\ '-· i . ti~e-averagea ana 

fJ.uctuating terms of t~e decc~pose6 (split) co~centratic~s 

(c:), respectiveiy; w is t~e vertical velocity; pis t::he 

pressure; l.E the dc.tl~,ity·; Kronecker's delta (8=) is 

equal to 1 if~=~ 3nd equ2l to O if m ~ n; and the vecto::::-

";'.... i C'
"i -- ( - 1 

- 1) The overba~s represent 

avera3ing over t~~2. The terms represer:t (a), tLe flux 

change over tjrne; (b), the flux along the concentration 

gradient; (c), the flux due to a pressrre gradient; (d)' 

the flux dLe to the vertical velocity; and (e) and (~), the 

fluxes produced/destroyed by the second-order and ~irst-

o~-der cl:ernical rea.c.:t .iu1s, respect. i ?ely. Tcrffis (a) and (d) 

are small c=mpared ~o the others (Wyngaard, 1982 as cited iG 

C, I 

http:t1_,,_-buler-J.ce
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Vila-Guerau de Arellano and Duynkerke, 1992). Term (c) can 

be parameterized as a function of the turbulent time scale 

(Wyngaard and Cote, 1971 as cited in Vila-Guerau de Arellano 

and Duynkerke, 1992) and is written as: 

1 ap 
(ci - ) = 

p az 

The flux equation is summarized as follows: 

acj 
WC i = Kij ( -- ) [2.21a] 

az 

where the units of wci are ppb m s - or 

acj mwj p 

wci = Kij * * [2.21b] 
az R T 

where the units of wci are ng m- 2 s- 1 (Section 5. 2. 2. 2) and 

where Kij is the effective reactive turbulent exchange 

coefficient that can be expressed as follows in the form of 

a matrix: 

KU.(Z + Zo) 1 + r 1 +r3 -r1 

1 + +-r2 r 2 r 3 

[2.22] 

where r 1 , r 2 , and are the ratios between the turbulent andr 3 

chemical reaction time scales and are defined as: 

[2.23] 
Au. 
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[2.24] 

K ( Z + Z O ) k 2 

;·-· 3 = ------·--·-- [2.25] 

This model r~quires six boundary conditions (the 

concentrations and fluxes of NO, 0 3 , and N0 2 ) in order to 

solve the three differential equations (Vila-Guerail de 

Arellano and Duynkerke, 1992). The flux of NOx is obtai~ed 

by adding equations land 3 in the matrix (Eq. [2.23]). 

If t.his model is applied tc fluxes o-1: slcwl.v :::es.ctive 

or inert species near the ground (where chemical reactions 

are ~cc infl~enced by turbule~ce and the chemic2l 

transformatio~s cime sca!e is much larger than the 

turbulence ti~E scale SQ 5. f r 
.J... 2 I K22 ----1: 
-yo = 

K33 := KU. (z +z 0 ), that J.s. 

l J 
0 1 0 
0 G 1 

In this case the eddy diffusivity has ics inert value. 

The application of this model to moderatclv reactive 

species (the time scale for chemical transf0rm2tions and 

turbulence is the same and therefore ~nd ~re close tor 2 ~3 

1 and r 1 is much less than 1) such as w~tt the N0-0 3 -N02 

triad at the top of the surface layer (z = 100 ~) where the 

0 3 ~oncentration is assumed to be several ti~es higher than 

th0 NO concent~ation (0 3 /NO = 50) results in the fellowing 
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expression for K (Vila-Guerau de Arellano and Duynkerke, 

1992): 

-Ku.(z +z 0 ) 0 
1 + r 2 -r r 3 r 3 [2. 2 n 

O 1 + r 2 

The effect of turbulence on chemical reactions can b0 

seen when the time scale of chemical transformations is 

smaller than the turbulence time scale. This usually 

happens above the top of the surface layer (z ~ 100 m) If 

the 0 3 concentration is assumed to be much higher than the 

NO concentration (Vila-Guerau de Arellano and Duynkerke, 

1992} / r2 I r3 ~ r1 ~ 1 and I( can be expressed as: 

- KU. ( Z + Zo) r3 0 r3 
Kij = -r2 r2 + r3 r3 [2.28] 

r2 + r3 r2 0 r2 

Two other approaches for correc~ion of inert K for 

reactive species have been reported in the literature: 

Fitzjarrald and Lenschow (1983) and Lenschow and Delany 

(1987) . The first gives three second-order differential 

equations modeling the steady-state vertical profiles of 0 3 , 

NO, and N02 concentration in the atmospheric surface layer. 

A disadvantage of this approach is that they showed that the 

fluxes and concentrations increased exponentially for large 

z; however, as fluxes are considered away from the surface 

they should approach the photostatiodary state (i.e. the 

concentrations should depend only on the chemical 

reactivity, and not on their surface fluxes). A problem 
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fl' 

v.·ith using this appro2c:h is thc.c th1: a"L;Lhor;::,; did not give a 

working version of their approach. The latter appro&ch 

provided an a:ialytical solution for tne flux and 

concentration profiles of NO and N02 , with the disadvantage 

of assuming that the ozone concentration is constant with 

height. Another problem with using their approach is that 

their equation is full of constants with unknown values. 

The photostation&ry state (that is, chemical 

equilibrium, Q 5 = 0 meaning there are no internal sources 

and sinks) for the N0-03 -N02 triad generally will not happen 

. th -in e st1.rr ace layer because vertical turbulent diffus~on 

continues to bring NO from the surface (Fitzjarr~ld and 

Lenschow, l98~) . When :::he is at the phctostationary 

state the fo~:cwing holds: 

=- J_ [2.29] 
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3. HYPOTHESES 

1. Nitric-oxide emissions are greater when the soil water 

content is less than field capacity than when it is greater 

than field capacity. Changes in the soil moisture content 

also affect the NO emissions. 

2. Simultaneous applications of nitrogen fertilizers and 

water increase the NO emissions more than if water is 

applied alone. 

3. Production of NO is greater during the daytime than 

during nighttime. 

4. NO fluxes are larger at the beginning of the experiment 

with bare soil and gradually decrease as the sugarcane 

grows. 
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4. OBJECTIVES 

The objectives of this study are 

1. To qLantify nitric-oxide (NO) fluxes from a tropical 

sugarca~c field to the atmosphere. 

a) ~o measure NO emissions from the soil. 

b) T:::; decer,,~ine the ir1f 1U"',:.Ce of agricultural prc:.ct: ices 

such as fertilization and i:'::.-:..-::._cration en NO emissiorrs. 

r, \ 
'-• I ';:'o r:-1eu.sure NOx fluxes above the sugarcane canofy 

'.~hrc,1_,gh c3.nop2· closure and to cor,1pare them to t ::-e 

soil emissio~s in order to evaluate the sources and 

flu>.e,, :-;_r,~, q:::2c:: ation of i\°:C and N0 2 from the soil 

an~ aL~ve t~e canopy. 

To compare NO production from a tropidal sugarcane field 

with published data for natural and agricultural systems i~ 

other regions, in order ~o determine the significance of 

tropical agric11:":..ture as a NO source. 

http:U"',:.Ce
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5. METHODS 

5.1 Site description 

The experiment was conducted on a sugarcane field 

(Block 5 of Helemano 12) at the Waialua Sugarcane Co., Inc,, 

Oahu, Hawaii. The soil is in the Wahiawa series which is a 

Tropeptic Eutrustox, clayey, kaolinitic, isohyperthermic 

which developed on a olivine-basalt parent material. The 

site is a low, slightly sloping upland with an elevation of 

between 150 to 350 m. The field was well drained with a 

moderate to moderately rapid permeability. The volumetric 

water contents at wilting point (1.5 MPa), field capacity 

(0.01 MPa) and saturation (0.001 MPa) are 0.24, 0.36, and 

0.57, respectively. The average annual rainfall is from 

1000 to 1500 mm and most of it occurs between November and 

April. The mean annual soil temperature is 22 °C (Soil 

Conservation Service, 1976). 

The sugarcane (Saccharum species hybrid) cultivar 74-

4527 was planted in a 26.2-ha field (Fig. 5.1) which was 

surrounded by sugarcane fields planted within several weeks 

of the experiment field. These other fields were irrigated 

and fertilized on slightly different schedules. The row 

spacing was 2.74 m (Fig. 5.2). 11 Seed 11 cane was planted on 6 

to 8 September 1993 (day of the year, DOY, 249 to 251). 

Drip irrigation was applied continuously for several weeks 

after planting, usually on a weekly schedule for the first 4 

months, and almost every day for the rest of the season. 
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Fertilizer ~pplications were made about every mcnth th~cugh 

the irrigation lines (Table 5.1). Herbicide was applied 

about 2 days, 4 weeks, and 2 months after planting. 

I 
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+Weather st~tion, + Sonic 
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Figure 5.1 A generalized ~2p of the area in the field where 
data was collected. 

5.2 Measurement o: ni~ric-oxide fluxes 

' 'The experiment consisted rrim2:.-:.:::.:-:-:_ __ "1,y of 1) measurements 

of NO £luxes from the soil by a charr:;:ic::~ !;,et.hoc., and 2) 

measurements of 1'~0, N0 2 , and NO" fl u):2s 2i.b:.,v2 the sugarcane 

canopy by the flux-gradient method. 

5. 2 .1 NO fluxes from the soil by the cha:mber approach 

The NO flux from the soil was measured by covering the 
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Table 5.1. Fertilization schedule and amount 
of N applied. 

DOY TYPE kg-N ha- 1 

259 11-37* 34 
292 urea** 21 
309 11-37 20 
315 urea 39 

11 urea 22 
25 ( 3 76) urea 29 
40 ( 4 0 5) urea 32 
55 ( 4 2 0) urea 24 
73 (438) ure2 55 
74 ( 4 3 9) urea 11 
101 (466) urea. 25 
103 ( 4 6 8) urea 22 
104 ( 4 6 9) urea 22 

* 11 % nitrogen, ** 46 % nitrogen 
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soil with a vented closed chamber and determining changes in 

the chamber NO concentration over time. Because the 

placement of a chamber can disturb the natural soil 

environment, data was collected immediately after the 

chamber was put in place, but the initial data was not 

reliable because the analyzer was adjusting to the new 

condition and the N02 was depositing on the chamber walls. 

It was assumed that both N02 and 03 rapidly deposited within 

the soil chamber so that only NO should increase with time 

within the chamber (Johansson et al., 1988 as cited in 

Davidson et al., 1991), that the rate of air withdrawal tor 

sampling did not disturb the concentration in the chamber, 

and that NO build up during the measurement period (3-4 min) 

was not enough to reduce the flux. Air exchange through the 

hole is assumed to occur in a representative way, that is, 

the c..ir in the chamber is assumed to be well mixed and the' 

concentration in the chamber from NO emissions from the soil 

is assumed not to be depleted by the withdrawal and 

replenishment (Davidson et al., 1991). 

A cylindrical frame ring (0.25-m diameter by 0.1-m 

height) made of polyvinylchloride (PVC) was inserted into 

the soil to a depth of about 0.02 m, several minutes before 

air sampling. The removable top of the chamber (0.13 m 

height), which was made of white acrylonitrile-butadiene

styrene, was not installed until the measurements begin to 

let natural conditions prevail. The chamber rings were 
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removed and the spot flagged after each measurome~t to a~oid 

much disturbance to the soil. A small inlet (0.003-m 

diameter hole) on the cop of the chamber allowed 

replenishing of the removed air and equilibration of the 

chamber air pressure with arbient pressure. The te:,npera t ure 

was measured in the chamber with a mercury-in-glass 

thermometer which was laid on the soil in the chamber during 

data collection. The height was measured on 4 sides of the 

chamber and the average taken. 

Air was pumped from the chamber with the internal 

analyzer pump at a rate:. of 1. 5 T_, mi,'--.:.. 

(Size 1 2.nd 2, glas~, flc2t, Gil:.tCilt I:c:2+:ruments, 2> c.) 

controlled the air flow from che chamber at a rate ci 0.2 L 

and the NOx-free dilution air f~ow a~ a rate of 

The flow rates were recorded. 

dilution air passed thrc~gh a NOx scrubter (cryscalline 

ferrous sulfate; it: s use 0.1:2.s recc1nmend.ed by cTob1 Drummcric:, 

Unisearch Associates, I~c., 1?93) tc remcve NOx. 

sample was mixed in a? ccn~ector and passed alcng t~e 

teflon t~bing (FEP tubing Cole-Parmer Instrument Cc. N.i.22.::: 

Illinois) before it passed through the conver~~r whe~e NO 

was co~verted to N0 2 (Medel LNC-3, Scintrex). 

concentration was me~sured by a chemiluminescence ~etectar 

(Model LMA-·3, Scintrex Ltd., Concord,_ Or::tario, C:::mac,:c) (Fig. 

5.3) The NO concentration was recorded every :as fer? 

min (every 30 e for :~ min at the l:::eginni:-·g of the s·c.udy) . 

http:recc1nmend.ed
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air inlet chamber air 
I 
.j.---'~ 0.2 L/min flow meter# 1T chamber 

0.2 m lid 

::=!::=t==========;==soil!PVC ring! surface 

vent 
. t 

NO (L.'-l'C - 3 ) N02 
conv·erter detector 

with 
Ferrous internal 
Sulfate pump 

ambient data (L11A-3) 
air logger 

1. 3 L/min 
NOx-free air 

Figure 5.3 Diagram of the apparatus for NO-flux 
measurements from chambers. 
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Th~ z2ro was deducted from the concentration at each 

time interval, the calibration equation appJied (Section 

5.2.3), the data graphed, and the steepest portion of t~e 

curve selected (Hutchinson and Livingston, 1993). If the 

curve was not smooth, a representative or average slope was 

selecte:..1, 

The NO flux is calculated from the following equation: 

[ 5. J_ J 

2 
S -: ', •v.'here Fr:c, is the KO flux ::ate (ng NO-N m· , I 

aYe tLe f:Low rate.s ::,f: tr..e chamber air and 1'J0x-free di lutior:. 

6X/6t is t~e rate of NC 

::..:·_crease (a!'ter calibra'.:~_,,n_; ::.:::!. ppb; 

cha~ber from the surface .~tamber volume per surfacs area); 

mw~ is the nolecular weig~t or NO whic~ is 30 g mole-:; P ::.s 

the atmospher_c pressGre; R is the ideal gas constanc 

m3(0.0083143 kPa rnole- 1 K- 1 
) i and':.' is the ch2i"t,ber ail. 

temperature (K) (Davic:ison, :.i.~1SJ.) • Based or:. the Ideal Gas 

Law a~d k~agat's Law 0~ Part~al Volumes (Barre~, 1979); 

,-,r--, ',., 

1( ..!.. / .t) 2: 

· a.1.r 

and 

ppbvol ~---·------ [ S . 2]PNc 

,1.- , -,The unit ~nalysis -1.S represer:ted as i:0..L.lOWS: 
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mL min-1 
mg kPa 

ng-N in analyzer m 
3 
air in analyzer mole 

= * * m2 s s m3 kPa g 
in chamber * K 

mole K 

Because NO, N02 , and NOx fluxes are being compared with each 

other and the literature, the flux is reported as a flux of 

N, for example, NO-N, and the mw used in Equation 5.1 is mwN 

rather than mviNo· 

Measurements with the chambers were made at two or three 

different row positions at four sites upwind of the site at 

which above-canopy fluxes were measured (total of 8 to 12 

chambers) (Fig. 5.2). The row positions were: 1) at the drip 

line (wet and fertilized area), 2) at the sugarcane row, and 

3) in the space between the double rows of sugarcane (often 

drier area). The sites were immediately upwind of the f1ux

gradient instrumentation and at three other positions further 

upwind (Fig. 5.1). The system is portable battery operated 

and was moved by hand cart. 

The chamber measurements were coordinated with the flux 

measurements above the canopy {Section 5.2.2) since only one 

N02 analyzer was available. Chamber measurements and 

calibrations (Section 5.2.3) were usually done between 

noontime and about 1500 h. Measurements were made on dctys 

when above-canopy data was collected and were also made on 

days after each fertilization with decreasing frequency about 

a week after the fertilization. 
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5. 2. 2 Meas1.1rement of NO fluxes above canopy by the flux

gradient method 

s.2.2.1 Field measurements 

The NO fluxes above the sugarcane canopy were determined 

by measuring the NO gradient and the eddy diffusivity. '11hree 

methods to measure the eddy diffusivity were used because of 

unsolved problems (leaks which affected the water vapor 

measurements) with the first: the Bowen-ratio-energy-balance 

method, a sensible heat flux and temperature gradient method, 

and a prediction method. The Bowen-ratio method 

provides the turbulent exchange coefficient or eddy 

diffusivity for NO (K) as follows: 

-~ - + ..... () \ . , ~· /\ ' ,. \ + C.r, -· - ( T)~,n "'. ,! / \ J_j up.... / LIZ) Pa p (6T/6z)) [2.14] 

an~ the t:omhination me~hod was used to determine the soil 

heat. :rlux (G·J). 

0.001 m * 
O.OC5 D 

o<-02 m * ---, 

I 
I === __l,_0.05 m 

sr:rP 

Figure 5.4 Placement of thermocouples (*) and soil heat flux 
plate (SHFP). 
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The combination method to determine GO can be described 

in equation form by: 

GO = Gs - C2 b.z 2 (T2 (t+b.t) - T2 (t)) /b.t 

[ 5 . 3] 

where Gs is the soil heat flux at a 0.05-m depth; T1 and T2 

are the soil temperatures at depths of 0.001 and 0.02 m; f:7 2 

and b.z 1 are the thicknesses of the layers in which the soil 

temperature is measured, where b.z 1 is 0.005 m and b.z 2 is 

0.045 m; tis the starting time of each averaging period; lt 

is the time interval in seconds over which the data are 

averaged; C1 and C2 are the heat capacities of the soil 

layers about O. 001 and O. 02 m in J m- 3 0 C- 1 
, and are 

calculated as follows: 

C = Xm Cm+ Xw Cw+ Xo Co+ Xa Ca [5. 4] 

where Xm, Xw, Xo, and Xa are the volume fractions of the 

mineral, water, organic matter, and air and Cm, Cw, Co. an~ 

Ca are the heat capacities of each. Estimated values of 

these heat capacities are 1.925 x 10 6 
, 4.184 x 10 6 

, 2.510 x 

10 6 , and 0.0012 x 106 J m- 3 0 c- 1 
, respectively (Oke, 1988; 

Monteith and Unsworth, 1990). Xm equals the bulk density 

over the particle density, Xo is the organic-matter content 

by volume (0.0284) (Soil Conservation Service, 1976), Xw is 

commonly called the volumetric water content (6v) and is 

obtained by multiplying the soil bulk density by the 

gravimetric water content and dividing by the density of 

water. 
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The second method orovides the eddy diffusivity (1~) as 

fol le.vs: 

J'K = I 1. ~ [ 5. SJ 

where H is the sensible heat flux density (J m- 2 s- 1
), Pa is 

the air density (1200 g m- 3
), cP is the specific heat of air 

.1/ p 3 cr:dn/d7 

(1.01 J g·' 0 c· 1 
), and dT/dz is the temperature gradient 

(°C/m). 

The instruments were located in a downwind area 

selected to maximize fetch with prevailing wind directions 

/-r>" i:::is, trade winds) ~ r ig. _; . 1) . An upwind fetch of about 

500 m or more ~as achieved when wind angles were frorn 10 to 

80 degrees from north. 

Measurement heig~ts of 4 and 5 m were chosen (1) to 

keep ~cas~:ements (la) above the influence of the roughness 

subJayer (Graser, et al., 1985; Cellier, 1985; Fig. 2.7) 

associate~ with the initi2l surface patter11 and the eventual 

crop heiqht and ( lb) belm.: tb,~ top of the fu.lly adjusted 

layer, and ( 2) to er:sure a:r! &decrc:ate separation of tlle arr:-.s 

to allow a measur2ble, but app;cx~~ately ]~ne2~, 

gradient. T'i.va arms of tr.e B:)WC'~ r2tio sy:;,t.r::::n ( Campbell 

Scientific, Inc., Logan, Utah) were positioned at 4 and~ m 

on a tripod for air sarpling and air temp8ratu~e 

measure~ent. The air intakes for the NOx sample ware 

located 0.3 m behind the intake for the water-vapor sample. 

~et radiation was measured using a Fritschen type net 

radiometer (Q-6, Radiation and energy balance systems, Inc., 

Seattle, WA) . Al though it has been dc~m::mstrated t.~1at 
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simple net radiometers including some Fritschen net 

radiometers are not always accurate in measuring net 

radiation, mainly due to design and calibration errors, such 

net radiometers are still commonly used by agricultural 

meteorologists. Errors of -10 to +10 % were expected 

depending on the environmental conditions (Halldin and 

Lindroth, 1991). 

Surface soil-heat flux was measured at 5 row positions 

(see Fig. 5.2) to get a field average from the soil heat 

flux at each row position using the combination method with 

a soil heat flux plate (SHFP) (Model HFT-1, Campbell 

Scientific, Inc) at a 0.05-m depth and measured soil 

temperatures (0.0001 m copper-constantan thermocouples, 

Omega gauge) at 0.001 and 0.02-m depths above the plate to 

calculate heat storage (Fig. 5.4). 

The temperature gradient was measured with fine 

thermocouples of the Bowen-ratio-energy-balance system 

(pairs of 0.0005 inch and later 0.003 inch thermocouples, 

Campbell Scientific, Inc., Logan, Utah). 

The sensible-heat flux density was measured at a 4.5-m 

height with two sonic anemometers (Model CA27, Campbell 

Scientific, Inc.) positioned over the sugarcane and the area 

between the sugarcane to provide a good average and/or to 

ensure the height was adequate for horizontal homogeneity" 

The sonics were in close agreement (for example, less than 

10 W m-2 difference) most of the time. The sonics were 

located near the Bowen-ratio system (Fig. 5.1). 



The volumetric water content was measured at the 5 row 

positions and at two depths: 0 to 0.005 m and 0.005 to 0.050 

m. The soil samples were taken nearly every time the NO 

measurements above and below the canopy were done. 

The NO gradient was measured with the a 

chemiluminescence analyzer (N02 analyzer, Model UlA-3, 

Scintrex Ltd.) with a converter-scr~bber-switch instrument 

(Model LNC-3, Scintrex Ltd.) to convert NO to N02 and to 

allow alitomated switching between two heights under 

datalogger control (modified for us by J. Drumr.wnd at 

Unisearch Associates Ltd.). The switch instrument had 6 

modes (NOx, N02 , and zero reading for upper and lower air 

intakes) which were sequentially set every 4 min. 

Continuous air flow was drawn at both heights. 40 son each 

mode allowed 20 s for stabilization a~d 20 s for averaging. 

One d2talcgger (Medel 21X, Campbell Scientific, Inc) 

was used to control the BcwGn ratio system; a second 

datalogger, to collect the soil hc2~ flux data; a third, to 

control the LNC-3 anG lcs the LVh-:; a fcurth, to log data 

from the two sonic anernorn~ters; and a fifth, to log weather 

data (Secti.on 5.4.1). All 5 dataloggen: we2-:-e programmed for 

a ;:;o-min output interval. Local tine was set in all 5 

data::!..ogscrs. The Bowen-ratio and sonic anemcnetEr programs 

were the commercial. ones. The NOx program was an elaborate 

modification of the Bowen-ratio program. The system as 

described ru~s off battery powsr. 

http:Secti.on
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The NO flux was calculated as follows: 

FNo = K * dCN0 /dz * mwNoP /RT [5.6] 

where F00 is the NO flux, K is the eddy diffusivity, dC00 /dz 

is the gradient of mixing ratio by volume (ppb) over a 

height interval, z. Hourly atmospheric pressure was 

obtained from the Honolulu International airport from the 

National Weather Service. The unit analysis is shown below: 

10- 9 m3 NO g 

* 
ng NO m2 m3air mole 

kPa 
10 9 ng 

= * * * mz s s m m3 kPa g 
K* 

mole K 

Fluxes will be described as being towards or away from 

the surface to avoid confusion with the typical opposite 

sign convention for chambers. 

A correction for sensible heat and latent heat flux 

density effects on the NO concentration was not needed, 

because the air is brought to a common temperature and water 

vapor content in the analyzer by the Nafion drier tubes in 

the converter-scrubber, and because the analyzer determines 

concentration in mixing ratio by volume relative to ambient 

air (Webb et al., 1980). 

Measurements started one month after planting due to 

technical problems with the N02 analyzer (excessive zero 

drift) which required returning it to the factory and using 

another instrument for several months. Data was collected 



on the v2st ma.j c:,:.·i t y of dry and some w,2t days with sui ta}~ :1_ -' 

wind directic,: from the north east ( 4 5") o::: trade wind"~ ', ;; ,: 

70°) . The N0 2 analyzer was usually availab~e {or 

measurements a~cve the canopy during the mo~ning and 

aftern0on. 

of zero stability or the N02 analyzer (ze~c ~aria~icns of 

g~eater t}:an C ppt or greater than the cr~d~Pn~s cf KO a~a 

N0 2 ), w~en the wind direction was outs~de che i~eld fetch 

t ;..(less _J..ct.J 
- ~, 

. .!. :os er greater than 80°), when at~2sphecic 

cond.:tions were trcnsitional rc,sultL1g iL t~:c ter_i;:-:::,::cature 

gradient havins the opposite sign as the sensible he~t f~Lx 

(an apparent negative K) or a small air ternpe~ature gradient 

changed between stable a~d unstable or when the sonic 

anemoncters did net agree in sign, aud/or when o~e cf tho 

instrume~ts was not in operation s~c~ 2s ~~en cLamber fat2 

was cclJ.ected or prevented collecticn C£ s~~ic 

anemornete:::- data. 

5. 2. 2. 2 Regression equation ::or predicti.on of K 

Becau:c;e. leak p:r-oblems with t~1c~ BcwE,::-t-:,,1t ic-ei.eY-gy-

balance system, the eddy diffusivity '.K) from DO~ ~86 to 342 

was predicted based on the relationship ~etween the ~easLred 

ecJdy di f fus i vi t:/ and relevant environ::.ental 0::-:d _,, 2,n1::.1

characteristics from DOY 350 to DOY 117 usins a resression 

http:predicti.on
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equation. The environmental and plant factors considered 

for the regression equation were global solar radiation, net 

radiation, air temperature, soil surface temperature, 

volumetric soil water content at the drip line and between 

the rows, wind speed, wind speed squared, wind direction, 

standard deviation of wind direction, the product of wind 

speed and the standard deviation of wind direction, plant 

height, and leaf area index (the collection of much of this 

data is described in Sections 5.3 and 5.4). Scatter plots 

of these factors against K were inspected to detect the type 

of relationship. Highly significant variables at a 5% 

probability were determined by stepwise regression. 

Variables for the model were selected by comparison of the 

r 2model adjusted and PRESS values (predicted residual sum 

square) as well as consideration of the physical 

significance of the factor in the system. The selected 

model (r 2 = 0.3327, PRESS= 226.6) i3 shown below: 

K = 0.2756 + (-0.0187 * TS) (0.008793) 

+ (0.0494 * ws 2 ) (o.ooss17) 

+ (0. 0086 + WSxSD) (0. 001578) [ 5. 7] 

where TS is the temperature of the soil surface (0.001 m) 

(see Fig. 5.3) between the row, WS 2 is the squared wind 

speed, and WSxSD is the wind speed times the standard 

deviation of the wind direction. The standard error is in 

parenthesis to the right of each term. 



5. 2. 3 Instrument calibration 

The N0 2 analyzer and converter system was calibrated i~ 

the field nearly every day with 10 concentrations of NO from 

0 to 13.3 ppb with 4 points from Oto 1.11 ppb. Jc.. 0 . 11::.. ppm 

NO-in-N2 standard gas (Scott-Marrin, Inc., Riverside, CA) 

was diluted tc a range of concentrations with NOx-free air. 

The concentratio~ of NO in the calibrat~on ai~ stream was 

varied by adj L'St ing the f lcw rates of t~~e l.JCJ standc:rd (FRl) 

and NOx-free di~ution air (FR2) using a mass f~ow contro~ler 

system (Model UFC-llOOA with controller, Cnit Instrumencs 

!nc, Yorba Linda, Ca2ifcrnia). A port~bie generator was 

operated ,'.c::c::-ir,Scl celibrc=ct:ior: to provi.de rx... v,er fer the mass 

flow con~~cll0~s. Tr1e F.:xce:.::::: o::': rr.ix2c. ·":as ·.rented at a,i 1.:: T 

with r ~.2-~ tub~ open to th~ atmosphere (~i~ 5.5) The 

actual ~C concent~aticn in ~pb was calculated &s: 

[ffJJ = FRl/(!:<~Rl + FR2) * :.11 [ 5. 8 J 

TLe a,:alyze:.:- span anc the ze:c.) re2.o.ing v1er-2 set 

initially with at least five iterations bet~een the highest 

concen'.::.r2.t.::.on aE,~ the zero air. The spa~ and zEro were not 

changed t~cm d2y to day. A third or fi:::tt orc~cr po1ynomia~.. 

equation, as needed to get good fit of the curve through ths 

calibr&ted data as verified by grap~ing, was fit to the 

...,, 
J.. 112calibration data to serve as the calibration equation. 

calibr2tio~ equation was not used for extr~polation. 

http:concen'.::.r2.t.::.on
http:provi.de
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ferrous 
sulafte 

compressed 2.200-2.494 L/rnin 
air MFC2 
cylinder excess mixed air vent 

t 
vent 

t 

NO MFCl NO ( LNC- 3 ) N0 2 

standard converter detect 
gas wii..J1 
cylinder internal 

pump 
data (LMA-3) 
logger 

0.006-0.300 L/rnin 

MFC = mass flow controller 

Figure 5.5 Diagram of the apparatus for LNC-3 and LMA-
3 calibration with NO standard gas. 
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5.3 Supplemental plant measurements 

5.3.1 Leaf area and plant height 

Leaf area was measured with an Area Meter (L~-3100, Li-

cor Inc, Lincoln, ~ebraska) until the sugarcane canopy 

became close enough {3 mcnths after planting) for the 

effective use of the Plant Canopy Analyzer (Madel LAI-2000, 

L1-cor Inc, Lincoln, Nebraska). Measurements were made 

about every 3 weeks. ~hree randomly-selected but 

representacive areas were sampled outside the upwind area, 

to avoid c~eciting non-uniformity. Along 5 m of row the 

cctal number of plants was count~d and 10 repr~sentat~ve 

plants were cut for leaf-area rneai:,urement. The :i_ca:: area. 

index (LAI) was c&:culated as follcws: 

LAI 1m2/m2 \ '.C.,A ·A TNP/GA [ 5 . ~ J\ c,, ' 

where LA is the leaf area (m~/10 plants), 1N? is the total 

tiumber of pl2.nt ,s alc,ng 5 rc1 of r:ow I and GA is the ground area 

( Sm * l .. Sm; the width is more precisely 1.37 m so the leaf 

area was underestimated slightly·, . 

When the Plant Canopy Analyzer was used, ten sites in 

the ucwind area were se:ected rn~domly fer the measurements. 

Three readings below d~ci one readjrg above the canopy were 

taken fer each of the ~our replicates along the sugarcane 

double row at each site (Fig. ~.2) The 12 readings &re the 

three readings and 4 repJ.icates. 

The plant height was meas~red at the same time as the 

leaf arPa mcasurem~nts. 
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5.3.2 Stomatal resistance 

Stomatal resistance is associated with the closure of 

the stomata in response to environmental conditions and 

plant water status, and it is the inverse of stomatal 

conductance. The stomatal resistance was measured with a 

steady-state diffusion porometer (Model 1600, Li-cor, Inr ·1 

About 10 representative plants were selected in the vicinjty 

of the micrometeorological instrumentation. A diurnal curve 

(from about 1000 to 1600 h) was measured for two days (DOY 

288 and 309) . The stomatal resistance was measured for the 

lower leaf surfaces. The most recently fully expanded 

sunlit leaf on the plant was monitored. An area near the 

mid-vein, but not across it, of the selected leaf was 

selected. 

5.4 Supplemental environmental measurements 

5.4.1 Weather station 

A weather station was installed to measure various 

environmental factors continuously throughout the field 

study. Wind speed and direction were measured using a cup 

anemometer (Model 2012, Campbell Scientific Inc, Logan, 

Utah) and a wind vane (micro response wind vane, Model 2020, 

Qualimeters Inc., Sacramento, California). Precipitation 

was measured with a tipping b~cket rain gauge (Model TE525, 

Campbell Scientific Inc., Logan, Utah). Global solar 

radiation was measured using a pyranometer (Model LI-200SZ, 
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Licor Inc., Lincoln, Nebraska). All sensors were installed 

at a 4-m height. A datalogger (Model 21X, Campbell 

Scientific, Inc:, Logan, Utah) was programmed for a 20-min 

output interval. 

5.4.2 Soil exchangeable nitrate and ammonium 

Soil sa1nples to a depth of O .10 rn were usually take:1 

around each chamber loc2tion right after and a week after 

fertilization to determine sail exchangeable nitrate and 

ammonium, and pH. 24 soil samples across the whole field 

were ca~en before the first fertilization to c~aracterize 

the field variabi]ity. Ammonium and nitrate were analyzed 

·c1sing a tE:chi·1:.'..c:,L o."l..toana.2-yzer by the Agricultural 

Diagnc::st ic Sc:rv:'..ce Centt=·:r- 1 i:Jr:.ivcrs i ty· of Hawaii . 

5.4.3 Net mineralization and nitrification rates, and 

nitrificatio~ potential 

NO emi2sions from the soil are associated with 

microbial mineralization, nitrification rates, and 

nit~ificaticn potential. Measurements of these rates were 

made on DOY 288 and DOY 34. Soil ,vas sampled to a deptn. :::if 

o.:o rn a~d taken to the Agricultural Diagnostic Service 

Center, University of Hawaii within hours of sampling wit~ 

it kept cool iE the interim. The procedure followed is 

explained in Appendices 1 and 2. 
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5.4.4 Ozone concentration 

Ozone concentrations were measured at 5 m from DOY 115 

to 117 (Model 1003-AH, Dasibi Environmental Corp., Glendale, 

CA). Because the analyzer did not permit automation, ozone 

gradients were determined by repeated manual sampling of air 

from the two heights throughout each 20-min time interva} 

The samples were drawn through a teflon ~u~·~g attached to 

the Bowen ratio arms. The ozone analyzer required power 

from a generator, so the generator was located 50 m downwind 

of the instrument stand and the wind direction was observed 

carefully during its operation. The instrument was 

calibrated with an ozone-analyzer of the same type kept DY 

Jeff Castillo at the Department of Health in Honolulu, 

Hawaii for calibration purposes. 

5.4.5 Methane, carbon dioxide, and nitrous oxide fluxes 

Methane (CH4 ), carbon dioxide (CO2 ), and nitrous oxide 

(N2 0) flux densities were measured from DOY 115 to 117. A 

closed chamber was placed on the ground DL and BR. 8-ml air 

samples were drawn from the chamber at 0, 10, 20, and 30 min 

using 10-ml syringes. Samples were analyzed within 24 hours 

by gas chromatography (Model GC-mini2, Shimadzu 

Chromatograph Company) by John Zachariassen. Half of each 

sample was used to determine N20 (electron capture detector) 

and the other half was used to determine CH4 and CO2 (flame 

detector) . Two standard concentrations were analyzed for 



each gas just bcfor2 the analysis of air samples. A 

calibracion equation was obtained by linear regression. 

Fluxes were calculated LS1ng the following equation: 

1~· - ~x 'At * * , P/RT [5. 10]1-.'- - L, / u 11 mv,gas 
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6. RESULTS AND DISCUSSION 

6.1 NO fluxes from a sugarcane field 

Nitric-oxide fluxes from the soil surface were 

determined regularly between 13 October 1993 (day of the 

year, DOY 286) and 27 April 1994 (DOY 117, or equivalently, 

482), while the crop grew from a height of 0.40 to 2.5 m and 

a leaf area index of 0.12 to 6.5 (Fig. 6.1). Net 

mineralization (NM), net nitrification (NN), and 

nitrification potential (NP) were determined early and late 

in the study (DOY 288 and DOY 34 (399)) (Table 6 .1). Flux 

densities of carbon dioxide (CO 2 ) and methane (CH4 ) measured 

on DOY 115 to 117 of 1994 are shown in Table 6.2. The soil 

pH was 5.0. 

Table 6.1 Net mineralization, net nitrification, and 
nitrification potencial at DL, SC, and BR. 

,--~-~~~-

DOY NAME VALUES STANDARD ERROR 
DL SC BR DL SC BR 

288 NM 0.68 -0.16 -0.31 0.5 0.05 0.17 
NN 2.4 0.14 0.04 1. 2 0.03 0.06 
NP 1. 2 0.78 0.54 0.8 0.10 0.07 

34 NM -0.86 0.18 1. 6 0.06 
NN -0.83 0.15 1.6 0.05 
NP 13.8 1.33 4.7 0.66 

NM and NN are in µg-N g- 1 soil, NP is in µg-N g- 1 h- 1
, DL = 

drip line, SC= sugarcane, BR= between the ~ow. 



S7 

·-------,-7 

Figu1~e 6. 1 Crop b.eigl1t and leaf ar~ea ir1dex (L"'\I :· fc~: the: 
experi~ental period from DOY 286 i~ 1993 to ~OY 113 in 1994. 
In the year 1994, 365 d was added tc the day of the year. 
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Table 6.2 Flux densities of CO2 and CH4 at DL and BR 

FLUX DENSITY (ng m· 2 s· 1 
) 

DOY POSITION CO2 CH4 

115 DL 120 -18 
BR 97 -28 

116 DL 150 -18 
BR 115 -23 

117 DL 173 -10 
BR 123 -17 

6.1.1 Surface emissions 

Nitric oxide (NO) emissions from the soil were highly 

variable over time and at the different locations throughout 

the field. The sources of this variability will be examined 

and explained. 

6.1.1.1 Row positions 

Large fluxes of NO were observed at the drip line (DL) 

(from 10 to 130 ng NG m· 2 s· 1 
), whe:ceas fluxes one-tenth :.ts 

large were observei between the sugarcane rows (BR) (from l 

to 15 ng NO rn· 2 s· 1 
), except for a peak on DOY 300 and 302 

where BR fluxes exceeded DL (70 versus 34 ng NO m· 2 s· 1 
) • At 

the beginning of the experiment NO fluxes were measured in 

the sugarcane row (SC); they were slightly larger than BR 

emissions (2 to 20 ng NO rn· 2 s· 1 
) (Fig. 6.2). 

Significant differences were found between NO fluxes at 

DL and BR (P < 0.0001) (Table 6.2). · Both means were 

significantly different from one another (59 and 9 ng NO-N 

m· 2 s· 1 for DL and BR, respectively) by the least significant 
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Figure 6.2 Upward directed NO flux densities from thP soil 
surface measured by chombsrs at three row pcaiticns for the 
experimental period from DOY 286 in 1993 to DCY 118 i~ 1994. 
In the year 1994, 365 d w~c ad~ed to the day of the year. 
(a) The standard error is shown by a bar; (~) the figure is 

sho-,·m without error bars for visual clarity. Each 
fertilization is represen~ed by on F along the X axis. 
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difference (LSD) pairwise comparison of means. Much of the 

variability in fluxes is due to row position, which is 

completely predictable. The causes of the row pattern 

variability will be discussed in detail in Section 6.1.1.3. 

Table 6.3 Analysis of variance to test positions and sites 
using a nested design. 

SOURCE DF ss MS F p 

Site 3 58940 19646< 0.286 0.8340 
Pas/site 4 274700 68673]~ + 38.5 0.0000 
Day/pas/site 328 584600 1782 f 

Pos = Row position, that is, DL and BR. 
+ Error term for site, terror term for pas/site. 

6.1.1.2 Field-scale variability 

A great deal of variability was found among the four 

chamber sites distributed along Lhe center line of the 

field. For example, the site located in the lower part of 

the field near the above-canopy measurement site was alway: 

very wet and commonly had lower NO emissions compared to the 

other sites. A pattern of high or low fluxes was 

characteristic of each site, but the data at the sites did 

not vary with distance from the field edge (i.e. sites 1, 2, 

and 3 which were progressively fu~ther from the 

micrometeorological station, had lower fluxes of 30, 31 and 

20 ng NO m- 2 s- 1 on average, than site 4, which was further 

away, with a flux of 56 ng NO m- 2 s- 1 on average) . The 

variability in the field appeared during field measurements 

to be related to the influence of microtopography on soil 
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water co~tent (e.g. site 2 was better drained than site 1). 

Although the volumetric water co~tent was monitored at five 

rcw positions at a central locQtion, the dat~ f~orn this 

location is not representative of all four separate ch3mber 

sites and it gave only field patterns and we did not 

consistently record our impressions of which sites were 

wetter or drier than ot~ers. Because the mecisurements were 

sometimes made while the irrigation was progressing, this 

might have caused additional differences in volumetric water 

content between the sites. 

In spite of the observed variation aDorg sites in the 

r' , d
I:le..L there was no statistically significcnt difference~~f 

NG f h:xes between them according to the F test in the Al-JCVJ

( F = O. 29) (P > 0. 0001) and. to the pairwise comp&riscn o:: 

means by the least sig::-1if ic2.nt d:. fference (Table 6. 2) . 

6.1.1.3. Field scale trends and causative factors 

6.1.1.3.1 Fertilization 2~d ~olumetr~.c water content. 

'J.'he rapici. fluctuatior.s in volumt'':.ri.-2 \,atcr content (F5.g. 

,- ' 6 ::> ,, especially thrmigh DOY 410 whe~1 LI1.J: hega.n a rapid 

increase (Fig. 6.1) are due to irrigations 2~d r?in 

frequently wetting the soil and evaporation drying the so~l 

rapidly particularly for the 0.000 to 0.005-m layer. 

The volumetric water content frcm the top soil layc:r 

(0.000 to 0.005 m) experienced similar fluctuations comp~red 

to the NO fluxes fro~ the soil, whereas the volumetric water 
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co~tent for the deeper soil layer (0 00~ to 0.050 m) ~as 

more constant (Fig. 6.5). After planting, the soil between 

the row remained relatively dry due to direct exposure to 

so~l_ar radiaticm. Later shading caused the water content tc 

be more uniform across the row. 

The nutrient substrate (tE--J: 4 ·, N0 3 -) through the sec.son 

probably remained nearly constant because fertilization ~as 

frequent. Urea convert:3 to NH/ in 2 to 3 days after 

application to the soil and to N0 3 - 7 to 14 days afcer 

applicaticn (Tisdale et al., 1986). For this reason it is 

A ::;s:1med that there should ~>2 IJI., NE~· 2nd N03 - so DL chambe~:.

fluxes would be limited by water and net nutrie~t substr3~~ 

BE fluxes a~e m~ch smaller eve~ with similar 

wacer content su;gestins that the substrate is limiting. 

The ~o~- ~easu~enents sus;est plant up~ake became importanc 

The NH4 • jata appears unreliable and toe 

lcw based on the fertilization data (N. Hue and J. Silva, 

persona] communication, 2.S94). The sail sam?les werE kept 

frozen and taken to the lab th2 nexc busi~ess day &fte~ 

sampling, and the lab ~as contactci several times a~ouc the 

data, but the reason for the apparent error is unknown. 

NO emissions (Fig. 6.2) were high2y d,.::pendent on 

fertilizer application (Table 5.1, vjg. 6.~) and volumetric 

water content (Fig. 6.3). Fluxes changed rapidly over time 

becausn the water content c~anged rapidly over time and they 

could switch from high to low fluxes wit~in a few days. The 
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effect of irrigation and fertilization on NO emissions will 

be discussed together because the fertilizer was applied 

through the drip line. 

Fluctuations of NO fluxes were similar to the 

volumetric water content fluctuations at DL (Fig. 6.2 and 

6.3). A time lag of about two days between soil water 

content and the NO flux peak was observed from a cross

correlation analysis (correlation coefficient for time lags 

of -1, 0, 1, 2, 3, and 4 days were 0.28, 0.34, 0.36, 0.35, 

0.29, and 0.20, respectively). Since data were not 

collected daily for the whole experiment, a linear 

interpolation between the data points was made in order to 

make a cross correlati~n. NO fluxes at BR did not follow 

the fluctuations in volumetric water content and remained 

practically constant throughout the experiment; however, a 

better correlation was obtained for BR (0.46 for time lag 0 

d) compared to DL, but since the fluxes were stable over 

time the cross-correlation peak would be broader for BR than 

for DL. NO fluxes are not expected to be perfectly 

correlated in magnitude with soil water content since, for 

example, soil mineralization rates are reduced in subsequent 

irrigations (Johansson et al., 1988; see Section 2.5.2). 

Although we only measured the water content at one point, 

the increase should occur at the same time at all points in 

the field because irrigation and rainfall occur 

simultaneously spatially. Even if the volumetric water 
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content field average is a little different from that at th2 

chamber sites, the time relationship between peaks of NO flux 

and volumetric water content is the same. 

The NO flux cycles with volumetric water content. The 

cycles will be considered in the next few pages. Some 

examples are given which highlight this correlation. The NO 

flux increases tend to correspond with volumetric water 

content increases. From DOY 287 to 292 DL fluxes increased 

from 49 to 53 ng NO m- 2 s- 2 while the volumetric wate:c content 

increased from 0.18 to 0.40; and the NO flux remained fairly 

low at BR while the volumetric water content was low (0.0J to 

0.10) (Fig. 6.2 and 6.3). Nitrogen fertilization was applied 

] ha -1)on DOY 292 ( 21 cg N (Table 5.1, Fig. 6.4). A rapid 

m- 2 1bu:.:-st of NO evolution f:::-om 4 to 71 ng NO s- was observed 

~t BR on DOY 300 following a volumetric water content 

increase fron 0.08 to 0.36, compared to a ~cdest NC emission 

2 1increase from 25 to 34 Yl'J ~m m- s- &t DL i:ollowing c~ 

volumetric water ccntent increase from o.~7 to 0.31. The 

whole field was uniformlv wet because a 15C-m..111-rain fell en 

DOY 299. The highest NO emission of 132 n':., NO m- 2 s- 1 at DL 

corresponded to the highest volumetric water content of o.~2 

on DOY 314. Althouah this peak NO flux could be attributed 
.; -

to the nitrogen fertilization on DOY 309, it is not possible 

to confirm from our data whether this NO emission was the 

actual peak because the volumetric water cuntent was never 

constant. 
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The NO flux decreases tend to correspond with 

volumetric water content decreases. Some examples are 

given. The NO emission rate at DL (DOY 293, 295, 296) 

decreased drastically from 48 to 25 ng NO m- 2 s- 1 following a 

volumetric water content decrease from 0.40 to 0.27. NO 

emissions at BR were reduced to 35 and 8 ng NO m- 2 s- 1 for 

DOY 302 and 309, respectively, which corresponded to a 

volumetric water content decrease to 0.24 (Fig 6.2 and 6.3). 

A NO emission decrease from 132 to 75 ng NO m- 2 s- 1 at DL 

from DOY 314 to 317 could be strongly attributed to a 

volumetric water content decrease from 0.42 to 0.22. 

Although the fertilizer was applied (39 kg N ha- 1) on DOY 

315, the flux follows the water content and so with the soil 

drying the emissions were decreased by half (Fig. 6.2, 6.3, 

and 6. 4) . 

The NO flux increases and decreases tend to occur with 

volumetric water content increases and decreases. An 

interesting relationship of NO emissions to wetting and 

drying cycles at DL can be seen from DOY 326 to 335. NO 

emissions increased from 40 to 127 and decreased back to 103 

ng NO m- 2 s- 1 from DOY 326 to 333 and 335, respectively. The 

volumetric water content increased from0.21 to 0.37 from 

DOY 326 to 333 and remained constant at 0.37 up until DOY 

338. Although the amount of soil substrate during this time 

period was not measured, there apparently is still 

http:from0.21


sufficient sub8trate from the last fertillzation, for the 

soil microorganisms to reach the highest peak in NO 

production. -~'he NO emissions dropped for the following twc 

days even when the volu~etric wa~er content remained 

relatively stable. This is in agreement with the findings 

of Joh,,;.c-:.sson et al. (1988; Section 2.5.2). 

ThE correspondence of flux and volumetric water content 

increases and decreases indicates that che NO-producing 

bacteria respond rapidly tc increases and decreases in water 

content and inorq&nic nitrogen in the soil. N0 product L::m 

in the soil can be strongly inhibited at lcw water co~tent, 

and large amounts of NC can be emitted rapidly as soon as 

the soil is wetted. This rapid response to wetting by the 

microorganisms which produce NO in soil agrees with ~O 

measurements en a dry savanna ecosystem (~ohansson et al., 

1988) and laboratory studies r2avidson, 1992). 

There are situations whe~e the surface NO flux does no~ 

correspo:10. v,,itl1 the surface volunet.ric cc.c-:tent. Often these 

situations are for BR fluxes and 2re c~~sed by low NH4 • and 

On D~Y 314 the volumetr~c w2t~r content had 

increased back to 0.35 whereas the NO emitted remained low 

at BR (6 to 7 ng NO m- 2 s-i) (Fig. 6.2 and 6.3) The la:.i::-ge 

amount of NO produced following the wetcing of dry soil 0n 

DOY 300 and 302 was not ~uplicated wher1 the soil was rewet. 

This tendency suggests that NO emissi~ns frcm soils depe~d 

strongly on the availability of readily decomposable 
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nitrogen compounds; as well as the microorganisms response 

to abrupt wetting. The concentration of ammonium and 

nitrate (0.6 and 0.4 ppm, respectively) measured on DOY 288 

at BR was relatively low (Fig. 6.4). 

NO emissions at DL increased from 48 to 95 ng NO m- 2 s- 1 

and dropped back to 54 ng NO m- 2 s- 1 while the volumetric 

water content decreased from 0.39 to 0.26 and increased back 

to 0.38 for DOY 309, 310 and 313, respectively (Fig. 6.2 and 

6.3). Evidently NO emissions do not strictly increase with 

increases in the volumetric water content, but a negative 

correlation can be present. The increase in NO emission 

associated with a decrease of the volumetric water content 

from DOY 309 to 310 way be due to the increase of soil 

inorganic substrate by the application of 21 kg N ha- 1 on 

DOY 309 (Table 5.1). 

Irregular patterns on NO emissions fluctuating from 3 

to 7 ng m- 2 s- 1 at BR did not follow the trend in volumetric 

water content change from 0.18 to 0.35 from DOY 309 to 317 

(Fig. 6.2 and 6.3). Apparently the small amount of 

substrate, which was carried from DL to BR by mass flow 

through water movement (Stanley et al., 1990) when 

fertilization occurred on DOY 292, was mostly depleted on 

DOY 300 and 302 when high NO emissions occurred. 

An increase in NO emissions at DL from 39 to 94 ng NO 

m- 2 s- 1 from DOY 319 to 323 corresponded to a small decrease 

in volumetric water content (from 0.24 to 0.20) (Fig. 6.2 



and 6. 3) . Such a small decrease in soil water content 

probably did not affect the microbial activity in the soil; 

the urea application on DOY 315 provided a substrate for 

nitrifiers and had a stronger influence on NO production 

than the volumetric water content. 

Small NO fluctuations followicg vo!umetric water 

content fluctuations were observed at B2 from DOY 319 to 

342. NO emissions and the volumetric water content ranged 

from 3 to 1.11 :c1g NO m- 2 s- 1 and O. 15 to O. 3 7, respectively. 

Apparently only a small portion of the substrate added to 

the scil fro~ fertilization on DOY 309 and 315 was able tc 

reach this row position limiting ths mag~itude cf the flux 

~~sponse to the increase in soil moiscure. 

F&ctors other than soil water content and 

fertiliz~~io~ ~an also come into play. A drastic drop i~ NO 

emissions ,f::·um l03 t0 :;.·2 ng NC m- 2 s-~) concurred with a 

volumetric waLer cc~tcnt droo (from 0.37 to 0.20) from roY 

338 to 354 (Fi:.· G.2 anc.1 6.3'. Althoug~ this NO decre2se c2n 

be attributed to the decrease in t~e volumetric water 

content, it see~2 that there is another unknown factor 

affecting the NO emi~sions: a much higher NO flux was 

observed en DOY 323 ( 94 ng NO m- 2 s- 1 
) ;=:l though the 

volumetric water content was similarl~ l=w (G.20). 

A NO flux increase from 13 to 124 and decrease to 22 ng 

NO m- 2 s- 1 cc:crespt.mded to a volumetric water content 

increa~e from 0.20 to 0.43 and decrease to 0.32 at DL (DOY 
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354 to 26 (391) to 39 (404)) (Fig. 6.2 and 6.3). Fertilizer 

was applied on DOY 25 (376) (Table 5.1). After 

fertilization on DOY 40 (405), the NO fluxes at DL increased 

from 40 to 100 ng NO m- 2 s- 1 (from DOY 40 to 42 (407)) whilP 

the volumetric water content remained fairly stable (0.40) 

(Fig. 6.2 and 6.3). From DOY 56 (421) to 74 (4391, the NO 

fluxes increased from 11 to 101 ng NO m- 2 s- 1 while the 

volumetric water content remained high (0.37 to 0.40). 

Fertilization occurred on DOY 55 (420), 73 (438), and 74 

(439). By DOY 86 (451), the NO flux decreased to 7 ng NO 

m- 2 s- 1 following a small drop in the volumetric water 

content to 0.36 (Fig 6.2 and 6.3). 

6.1.1.3.2. Implications of soil fluxes for 

nitrification and denitrification. Biological 

nitrification is thought to have been an important source of 

NO surface emissions th~oushout the whole study. The 

volumetric water content generally ranged from 0.20 to 0.38 

(Fig. 6.3), which is considered to be in and near the 

optimum volumetric water content range for nitrifiers to 

remain active, provided that the amount of NH/ in the soil 

is sufficient for this process to occur. If the NH/ 

content in the soil is too low, nitrification will not occur 

regardless of the water content. 

A transient high NO flux was observed immediately 

following a large increase in water content at BR (DOY 300) 
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(Fig. 6.2), which indicates that both nitrifiers and 

denitrifiers became metabolically active after wetting 

(Firestone and Davidson, 1989; Davidson, 1992). The 

reduction in NO flux on DOY 310 is most likely due to a 

decline in the activity of the denitrificrs. This activity 

continued until the loc~l substrate in the vicinity of the 

individual microorganisms beca~e depleted of N0 3 or the 

content of 0 2 became too high fer further denitrification. 

The datu on NH/ 2.nd Nu 3 - content in the soil is limited 

and the NH4 + data is suspect but a good supply of N0 3 - at DL 

th:r.oushout the season c1nd prob:lbly NI-i4 • as well due to 

frequent fertilizations stisgest a subPtrate for 

nicrification and denitrification was p~esent. The 

denitrification at BR on DOY 300 d2spite lcw ~03 - levels 

suggests substrate levels did not p:event Cen~trifjcation at 

this time. 

Nitrous oxide (N2 0) fluxes wnicn excsed NO fluxes at C~ 

o~ COY 480 to 482 by about three t~mes give further evide~ce 

that denitrification is impcrtanc (Fig. 6.6). l(.P fluxes 

remained fairly stable, while NO fluxes dropped by about 

half following a volumetric water ~ccrease from 0.36 to 

0.32. This may indicate that 8ven though the soil did ~at 

. . 
reacr. saturation, denitrification at the :,acro:3ite levc:l 

could have been a major source of N20.at DL and BR. Because 

the soi] was wet, Nil,' and N0 3 - cUffuse to :.:he micrositea 

through the soil water films at CL, but at BR where both NO 
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and N2 0 fluxes were about 1/7 as large as that at DL 

apparently the lack of substrate (NH/ and N03-) was a very 

limiting factor for denitrification to occur. At BR the NO 

flux was twice the N20 flux on DOY 480 and of about the same 

magnitude the following day (DOY 481) while the volumetric 

water content was fairly stable (it dropped from 0.37 to 

0.35). The modest NO flux at BR and its decrease following 

a water content decrease could indicate that nitrification 

was responsible for NO production. 

The N20 to NO ratio gives further evidence of the role 

of denitrification in soil NO emisslons. At higher pHs only 

N20 is released by denitrification, but at pH of 5.0 (such 

as in this soil) or lcwer, nitric oxide has been found to be 

a dominant gaseous denitrification product (FiJ_lery, 1979 as 

cited in Fillery: 1983). Generally_ nitric oxide production 

in acid soils (where nitrite is acc~mulated) is attributed 

to chemodenitrification reactions bv nitrite decomposition 

(Chalk an~ Smith, 1983; Fillery, 1983). 

6 .1. 2 NOx co:..1servation 

In this section we will consider whether NOx can be 

considered conserved and so the NOx flux constant with 

height and under what conditions sources and sinks of NOx 

may exist in the surface layer. NOx is n~t reactive with 
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species in the air for the short-time frame importan~ for 

determining surface fluxes unlike NO and N02 which react and 

interconvert. 

N02 emissions from the soil are thought to be low based 

on the literature (Section 2.8.2) and the frequent wet

surface conditions at the experimental site. We did not 

have plants in our chambers which can reduce N02 fluxes 

below soil surface values. 

N02 uptake by plants is most likely when stomata are 

open (the stomatal conductance measured on DOY 288 and 309 

ranged from o. 2 to o. 4 mol m-2 s- 1 and did not have a clear 

diurnal pattern) a:1d when leaf surfaces are wet. NO release 

by plants would occur when stomata are open but further 

controlling factors are not well understood. 

Deposition rate of 12 ng N m- 2 s-1 measured on the 

Island of Hawaii by Vitousek and Walker (1985) appears too 

large because it is similar in magnitude, but opposite in 

sign, to our typical chamber fluxes which would yield a net 

flux of zero, whereas our above-canopy fluxes are much 

bigger. In a clean marine environment, usually minimal 

deposition is expected. 

We will consider the NOx flux constant with height, so 

NO fluxes from the soil equal NOx fluxes at 4.5 m, unless 

the data suggest a role for plants or deposition. 
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6.1.3 Above-canopy fluxes 

6.1.3.1 Experimental errors 

6.1.3.1.1 Corrections for analyzer interference. 

According to the L}'f..A-J manual section on the luminol 

solution, "below 5 ppbv [N02 J, the 0 3 interference is less 

thar:. 1% expressed as an equivalent mixing ratio of U02 ." 

Prior to measuring N0 2 and 0 3 this statement had little 

meaning and suggested ozone interference was small. Actually 

it means that 1% of the atmospheric ozone concentration will 

be indicated to be N02 by the LMA-3 N02 analyzer (John 

Drm::mond; Unisearch, personal communication to Grase~c . 1. s, :J 4) . 

With an 0 3 concentration of 3 O ppb the aLalyzer will ::_:1dicc~te 

300 ppt N02 before considering the N02 concentration in the 

air. With an actual NO~ concEntration of about 300 p~t, the 

L¥J..-3 will indicate an NO;: concentration of 600 ppt. lri 

addition John Drur.u::ond indicates that new luminol 

preparations may have an interference of 0.3% or less. This 

wculd mea.n the Ll1A-3 reading is closer to 2 5% from 0 3 ( lOO 

ppt from 0 3 + 300 ppt from ~02 ) rather than 50% from 0 3 , but 

even with 0 3 data cince the interference isn't known 

quanti~atively it can't be removed by calculation. 

The 0 3 interference has an effect on the calibration 2s 

well. Our mass flow controllers operated most accurately 

with both the standard and dilution gases coming from 

compressed gas cylinders, rather than the standard being 

under pressure and the dilution gas under vacuum. 
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0 3 Consequently, compressed air was used with probably a zero 

concentration because 0 3 is destroyed and it sticks on walls 

(Roger Atkinson, University of California, Riverside, 

personal communication to Graser, 1994; their measurements 

of ozone in a compressed air cylinder showed no ozone). 

Because the ozone-free calibration dilution gas does not 

match the variable atmospheric concentration of ozone and 

because the calibration curve is non-linear, the 0 3 

interference can put the LMA-3 output on the wrong part of 

the calibration curve with the wrong curvature. NOx and N02 

concentrations with the new luminol are clearly in error by 

25% with 0 3-free cal~bration dilution.Since NO is determined 

by difference (that is, (N02 +NO+ i03 ) - (N02 + i03 )) and 

the 0 3 interference (i03 ) is identical for the corresponding 

NOx and N02 measurements, the NO concentration is nearly 

accurate except for the NOx and N02 concentrations that will 

be on the wrong part and curvature of the calibration curve. 

Since measurements will be too high due to ozone 

interference, a flatter part of the calibration curve will be 

used than should be and the gradients will be smaller than 

they should be. 

The effect of 0 3 interference on the NOx gradient 

determinations can be considered for several cases (Table 

6.4). When the 0 3 gradient is large, the NOx and similarly 

the N02 gradient can look small, zero, or negative. 
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Table C.4 Magnitudes cf error in gradient caused by 0 
interference. 

CASE ACTUAL CONCENTRATION LMA-3 OUTPUT 
[OJ i03 [NOJ [NO:J 

1 (typical concentrations) 
High level 31 ppb 310 ppt 300 ppb 610 ppb 
Low level 30 ppb 300 ppt 330 ppb 630 ppb 
Gradient 1 ppb 30 ~Jpt 20 ppt 

Note: the 03 gradient reduces the measured 6NC\, 

2 (ll03 = 0' L:.NOX = big) 
High level 30 ppb 300 ppt 300 ppt 600 ppt 
Low level 30 ppb 300 ppt 350 ppt 650 ppt 
Gradient 0 ppb so ppt so ppt 

Note: if there is no gradient, the interferencE0 3 0 3 

cancels out in the absence of a calibration problem 

3 (.603 : big t l':.NOx = small) 
High leve1 32 ppb 320 ppt JOO p-·~t- 62D pp'c 
Low level 3C ppb 300 ppt 320 ppt 620 pp:-. 
Gradient 2 ppb 20 P~Jt. 0 p:;,t 

Note: i~ the 0 3 gradie~t is large it can ,11a:'Ce tne lNC;.: leek 

l--'-

small, zero, c~ negative. 
---···----------···--------···--··-----·------

6.1.3.1 . .2 Predicted eddy diffusivity. 

K was calculated based on~ statistical :egression ~od~l. 

The model has the disad,,-antage of being applied to 

extrapolate data: the missing data occurred in a different 

se~son 0f the year when the crop was shorter. During model 

develcp~er1t, the a~~mometer and wind vane were about 2.0 to 

3.0 m above the crop, while during model usage for 

pred:i.ct.:.cn, the: anemometer and wind vane v1c:e. up to 3. 0 :::.o 

4.0 m vbcve plant height. With equal regional wind speeds, 

wind speeds at 4.5 mare thought to b~ higher during the K

rnodel prediction period than the K-modol development period 

by more than the increase in mixing, possibly leading to 

http:pred:i.ct.:.cn
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inflated estimates of K. Regardless, the NO fluxes based on 

predicted Ks (DOY 286 to 340) are not as reliable as the NO 

fluxes based on measured Ks (DOY 350 to 481). 

6.1.3.1.3 Fluxes determined with the effective 

reactive K. The NO and N0 2 fluxes determined by inert 

K approaches based on NO and N0 2 concentration gradients ,an 

be and usually are in error because NO and N02 can react 

creating a flux divergence (fluxes are no longer constant 

with height). The inert K approach can be applied to a 

conserved entity such as NOx (NO + N02) . In order to 

determine our NO fluxes above the canopy, a consideration of 

the rapid in-air chemical reactions experienced by the N0-

03-N02 system during the day and night is made. Our 

calculations are based on the complete reactive K model 

based on the ratio of turbulence and chemical transformat10n 

time scales formulated by Vila-Guerau de Arellano and 

Duynkerke (1992). 

The flux equation was summarized as follows: 

ac1
wci = Kij ( __,_) [6,la] 

8z 

where the units of wci are ppb m s- 1 
, or 

mwj P 
wci = Kij * * [6. lb] 

8z RT 

where the uni ts of wci are ng m- 2 s- 1 
, mwj is the molecular 



weight of species j, Pis the atmospheric pressure, R is the 

ideal gas constant, Tis the absolute temperature, and where 

' Kij lS the effective reactive turbulent exchange coefficient 

that can be expressed as follows in the form of a matrix: 

KU. (z + Zc) 1 + r1 +r3 -r1 --r 3 
-r= l + r2 + r3 r3 

V"r2 .,_ 1 l + r1 + r-

[ 6 . 2 J 

and r 3 are the ratios between the turbule:it 2nd 

chemical reaction time scales and are defined as: 

r... ··- ---·----··--------

[ 6 . <, J 

..... 3 -- [ 6 . 5] 

gr&dients were cJnl,r measu1·cc~. b1.ief}.~.,r 0:1 DO-{ 115.0 3 - . 

NO, 0 3 , and N02 fluxes are calculated with our experiment~i 

data using che effective reactive K approac~1 (the gc~eral 

matrix cq. [ 6 2 J ) frrn', Vila--Guerau de i,rellano and Duyr1kerkc 

(1992) and two sets c~ values for the chemical reaction 

rates (Table 6. 5) . Although the approach is for ~eutral 

conditions where K = ru.z, we are using measured K which is 

correct for each stability. 
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Table 6.5. Comparison of fluxes calculated using the inert K 
and the effective reactive K for three time intervals on DOY 
115. 

Time Species Concentration -Fluxes determined with 
[h] [ppb] Inert-K Reactive-K· Reactive-K.. 

[ng N m- 2 s-1] 

1620 
NO 0.351 -0.00776 -0.00744 -0.00748 
N02 0.170 0.00287 0.00255 0.0026 
NOX 0.521 -0.00488 -0.00488 -0.0048[5 
03 27.13 0.24495 0.24604 0.24589 

1640 
NO 0.310 -0.0051 -0.00461 -0.0047 
N02 0.144 0.00668 0.00619 0.00628 
NOX 0.454 0.00158 0.00158 0.00158 
03 27.27 -1.0649 -1.0632 -1.0635 

2120 
NO 0.205 -0.0002 2.4x10-s 1. 59xlo-s 
N02 0.664 0.00025 2.8x10- 5 3.74xlo-s 
NOX O.S69 5. 33x10-s 5.3x10-s 5.33x10- 5 

03 21.75 -0.09376 -0.0929 -0.09301 

u. = 0.34, 0.33 and 0.011 for 20-min time intervals ending 
at 1620, 1640 and 2120 h, respectively as calculated from 
u. = K/ K z ; z + z ~ = 4 . 5 m; 
• = 0.000416 ppbv- 1 s-:, = 0.008 s- 1 (Vila-Guerau dek 1 k 2 

Arellano ar.d Duynkerke, 1992);
1 1•• = 0.0004 ppbv-'" s- , = 0.004 s- (Fitzjarrald andk 1 k 2 

Lenschow, 1983). 

For this small data set, the fluxes calculated using 

the reactive-K approach were on average 10 % smaller for 

N02 , 8 and 0.5% larger for NO and 0 3 , respectively, compared 

to the fluxes calculated using the inert-K approach. Vila

Guerau de Arellano and Duynkerke (1992) reported differences 

between the reactive and inert exchange coefficient of 30, 

5, and 3% for NO, N02 , and 0 3 , respectively. Fitzjarrald 

and Lenschow (1983) reported that when the NO/NOx 

concentration ratio does not exceed 0.1, the NOx reactive 

fluxes may differ from the non-reactive fluxes from 10 to 
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20%. 

reactive fluxes. 

TLe use of the effective react::.ve Ks had 2 relat.:ively 

small effect on the fluxes, apparently because the 1 m 

spread between the arms of the i~strumcnts did net p2rmit 

much time fer the reaction to take place while the gas was 

mixing across this ~istance. Exc.n,ina:::ion of tLe 2 c:2-ys of 

0 3 concentration data for this cit~ and 6 months of 

Departmenc of Eealth 0 3 concentration data for elsewhere on 

Oahu (Sand Island) suggests the small effect of the reaction 

on ou:r- fluxes is t_::·Ir:·ical c:;f our e:-:1:ire study. In fact, 

ea:::clier 2-n the .seasor-1 wlcer:. the arr.,s were ft:rt1:e:.:: above the 

crop, mixing was greater allowing less reactio~ to occur. 

6.1.3.2 Diurnal patterns in concentration 

!twas expected fro~ the literature (Delany et al., 

1986; Wesely et al., 1989) tha: at night in the absence of 

photochemistry, that N0 2 wc~ld ~a ~onger dissoci2t0 to form 

C3 , would be depleted by sur~ace deposition and reaction0 3 

with NC, and, after tt~ 0~ was depleted, the NO 

concentration would increase. Nighttime data was collected 

from DOY 87 to 88 and 115 tc 118, b~c 0 3 data was only 

collec'.::ed from DOY l}_~:, to 117 (F:i.<::;. 6. 7 and 6. G) . Our data 

doss net show 0 3 decreasing nor tJO increasing during the 

night. 0 3 has peaks dur~nJ the night similar in magnitude 

to those during the da'/ (2 8 to 3 O rpb) , 

http:react::.ve
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1994. 
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Decreases in NOx and N02 concentration corresponded to 

i~creases in 0 3 concentration a~d vice verse, whereas the NO 

concentration re1~ained lower and showed a weak relationship 

wi t.n NOx and 0 3 (Fig. 6. 7) . This same pattern was observed 

for both day and night. A gradual decrease in the NOx 

concentration f:::om o. 9 to near O ppb was observed from c .. y 

115 to midnight of DOY 116, followed by a drastic 

NC. er~ )x back to O. 9 ppb by tl1e morning of DOYincrease 116. 

Apparently a source of and a sink for NOx existed at this0 3 

height. The source may be mixing from the upper surface 

layer during the night or NO production and consumption b,, 

the ni tr2. te radica.l N0 3 (:-;c.sely et al. ! 1~;89) . A dense 

cj_oud co·ver at r..idni.gEt ;Ji-:,_ DGY :u.G ccouJ.ri. have carried a 

soc.:.rcE.: of l".'Ox from ether c1.reas for t-.he fc.;llowir..g hm.~rs. 

The use of ':l. generc::tor represents 3. ::::curcc of :NO,, ,,;hJ ch 

potentially would destroy 0 3 , however it was loc~ted in a 

downwind are2 about 50 m a~ay from the metParolcgioal 

direction from the North-East. The winds ar~ generally 

quite brisl: and relatively steady c,t tl::.is site suggesting 

exhaust would not reach the meteorological station witl1 

appropiate wind directia~. The NOx conce~~~ations measured 

from DOY 117 to 118 (Fi5. 6.7) without a generator running 

are of about the same magnitL.de as the tw:J pre'.0 ic'-.1s days 

with the generator indicating the generator ~,as not a local 

source of pollution. 

http:magnitL.de
http:ccouJ.ri
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A weak pattern of higher NO and NOx concentrations was 

observed during the day compared to the night on DOY 117 

(Fig. 6.7) suggesting that light does not affect 

significantly the production of NO by soil microorganisms. 

In the morning on DOY 118, the N0 2 and NOx concentrations 

increased drastically about four times (from 600 to 1000 t) 

and decreased back close to zero (from 1020 to 1600 h) < 

Possibly atmospheric mixing diluted NOx or rainfall cleared 

it from the air (7 mm of rain fell from 500 to 1000 h). On 

DOY 87 to 88 nighttime concentrations were highest (Fig. 

6. 8) . 

6.1.3.3 Diurnal patterns in fluxes 

A diurnal t~end of fluxes increasing in the morning, 

reaching a peak at noon, and decreasing in the afternoon 

(Fig. 6.9a and b) and night (Fig. 6.9c, d, e, and f) was 

evident for a few days. Either a limited number of hours of 

data were available for other days or the NOx fluxes showed 

high fluctuations for the entire day. The N0 2 and NOx 

fluxes were of about the same magnitude and followed clearly 

the diurnal pattern for DOY 350 and 33 while the NO flux 

showed a weak pattern (Fig. 6.9a, b, and c). The NO flux 

went downward while the N02 flux went upward for DOY 115, 

116, and 117 (Fig. 6.9d, e, and f) with net NOx flux 

fluctuating around zero (Fig. 6.9e and f). Apparently NO 

was adsorbed in the sugarcane canopy and released back to 
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the atmosphere as N0 2 by the transpiration process. However 

overall sources and sinks of NOx are difficult to assess 

because the NO emissions from the surface were low for these 

days (1 to 9 ng N m- 2 s- 1 
) (Fig. 6.2). It is difficult '.:o 

determine whether the upward and downward flux is affected 

by the rapid in-air chemical reactions, especially when 

emissions from the surface, deposition rates, and plant 

effects must be considered. Due to high fluctuations in NO 

and N0 2 fluxes, diurnal patterns were not consistent over 

time. Therefore, daily averages of NO and N0 2 fluxes may 

not be representative of a true mean flux. 

5 to 20 times larger during the day than at night (Fig. 

6.9d, e, and f) i~dicating that air mixing and pla~t 

processes during the day do have an effect on the fluxes. 

The diurnal patterns in the above-canopy flux data 

indicate that characterization of th~ flux for a day ~6sed 

on a short period of measurement during the daytime will 

exceed the daily average. 

Diurnal changes in volumetric water content were not 

measured, but it is typical with a wet subsoil as we had 

that the surface water content increases at night. This 

phenomenon suggests that NO fluxes might increase at night 

in response to the surface soil moisture. 



6.1.3.4 Comparison of above-canopy NOx fluxes 

with surface NO fluxes 

A comparison between the NOx fluxes above the canopy 

and the field average NO emissions from the surface for th~ 

whole study will bE made to determine how much NOx reaches 

the atmospherE: and how the crop influences the NOx flux, Ni, 

emissions from the soil were always away from the surface, 

whereas the NOx flLxes above the canopy were generally awav 

from the surface ~nd sometimes towaras the surface . 

• 1A field average of NO fluxes from the SOl-"-

calculated by multiplying the average N0 fluxes from the 

fou::..- sit.es a.'.: each row po:::it::..o:: (DL ano BR) tir.1e.13 the 

s~rface frastion they reprcsen~cd along the sugarcane rows 

(Eq. lr 
O 
r 

, 0
,..-

j
., 

J 
' 

• The KO fluxes fro~ DL. SC, and BR ~easured on 

10 days &t t:ie be~; inning of the ,,.:xperimen.t and t.he:i r su1·face 

fractions were used to obtain this relation. 

[ 6 _6]F NO fa = 0 . 19 5 * F NOd: + 0 . 8 0 5 * F NObr 

The daily average &bove-canopy flux den~ity waB 

delermined by ave~aging the above-canopy fluxes for all 

available time periods. 

The daily NOx fluxes at 4.5 rn were usually away frcm 

the surface (that is, surface emissions exceeded deposition) 

(Fig. 6.10) and 2 times bigger (on average) than the PO 

' . f- rom th surf (~. b .. 11 , 6 1 2 \ NOewissions e ace rig. - ana ·-, m.:rface 

fluxes were higher than NOx above-canopy fluxes on a few 

days at the beginning of the experiment and were general~y 

http:tir.1e.13
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Figure 6.10 The above-canopy NO, N02 , and NOx flux 
densities for the experimental period from DOY 286 in 1993 
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higher at the end of U1,2 experiment when the leaf z,rea 

increased from 2 to 6 (Fig. 6.12 and 6.1). 

of the experiment large ~O fluxes BR made the field 

average large, whereas at the end of the experiment the 

decrease in fluxes above the canopy could be attributed ~c 

the sugarcane canopy. The large ratios (from 2 to 7) 

observed in the r,1idci.le of the exp, 0·riment (Fig. 6. 12) could 

be attributej to experi~ental errors such as o, interference 

in the analyzer, an error which occurs throughout the 

experiment. 

If the weighing factor to calculate the field avera~e 

for NO emisE ions (Eq. [ 6. 6] ) f:t-om the soil had given 2 

greater weisht to t.Le f111.x at t.l-:.e drip-line row prn:;ition 

which was consistently a ~igger flux, t~e chamber field 

fluxes rn.easured above the canopy, but it is not clear i_,, Ji_ 

the above-canopy flux magnitude is more valid than the soil-

surface flux magnitude. The weighting factor was developed 

. • 1from data e2..rly in the season hhen i:.,hading v,..ras minima,. and 

other cha~acteristics vary from the end of ths study. 

Because variability was great between the chamber 

sites, additional measurement sites could ha,Ie resulted 1.n 

tho soil surface field average resembling the above-canopy 

fluxes more closely if the four current measurement sites 

were not represeLtative. 

NOx fluxes towards the surface were observed on several 

http:r,1idci.le
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days throughout the season suggesting deposition (DOY 287, 

291, 313, 314, 86, 115, and 116) (Fig. 6.10) or increases in 

0 3 fluxes and associated measurement errors. Both of these 

are probably promoted by similar atmospheric behavior. NOx 

fluxes above the surface frequently matched the trends 

followed by the surface emissions early in the season 

suggesting that NO emitted from the soil was the important 

source of the NOx in the atmosphere (Fig 6.10) and that 

other processes such as interaction with the canopy were not 

important yet. 

At the beg~nning of the experiment (DOY 278 to 295) NU 

fluxes above and below the canopy did not show a clear 

relationship. Surface NO emissions fluctuated from Oto 7 

m- 2 2ng-N s- away from the surface whereas fluxes of NOx above 

the surface ranged f~om 7 towards the surface to 16 ng-N m- 2 

s- 1 away from the surface. 

A soil NO emission increase from 4 to 30 and decrease 

back to 7 ng-N m- 2 s- 1 corresponded to a above-canopy NOx flux 

increase fro~ 4 to 23 and decrease to 9 ng-N m- 2 s- 1 (DOY 296 

to 309). At this early stage of canopy development (LAI= 

0.17) (Fig. 6.1) the crop had very little effect on the 

transport of NOx to the atmosphere. The greatest peak of 

surface emissions for the whole season was observed during 

this time period (DOY 300 and 302) (Fig. 6.11) due to 

significant emissions from SC and BR (Fig. 6.2). Since 

these row positions comprise most of the surface there was 
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less horizontal variability throughout the field than during 

the rest of the measurement period. Here the above-canopy 

NOx fluxes were of similar magnitude compared to the sur~1r~ 

emissions. 

Between DOY 313 to 314 the NO surface emission 

increased fror:1 8 to 15 ns-H 1,1· 
2 s- 1 away from the surfacG 

whereas the above-canopy NOx fluxes went from Oto 31 ng-N 

m- 2 s< towards the surface. The NOx flux is bidirectional 

(an emission flux competes with a deposition flux) (e.g 

Delany et al., 1986); the emission flux depends on the rate 

of production from the soil while the deposition flux 

depends on the atn:ospr.erir::: ccncentrat.ions. Both a 

deposition of NO., or 2n incrsased depositior of 0 3 causing 

increased ~nalyz2r interfe~ence could explain this non 

agreement of the charaber a;1d above-canoi.JY fluxes. 

A surface NO emission doubling corresponded to an 

above-canopy NOY flux increase of nearly 100 times from DOY 

319 to 321 (Fig. 6. ll) . stnce NO may be more soluble in the 

plant liquid than it is in water it may be take~ up by plant 

roots and subsequently emitted through the stomata (A. C. 

Del2ny, personal communication to E.A. Graser, 1994). 

Environmental conditions which would have caused the piant 

to emit NO particularly at this time are ~ot kliown. 

flux toward the surface from DOY :::;14 to 323 might indica.te 

an flux increase and an assoc~ated increase in analyzer0 3 

interference which could partly explain th2 huge NOx flux. 

http:indica.te
http:above-canoi.JY
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Possibly the DL soil flux should have been weighted more in 

determining the field average for these days. By DOY 326 

the NOx fluxes above the surface and NO emissions from the 

soil were both low (10 and 5 ng-N m- 2 s- 1 
, respectively) 

The effect of a wetting and drying cycle on NO 

production in soils and its transport to the atmosphere is 

illustrated from DOY 331 to 340 (Fig 6.5 and 6.11). During 

this time interval a peak of NOx flux above the canopy from 

24 to 44 ng-N m- 2 s- 1 was concurrent with a NO emi2sion fro:-, 

the soil ranging from 10 to 15 ng-N m- 2 s- 1 
• Another example 

of NO fluxes above the canopy following a wet and dry cycle 

is observed from DOY 39 to 42 (404 to 407). The chamber 

flux increased from 4 to 15 ng N m- 2 s- 1 whereas the NOx flux 

above the canopy increased from 10 to 24 ng N m- 2 s-'. 

The dependence of the NOx flux above the surface on the 

NO emissions from the soil can still be observed from DOI 

350 to 6 (371) before it weakens over the following months 

(Fig. 6.11). The NOx flux was about 4 times larger than the 

NO emissions through DOY 13 (378). However the NO emissions 

from the soil were 2 and 7 times larger than the NOx fluxes 

for DOY 21 (386) and 26 (391) 

For DOY 33 (398) and 39 (404) the NO emissions from the 

surface and NOx fluxes above the canopy were similar and low 

at about 4 and 10 ng-N m- 2 s- 1 
, respectively. Upward and 

downward fluxes can equal or compensate. Delany et al. 

(1986) called this a compensation level. On DOY 385 and 392 
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there were emissions from the soil, but only minor fluxes 

above canopy suggesting deposition equalled emissions. 

Two highly windy days (wind speed of 10 m s-1 
) occu1rsd 

on DOY 73 and 76. On DOY 73 (438) the NOx flux above the 

canopy was about 4 times larger than the emissions from the 

soil (Fig. 6.11); however, by DOY 76 {441) the NO surface 

emissions increased by more than half but the NOx fluxes 

above the canopy decreased by two thirds. The windiness may 

have slightly increased the surface NO flux by reducing the 

NO concentration in the soil, but such an effect is not 

distinguishable because the so~l water content also increased 

slightly during this time. The NOx flux reduction on DOY 76 

may be due to mere mixing deeper into the sugarcane canopy 

(LAI= 4.9) (I"ig. 6.1) and associated deposition on leaves, 

but it is unclea::::- why this wouldn't have be'-:::Un on the f i:::-st 

windy day. T;:1e slight increase in NC ::.:;L1.l.-±:2.ce emissions, 

while the NOx fluxes above the canopy de.creassd drastically, 

could be explained in terms of an increase in the ozo~e flux 

and analyzer interference. d~e to the wi~diness br~ngi~g ozone 

down from higher in the atmosphere. 

Cases of NO emissio~~ from the surface being larger than 

the NOx fluxes above the canupy were observed at the end of 

the experiment corresponding to rapid increases in leaf area 

index. From DOY 85 (450) to 87 (452) the surface emissions 

were low and increased 3 fold, but the above-canopy NOx fluxes 

stayed nearly constant and near zero (Fig. 6.11). The surface 

http:L1.l.-�:2.ce
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NO flux decreased from 9 to 4 ng-N m- 2 s-1 from DOY 115 (480) 

to 116 (481), whereas the above-canopy NOx flux fluctuated 

around 1 ng-N m- 2 s-1 toward the surface for DOY 115, 116, and 

117 {Fig. 6.11). Deposition or error due to 0 3 flux changes 

can explain low and surface-directed NOx fluxes, but this is 

less likely to be the case for both periods DOY 85 to 87 and 

115 to 117. Apparently the NO produced in the soil was mostly 

taken up by plants since the sugarcane canopy was closed (LAI 

= 6) (Fig. 6.1). 

6.1.3.5 Speciation of above-canopy fluxes 

This section will discuss the speciation of NOx fluxes as 

NO and N02 fluxes above the surface. For a short-time period 

{DOY 296 to 309) at the beginning of the experiment, the NOx 

consisted predominantly of N02 (Fig. 6.10). This time period 

corresponds to rapid soil wetting and large NO fluxes at ~h~ 

BR position (Fig. 6.2 and 6.3). 

From DOY 313 to 314 the NOx flux mainly consisted of the 

NO flux, each towards the surface (14 to 28 ng-N m- 2 s-1 
). A 

NO flux directed towards the surface has not been reported in 

the literature. Three possible explanations are measurement 

errors; deposition of N02 which is converted to NO above the 

canopy (Fig. 6.13a); and/or a one-directional conversion of 

NO to ro2 below the canopy in the shade, but a two-directional 

conversion of NO to N02 above the canopy due to direct solar 

radiation (Fig. 6.13b). 
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Figure 6.13. a) Downward flux of N02 and its conversion to 
NO; b) Conversion of NO to N02 below and above the canopy. 
The vertical arrows represent vertical fluxes and the 
harizcntal arrows represent net ccnversicns of species. 

From DOY 319 tc 321 the NO flux away from the surface and 

the N02 flux toward the surface each peaked, but the NO flux 

dominateJ (Fig. 6.10). Since fertilizer was applied on DOY 

315 ~he emission of NO from the sugarcane through the 

transpiration stream might have been a~ important sourcs even 

though the crop was only 2.5 months old (LA~= 0.5) (Fig. 

6. 1) • It is also possible that N02 deposition was taken up by 

the sugarcane and quickly reemitted to the atmosphere as NO 

through the stomata. The trend in the N02 flux toward the 

surface might indicate an 0 3 flux change resulting in analyzer 

error or reaction effects (Fig. 6.14). 
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Figure 6.14. Conversion of NO to N02 by chemical reaction 
with 0 3 • 

A dependence of NO fluxes above the canopy on NO 

emissions from the soil was observed from DOY 331 to 340 "Fig. 

6.10 and 6.11). The NO flux above the canopy (9 to 40 ng~N m-

2 s-1 
) was concurrent with a NO emission from the soil (10 to 

15 ng-N m- 2 s-1 
), while the N02 flux was relatively low (4 to 5 

2 1ng-N m- s- ). Conversely, from DOY 350 to 6 (371) the N02 flux 

was generally bigger than the NO flux probably due to rrrrc 

time for reaction with air passing through the crop and due to 

reaction of NO with 0 3 to form N02 precominating with 

increased shading. In addition the NO surface emissions 

continued to increase while the NO flux above the canopy 

became smaller from DOY 13 (378) to 26 (391) (Fig. 6.10 and 

6.11). The N02 flux was considerable for these days. From 

DOY 33 (398) and 39 (404) the NO emissions from the surface 

and N02 fluxes above the surface were similar at about 4 and 

10 ng-N m- 2 s-1 
, respectively, while the NO flux was about 1 

ng-N m- 2 s -1 . This may indicate that the chemical reaction was 

an efficient and constant source of N02 • 
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Strong turbulent mixing appears to 2ffect the chemical 

reactions as seen on DOY (73) 438 when strong gusty trade 

winds up to 10 m s-i blew over Oahu. A N02 to NO flux ratio of 

about 5 suggests that a lot of the NO emitted frcm the soil 

was converted to N02 by reaction with 0 3 and that the strong 

mixing would provide a steady supply of O:; to react. On tl:1 

next two windy days (DOY 74 (439) and 76 (441)) the NOx riux 

was composed of a higher proportion of NO. The N02 flux 

decrease could be due to increased N02 deposition onto the 

leaves since the strong winds would cause more mixing deeper 

into the sugarcane canopy (LAI= 4.9) (Fig. 6.1). 

A statistical analysis of the effect of environment~, 

factors (such as eddy diffusivity and radiation level) on the 

ratio of N02 flux to NO flux did no~ identify significant 

environmental factors. 

6.2 Comparison of NOx fluxes in tzopical systems with these 

from other systems 

For the 198 d of this study (0f wl1i~h data was collected 

0::1 just over 40 d), the average of t~e :reasured fluxes yields 

an estimate of the average seasonal flux for this field wh1cn 

can be compared with other studies. The flux in this study 

was measured in f&ll, winter, and spring and may not represent 

the magnitude that can be reached in summer. 'I·he average of 

the abc:ve-canopy NOx fluxes is 10 ng N m-2 s- 1 or 3. 1 kg N ha- 1 

yr-1 
; hcwever, this number is not completely reliable as 

discussed. The average of the soil surface NO flux is 9 ng N 
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2 1 1m- s- or 2. 8 kg N ha- 1 yr- ; this value is thought to be a 

good approximation of the above-canopy flux for the stage 

prior to rapid canopy development and for small deposition 

rates, plant emissions, and soil N02 fluxes. This average 

flux is similar in magnitude to the middle of the range of 

other chamber fluxes from fertilized and irrigated systems 

(Table 2.7); for example, Anderson and Levine (1987) measured 

7 ng N m- 2 s-1 over one year for temperate crop land; Colbourn 

et al. (1987 as cited in Johansson et al., 1988) measured 8 ng 

m- 2 s-1 for July and August for temperate pasture; Johansson 

et al. (1988) measured 8 ng N m-2 s-1 for a seasor. for savrirJ..,r: 

in Venezuela; Anderson et al. (1988 as cited in Williams and 

Fehsenfeld, 1991) measured 13 ng N m-2 s- 1 for chaparral in 

California; Kaplan et al. (1988) measured 10 ng N m- 2 s- 1 for 

evergreen forest in Brazil. The flux of 3 kg N ha- 1 yr-: 

represents a loss of O. 9% of the 356 kg N ha-: applied tc, 1 h ~ s 

field (DOY 259 to 469) if this was a total application for a 

year (fertilization had stopped for this crop cycle). This 

amount of applied N being lost as NO is similarr that is, 

slightly higher, compared with other studies (0.8%, Garret, 

1991; 0.8%, Anderson and Levine, 1987; 0.5%, Johansson et 

al., 1988). 

This study suggest that on a year-round basis, tropical 

agriculture contributes similar NOx fluxes to the atmosphere 

as those measured seasonally for temperate areas. Possibly 

summertime fluxes which we did not measure are higher due to 

warmer temperatures. The fluxes from this sugarcane field 
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would be much lower in the absence of fertilization ar1d 

irrigation; so conversions of na~ural ecosysteMs to 

agricultural systems increases NOx fluxes. 
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7. SUMMARY AND CONCLUSIONS 

The NO soil emissions were highly dependent on fertilizer 

application and soil volumetric water content. Soil surface 

NO fluxes followed the volumetric water con~ent by row 

position. The highest peak occurred when the NO emissions 

were increased uniformly throughout the whole field and not 

just at the drip line because of a uniform soil water content 

provided by rain. The DL NO flux peaks were high due to 

direct fertilization but the BR NO flux peaks were low even 

with the s2me water content suggesting NH/ and N0 3- were 

limiting. 

In contrast to the surface NO fluxes, which varied by an 

order of magnitude throughout the study, the NOx fluxes above 

the canopy varied by several orders of magnitude. The greater 

range of above-canopy NOx fluxes and their non equality to the 

surface NO fluxes may have been caJsed by measurement erra,~ 

primarily 0 3 interference in the N02 analyzer, but also any 

inaccuracy of the modelled K, non-representative chamber 

sites, inaccurate weighting of row positions in calculating 

the field average, and any inaccuracy in the chamber data; as 

well as by non-conservation of NOx: plant uptake of NOx, 

deposition of N02 and minor, but potentially variable, N02 

emissions from the surface. 

NO was generally the major component of the NOx fluxes 

during the first half of the experiment, whereas by the second 

half of the experiment the N02 flux was the major component of 

NOx larger; however, the N02 measurement was more prone to 
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interference by 0 3 than the NO measurement. Th2 specia-<:::L.J~i of 

NO and N02 could be caused by potential seasonal trends 1~) ,: 

flux, K, and/or greater light intensity below the above-canopv 

measurement height at the beginning of the exper~ment than 

later with crop shading resulting in N02 being cycled mor0 

effectivel:y· back to NO. A gradual, slight decrE..asing tr•,'1(~ °', ! 

the NOx fluxes above the canopy towards the ~nd of the 

experiment when the sugarcane canopy was nearly closed (LAI= 

6), which exceeded the decreasing trend in NO flux at the soil 

surface, suggests that the vegetation was beginning to red~ce 

NOx transport from the soil to the atmosphere. 

The average of the soil surface NO flux is 9 ng N" ;:, -, 

s-· for the 198-d study. This value is a good a)proximat:.;_c,L 

of the above-canopy flux (the average was 10 ng N m·<' s- ... , 1::1:. 

problems made this nu~er unreliable) p~ior to rapid canc~1 

development and for Sffiall deposition rates and lcw Nn? 

This average is similar to other stndieE: of temperat,2 

fertilized and irrigated systems. 
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APPENDICES 

Procedure to determine net mineralization rates in 

soils (aerobic laboratory incubation method) 

(Hart et al., 1992) 

Clean large organic debris from the soil by hand. Do not 

grind and sieve the soil. Weigh out two portions of 10-g ~r}

soil equivalent from each sample and place them in a beaker or 

plastic cup. Determine initial concentrations of ammonium and 

nitrate from one portion. Incubate the other portion for 7 

days in a dark room (25°C) by covering the cup with a 

perforated lid to allow gas exchange but minimize water less. 

Determine ammonium and nitrate concentrations at the end of 

incubation period. Net N mineralization rate is calculated by 

subtracting initial inorganic-N concentrations from final 

inorganic-N concentrations; net nitrification rates are 

calculated by subtracting initial nitrate concentration~ 

final nitrate concentrations. A third subsample is used to 

determine the gravimetric soil water content. 

Extraction procedure 

Add 100 ml of 2M KCl to the soil sample. Shake by hand 

for about 2 minutes, cover the cup and let it sit for 36 

hours. Mix the extract, take a sample, and centrifuge for 10 

minutes. Analyze for ammonium and nitrate using a technicon 

autoanalyzer. 



Assessment of nitrification potential by the shaken soil

slurry method (Hart et al., 1992) 

Since different nitrification rates from actual ~ieLd 

r~tes may be obtained due to perturbation of tl'.e soil while 

sampling, storing, and incubating; the term upotential" 

nitrification is used to describe the estimates obtained from 

a laboratory method. The shaken soil-slurry method involves 

shaking a sieved soil sample in a dilute anunonium phosphate 

solution (approximately 1:7 soil:solution ratio), and 

measuring N0 3- accumulation over a short time period (24 h). 

Nitrate immobilization by microorganisms is inhibited by high 

NH/ concentrations (approximately 1 :mJ1), and denitrif icat.i.on 

is inhibited because vigorous shaking continuously aerates the 

slurry. Ch~nges in nitrifier populations are unlikely to 

occur because the assay is short-term, and substrate are 

moisture limitations are also eliminated. Thus the 

nitr~fication rate measured approximates the maximum 

n;~trification rate (Vmax) possible at the specific temperature 

of the incubation. 

Reagents : 

1) Potassium monobasic phosphate (KH2PO.J stock solut:~on'" 

0.2 M. Disso:'..ve 27.22 g of llli2P04 in 1 liter of water, 2) 

Potassium dibasic phosphate (K2HP04 ) stock solution, 0.2 M. 

Dissolve 34.84 g of K2 HP04 in 1 liter of water. 3) Amrr,onium 

sulfate { (NH4 ) 2S0d stock solution, 50 mM. Dissolve 6. 607 g of 

(NH4 ) 2 S04 in 1 liter of water. 

http:icat.i.on


152 

Procedure: 

Combine the following in a 1 L volumetric flask, and then 

bring up to volume: 1.5 mL KH2P04 stock solution, 3.5 mL K2RP04 

stock solution, and 15 mL (NH4 ) 2S04 stock solution. Adjust ~o 

pH 7.2 by adding dilute H2S04 or NaOH solutions dropwise while 

the combined solution is stirred. This results in a solution 

containing 1. 5 mM NH/ and 1 mM PO/-. 

Place 15-g of sieved (2- or 4-mm mesh) field-moist soil 

in a 250-mL ErlenEeyer flask (weigh 20 g if the soil is wet). 

Add 100 mL of the combined solution and shake for 24 hon an 

orbital shaker. Collect solution samples from each flask at 

2, 6, and 24 hr intervals. Centrifuge for 8 minutes and 

analyze for nitrate. Calculate the rate of N0 3- production 

(mg-N L-1 h-1
) by linear regression of solution concentration 

versus time. Calculate the rate per unit dry soil as follows: 

0 .1 L + 8v 
Rate = Rate * 
mg-N kg-1h-1 

) (mg-N L-1 h-1 
) kg oven-dry soil in flask 

where 8v is the volume of water in the field-moist soil 

sample. This equation is valid only if the soil:solution 

ratio in aliquots removed during sampling are the same as the 

soil:solution ratio in the original slurry; thus, it is 

critical that the slurries are shaken before sampling. 
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