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ABSTRACT 

Our theory to describe the process of NH] volatilization from 
flooded systems is that the rate of NH] loss is principally a function 
of two parameters, floodwuter NH](aq) concentration and the vol
atilization rate constant for NH], k,N' These parameters are governed 
by five primary factors, floodwllter NH.-N ('oncentration, pH, tem
prrature, depth of floodwllter, and wind speed. The NH)-'!llatili
ZII:ion model is executed with five primary factors ali input varillbles. 
With the input of time, it pn-dicts the Nil) loss for a specified period. 
The interactive elrects of these factors "'ert studied by indh'idually 
vllrying one factor while maintaining the four other factors at their 
mean values; the sllme factor was Illsll studied by maintaining a 
second factor at its highest and lowest values while the other three 
factors were kept constant at their melln values. It is seen that, by 
changing the existing conditions, the NHr"olatilization losses are 
increase:! or decr:!asE1lllpprecillbly. The sensitivity analysis shows 
that pH is the most sensitive Ilnd temperature and water depth Ilre 
the least sensitive determinants Ilffecting N H) volatilization. 

TUE VOLATILIZATION OF NH) from flooded rice cul
ture is a complex process influenced by charac

teristics of the soil, water, fertilizer, management prac
tices, and environmental conditions. Vlck and 
Craswell (1979) reported that up to 50% of the urea 
applied to puddled Crowley soil (fine, montmorillon
itic, thermic Typil Albaqualfs) was volatilized as NH), 
which significantly affects fertilizer use efficiency and, 
ultima tely, crop yields. 

The theoretical aspects of a computer model used 
to estimate NH3 losses from flooded soil systems was 
presented by Jayaweera and Mikkelsen (1990). 

A theory has been developed to describe the process 
of NH3 volatilization from flooded systems and the 
results obtained by various simulation runs of the 
model. 

Development of the Theory 

Five primary factors govern NH) volatilization 
(Jayaweera and Mikkelsen, 1990). Our model theory 
describes the effects of these factors. Ammonium con
centration, temperature, and pH determine the 
NH3(aq) concentration of floodwater. Depth of flood
water, temperature, and wind speed determine the kVN 
across the water-air interface (Fig. I). 

Based on this information, our theory states that the 
rate of NH3 volatilization is a function of two param
eters, floodwater NHiaq) concentration and kvN' 

MODEL EXECUTION 

The NHrvolatilization model initially requires in
put data for floodwater NHcN concentration (AMC), 
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pH, temperature (TEMP), depth of floodwater (WD), 
wind speed (WS), and the height ofwind measurement 
(WH) (Fig. 2). The model calculates the initial vola
tilization rate of NH3 (V RAMI), using mathematical 
equations developed by Jayaweera and Mikkelsen 
(1990). To determine NH3 loss for a specific period, 
the time is entered as an input and the model com
putes the decrease in volatilization rate as a function 
of the time with a successive approximation loop. The 
final output is the predicted NH3 loss for the time 
period selected. 

The model simulations arc performed as follows: (i) 
a single parameter is varied, maintaining the other 
four parameters fixed at their mean values; (ii) the 
same variable is tested by maintaining a second pa
rameter at its loWest and highest value while the other 
three parameters are kept constant at their mean val
ues. The input variables are selected (Table I) to suit 
the range of conditions that exist in most rice-growing 
ecosystems. 

The NH)-volatilization model rr~sen'e~ here has 
several unique features. It has a menu-driven com
puter program :hat can be easily executed. As previ
ously stated, it requires I)nly five input variables to 
predict NH3 loss, and no input constants since the 
model computes all necessary constants depending on 
the variables provided. Input variables are easily mea
surable with simple, inexpensive instrumentation. An
alytical measurements are only needed for the initial 
floodwater NH4-N concentration. Depth of floodwater 
is measured initially and generally remains constant, 
thus frequent measurements are needed for only three 
variables: pH, temperature, and wind speed. 

The model results are computed with the objective 
of determining the interactive effect of the five input 
parameters on the rate of NH3 loss. 

MODEL RESULTS 

Effect of Floodwater Ammonium Concentration 
on Ammonia Volatilization 

The initial floodwater NH4-N concentration in the 
model was varied from I to 49 mg L-I, in increments 
of7 mg L-', while the other four parameters are main
tained at their mean values. An increase in floodwater 
NH4-N concentration increased the NH 3(aq) concen
tration linearly in the system (Table 2), while the kVN 
was maintained at a constant value because of con
stant temperature, water depth, and wind speed (Jay
aweera and Mikkelsen, 1990). Therefore, the increase 
in NHrvolatilization rate with an increase in flood
water NH,,-N concentration (Table 2) was a function 
of NHJ(aq) concentration in the floodwater under the 
existing conditions. 

The next series of model runs were performed at 
pH 7.0 and 10.0, while varying floodwater NH4-N 
concentration from I to 49 mg L-I and keeping the 
other three parameters at their mean values. Lowering 
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the pH to 7.0 decreased the volatilization rate ofNH). 
In contrast, elevating the pH to 10.0 increased both 
the rate of NH) volatilization and the total NH) loss. 
As shown in Table 2, at pH 7.0, the NH)(aq) concen
tration in floodwater has decreased about 30 times 
and, at pH 10.0, it has increased about six times, com
pared with pH 8.5, at all floodwater NH4-N concen
trations. However, for all these runs, kVN was at a con
stant value, indicating that pH influences NHiaq) in 
floodwater at various NH4-N concentrations, thereby 
influencing the NH)-volatilization process. 

The temperature was maintained at 10 and 40 DC 
for the next set of runs, while varying the floodwater 
NH4-N concentration from I to 49 mg L-I and main
taining the ;nean value of pH, water depth, and wind 
speed. The NH) volatilization decreased at 10°C and 
increased at 40 DC (Table 2). As the theory indicates, 
temperature influenced both NH)(aq) in floodwater 
and the kvN ' Lowering the temperature to 10°C de
creased both the NH)(aq) in floodwater and the kVN 
compared with 25 DC. In contrast, when the flood
water temperature was increased to 40 DC, both the 
NH)(aq) and k,N increased, increasing NH) volatili
zation losses (Table 2). 

The next set of runs were carried out at floodwater 
depths of I and 19 em, with varying floodwater NHc 
N concentration and constant floodwater pH, tem
perature, and wind speed. At a water depth of I em, 
100% ofNH) was lost in a 24-h period, compared with 
77% loss at a floodwater deoth of 10 cm and 53% loss 
at 19-cm depth at all NHcN concentrations. As shown 
in Table 2, the depth of floodwater influenced kvN, but 
not the NH)(aq) in the system (Jayaweera and Mik
kelsen, 1990). 

The next series of runs were performed at wind 
speeds of 0 and 12 m S-I at an 8-m height above the 

NH4-N CONC OF' fLOOOWATER 

pH OF' fLOODWATER I a. I 

TEMPERATURE OF' ~OODWATER 

DEPTH OF' fLOODWATER 

WIND SPEED 

I 
I 

water surface, with floodwater NH4-N concentrations 
ranging from I to 49 mg L-I while pH, tempemture, 
and depth of floodwater were maintained at their 
meull values. At a wind speed of 12 m S-I at the 8-m 
height, NH) volatilization was almost 100%, compared 
with only a 2% loss at 0 m S-I at all NH4-N concen
trations. As shown in Table 2, wind sr~ed did not 
influ~nce NH,(aq), but influenced the kvN' An increase 
in wind speed increased the kVN (Jayaweera anu Mik
kelsen, 1990), thus influencing NH) loss. 

Effect of pH on Ammonia Volatili7ation 

A series of model runs were performed to study the 
effect of pH on NH) volatilization (Table 3), varying 
pH from 7.0 to 10.0 while the other variables were 
maintained at constant mean values. An increase in 
pH increased the percentage NH) loss per day as a 
result of an increase in NH)(aq) in floodwater because 
of its influence on the degree of dissociation (Jayaw
eera and Mikkelsen, 1990). 

An increase in temperature from 10 to 40 DC at var-

Table I. Model inpul paramelers used ill Ihe slurfy on NH] volalil
izalion. 

Parameler Inilial NH.-N Waler Wind speed 
variable eoncenlralion Temperal\lr~ deplh al8 m 
range iAMC) pH rrEMP) (WD) (V.) 

mgt-I ·C em m S-I 

Lowesl I 7.0 10 I 0 
9 7.5 15 4 2 

17 8.0 20 7 4 

Mean 25 8.5 25 10 6 

33 9.0 30 13 8 
41 9.5 35 16 10 

Highesl 49 10.0 40 19 12 

VOLATIUV.TION 

JlNHJ{aq) 
kVN 

• NHJ{air) 

j 
HN I 

KoN I l 

I I 
kgN kiN 

I I 
f 

Fig. I. Theory of NH] volatilization in flooded systems, where k.N = volatilization rate constant for NH], KON = overall mass-Iransfer 
coefficienl for NH], kiN and kiN = gas-liquid-exchange constants for NH J, respectively, a = degree of dissocialion of NH 4, and HN = 
Henry's law constant tor NH]. 
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Fig. 2. Flow chart ror NHr\'olatilization model, where AMC 
floodwater ar,lmoniacal·N concentration, pH = floodwater pH, 
TEMP = floodwater temperature, WD = floodwater depth, WS 
= wind speed, WII = height orwind measurement, and VRAMI 
= initial volatilization rate or NH J • 

ious pH levels increased both NH)(aq) and kVN' which 
resulted in an increase in NH) loss per day (Table 3). 

When the depth of floodwater was I em, NHJ was 
lost at a very high rate, reaching nearly 100% per day 
at about pH 8.5 (Table 3). This large loss at a fairly 
low pH was due to the high kVN (9.2 X 10-4 S-I; Table 
3). On the contrary, at a water depth of 19 em, 100% 
of NH) was lost per day only when the pH was raised 
to about 10.0, as a result of the low kVN (4.8 X 10-5 

S-I; Table 3). This shows that, even with high NH,(aq) 
concentrations in floodwater, the volatiliz~llion can be 
control!eu by low k\N' which can be achieved by high 
water depths. 

When we compare the model runs at wind speed., 
of 12 and 0 m S-I at an 8-m height, nearly 100% of 
NH, was lost per day at 12 m S-I at a pH of 8.5. 
compared with a 41 % loss at pH 10.0 when there was 
no wind (Table 3), which can be explained by the dif-

Table 2. Effect of floodwater NH.-N concentration on NH] volatil
ization. 

VolatiliZlllion Initial NH, 
Initial NH,-N rate constant volatilization NH, 
in floodwater Initial NH,(aq) (k • .,l rate' lo~s/day 

mg L-' mol m I s" mol L" S-I 0/0 

pH 8.~~_IJ.l~r.atu.a:.e?~~f:_~~t,,~ ~p.!!!'_'.Q..cm: _"':in_~~ed 6 m ~~ 

I 0.01 9.2 X 10-' 1.7 X 10' 77 
25 0.29 9.2 X 10' 4.2 X 10' 77 
49 0.57 9.2 X 10' 8.2 X 10' 77 

~!!.!.ot~ .. elJ.ll;>C,r.a~ur~.2~_oS~\~~~e!_deplh _10 ':1'1. wind~~..!l~~_~ 

I 
25 
49 

I 
25 
49 

I 
25 
49 

I 
25 
49 

I 
25 
49 

4.3 X 10" 
J.IXIO' 
2.1 X 10' 

0.06 
1.61 
3.15 

4.3 X 10 I 

0.11 
. 0.21 

0.03 
0.63 
1.23 

11.01 
0.29 
0.57 

9.2 X /0-' 
9.2 X 10' 
9.2 X 10' 

9.2 X 10' 
9.2 X 10' 
9.2 X 10' 

11.7 X 10' 
11.7 X 10' 
'l.7 X 10' 

9.7 X 10' 
9.7 X 10' 
9.7 X 10' 

9.2 X 10' 
9.2 X 10' 
9.2 X 10-' 

5.3 X 10" 
1.3 X 10' 
2.6 X 10' 

5.3 X 10' 
I.J X 10' 
2.6 X 10' 

5.1 X 10· 
1.3 X 10' 
2.5 X 10' 

4.8 X 10' 
1.2 X 10' 
2.4 X 10' 

1.7 X /0' 
4.2 X 10' 
8.2 X )(I' 

4 
4 
4 

100 
100 
100 

36 
36 
36 

99 
99 
99 

100 
100 
100 

pH 8.5: temperature 2~":~:.. water de~!.2.£.mJ~~~ sPCC~~.!" s" 

I 0.01 4.9 X 10-' 8.8 X 10· 53 
25 0.29 4.9 X 10' 2.2 X 10' 53 
49 0.57 4.9 X 10' 4.3 X 10-' 53 

~H 8.5; temperature 2~ DC: wat.er_~E.Il.",hIO_C_IJ.l:_~!!t~_~~_'!.Q.II1~t 

I 0.01 J.I X 10· 1.9 X 10" 2 
25 0.29 J.I X 10· 4.11 X 10-· 2 
49 0.57 J.I X 10· 9.4 X 10· 2 

pH 8.5: temper~"'1!!~21."-(':'\\,11.!c.a:..d.CPJII.].Q.~II1.:._\VJIl~ spe~d 12 m ~:j 

I 
25 
49 

0.01 
0.29 
0.57 

2.5 X 10' 
2.5 X 10' 
2.5 X 10' 

-------_.------_._-- - --- ----- ---------------

t Low~st value ror this parameter. 
t Highest mlue ror this parameter. 

98 
9& 
98 

ference in kVN values for NH) at the two wind speeds. 
This shows that, even at high pH values, low NH) 
volatilization is maintained as a result of low wind 
speeds. 

These model runs show that pH has the capability 
of increasing NH)(aq) in floodwater by increasing the 
degree of dissociation at high pH values. Other pa
rameters such as wihd speed, depth of floodwater, and 
temperature, however, play an impor!ant role in the 
process of NH) volatilization. 

Effect of Temperature on Ammonia Volatilization 

The effect of floodwater temperature on NH, vol
atilization was determined by varying the temperature 
from 10 to 40 DC while the other four parameters were 
maintained at constant mean values. An increase in 
temperature ir.creased the kVN and the NH) loss per 
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Table 3. Effect of floodwater pH on NH) volatilization. 

Volatili,..!tion Initial NU, 
Initial rate constant volatilization NU, 

pU NH,(aq) (k,.,,) rate loss/day 

mol m' mol L' s' 0/0 

NH.-N cc>ncentration 25 mg L '; temperaturr 25 DC; water depth 10 cm; 
.. 'in~~~d~_~~_' 

7.0 
8,5 

10.0 

0.01 
0.29 
1.61 

9.2 X 10' 
9.2 X 10' 
9,2 X 10' 

\.3 X 10' 
4.3 X 10' 
1.3 X 10' 

4 
77 

100 

NII.-N concentration 25 mg L '; temperatur'! 10 ·Ct; water depth 10 cm; 
win'!._s~e<! ~ms ' 

7.0 
8.5 

10.0 

3.53 X 10' 
0.11 
1.2 

8.7 X 10' 
B.7 X 10' 
8.7 X 10' 

4.1 X 10· 
U X 10' 
4.1 A IU' 

I 
36 

100 

NH.-N concentration 25 mg L '; temperature 40 ·Ct; water depth 10 cm; 
wind~pt!ed !' m c~' 

7.0 
8.5 

10.0 

2.9 X 10' 
0.63 
1.77 

9.7 X 10' 
9.7 X 10' 
9.7 X 10' 

3.8 X 10' 
1.2 X 10' 
.1.8 X \0' 

12 
99 

100 

NII.-N concentration 25 mg L '; temperature 25 ·C; water depth I cmt; 
win~ c>~CIl.~II1~' 

7.0 
11.5 

10.0 

1.07 X lO' 
0.29 
1.61 

9.2 X 10' 
9.2 X 10' 
9.2 X II)' 

1.3 X 10' 
4.2 X 10' 

0.13 

37 
100 
100 

NH.-N .:oncentration 25 mg L '; temperature 25 ·C; water depth 19 cmt; 
win_d _sp~~d6. III .!i ' 

7.0 
11.5 

10.0 

1.1 X 10' 
0.29 
1.61 

4.11 X 10' 
4.8 X 10' 
4.8 X 10' 

6.9 X 10" 
2.2 X 10' 
6.9 X 10' 

2 
53 

100 

NH.-N concentration 25 mg L '; temperature 25 ·C; water depth 10 cm; 

7.0 
8.5 

10.0 

~i '!'i~l>Cell. QI11 s ~ t 
1.07 X 10' 

0.29 
1.61 

1.1 X I()" 

1.1 X I()" 

1.1 X 10" 

15 X 10 7 

4.8 X 10" 
1.52 X 10' 

>1 
I 

41 

NH.-N concentration 25 mg L '; temperature 25 .C; water depth 10 cm; 
wi,rJdYllCe<!1J _ m s~ 

7.0 1!J7 X 10' 2.5 X 10' 3.6 /.. 10' 12 
8.5 0.29 2.5 X 10' 1.13 '>( 10' 98 

10.0 1.61 2.5 X 10' 3.6 X 10" 100 

t Lowest value ror this parameter. 
f Highest value ror this parameter. 

day (Table 4). The higher volatilization rate of NH) 
at 40°C than at 10 °c was due to an increase in 
NH)(aq) concentration in floodwater and the kVN (Jay
aweera and Mikkelsen, 1990). 

When the model was executed at pH 10.0, with vary
ing temperatures and the remaining variables kept 
constant, 100% of the NH, was lost per day, even at 
the lowest temperature (I rj DC). At pH 7.0, however, 
even at a noo(\w<!ter temperature of 40°C, only about 
12% of NH) w;:s lost. which was due to the very low 
concentration of NHJ{aq) in the floodwater (Table 4). 

When the depth of floodwater was I cm, even :it 
10°C the NH, volatilization was rapid; when the 
floodwater depth was 19 cm, even at 40 nc, only 89% 
of NH) was lost per day. The rapid loss of NH) at low 
floodwater depths was due to a high kVN (Table 4). 

When there was no wind. even at 40°C very little 
NH) was lost. compared with high volatilization losses 
at relatively low temperatures when the wind speed 
was at 12 m s I (Table 4). These differences in NH r 
volatilization rates at different wind "peeds were due 
to variations in the k,N for NH;. 

Table 4. Effect of floodwater temperature on NH) volatilization. 

Volatilization 
Initial rate constant 

Temperature NU,(aq) k,,, 

Initial NU, 
volatilization 

rate 
NH, 

loss/day 

·C mol m" S+I mol L-' s-' 0/0 

NU.-N concentration 25 mg L-'; pH 8.5; water depth 10 em; 
~il1d speed 6 m ~ 

10 
25 
40 

0.11 
0.29 
0.63 

8.7 X 10" 
9.2 X 10-' 
9.7 X 10' 

1.3 X 10-' 
4.2 X 10' 
1.2 X 10' 

9 
19 
25 

NU,-N concentration 25 mg L-'; pU 7t; water depth 10 cm; 
wind speed 6 nI s-, 

10 
25 
40 

3.5 X 10" 
1.1 X 10-' 
2.9 X 10-' 

8.7 X 10-' 
9.3 X 10-' 
9.7 X 10-' 

4.1 X 10-6 
1.2 X 10-' 
3.8 X 10-' 

I 
4 

12 

NU.-N concentratiQl, 25 mg L-'; pU lOt; water depth 10 cm; 
wind speed 6 m s-, 

10 
25 
40 

1.23 
1.61 
1.78 

8.7 X 10' 
9.2 X 10-' 
9.7 X 10-' 

4.1 X 10-' 
1.32 X 10-' 
3.79 X 10' 

100 
100 
100 

NH,-N concentration 25 mg L-'; pH 8.5; water depth I cmt; 
wind speed 6 m s-~ 

10 
25 
40 

0.11 
0.29 
0.63 

8.7 X 10-' 
9.2 X 10-' 
9.7 X 10-' 

1.3 X 10- 1 

4.3 X 10-' 
0.01 

99 
100 
100 

NH,-N concentration 25 mg L-'; pH 8.5; water depth 19*; 
'wind speed 6 m s-, 

10 
25 
40 

0.11 
0.29 
0.63 

4.6 X 10-' 
4.9 X 10-' 
5.1 X 10-' 

6.8 X 10-' 
2.2 X 10-' 
6.3 X 10' 

21 
53 
89 

NH,-N concentration 25 mg L-'; pH 8.5; water depth 10 cm; 
wind speed 0 m s-'t 

10 0.11 9.1 X 10-' 1.4 X 10-' >1 
25 0.29 1.1 X 10-' 4.8 X 10-' 2 
40 0.63 1.2 X 10-6 1.5 X 10-' 5 

NH,-N concentration 25 mg L-'; pH 8.5; water depth 10 cm; 
wind speed m s-'t 

10 0.11 2.3 X 10-' 3.4 X 10-' 69 
25 0.29 2.5 X 10-' 1.1 X JO-' 98 
40 0.63 3.3 X 10-' 4.1 X 10-) 100 

t Lowest value ror this parameter. 
* Highest value ror 'his parameter. 

This data shows clearly that factors such as pH, 
depth of floodwater, and wind speed influence the 
NH)-volatilization process by several orders of mag
nitude at various temperatures. 

Effect of Water Depth on Ammonia Volatilization 

The depth of floodwater was varied from I to 19 
cm in increments of 3 cm. while the floodwater NHc 
N concentration, pH, temperature of floodwater, and 
wind speed were kept constant at the mean values. As 
the depth of floodwater increased from I to 19 cm, 
the volatilization rate of NH) decreased, reducing the 
NH) loss per day from 100 to 53% (Table 5). An in
crease in depth of floodwater did not influence the 
NHiaq) concentration in floodwater, but decreased 
the kVN (Table 5), thus decreasing the NH) ioss from 
the flooded system. 

The next series of model runs were performed at 
pH 7.0 and 10.0, while varying floodwater depth from 
I to 19 em with noodwaler NH4-N concentration, 
temperature, and wind speed kept at their mean val-
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Table 5. Effect of floodwater depth on NH] lolatilization. 

Volatilization 
Initial rat~ constant 

Depth NH](aq) (k.N ) 

Initial NH] 
volatiliution 

rate 
NH] 

loss/day 

cm mol m-] 5-' mol L-' 5-' % 

NH,-N concentration 25 mil L'; pH 8.5; temperature 25 DC; 
wind speed 6 m s-~ 

I 
10 
19 

0.29 
0.29 
0.29 

9.2 x 10-' 
9.2 X 10-' 
4.8 X 10-' 

4.2 X 10-] 
4.2 X 10-' 
2.2 X 10-' 

100 
77 
53 

NH,-N concentration 25 mg L-'; pH 7t; temp.!rature 25 DC; 
wind speed 6 m 5-' 

I 
10 
19 

0.01 
0.01 
0.01 

9.2 X 10-' 
9.2 X 10-' 
4.8 X 10-' 

1.3 X 10-' 
1.3 X 10-' 
6.'1 X 10-' 

37 
4 
2 

NH,-N concentration 25 mg L-'; pH lOt; temperature 25 DC; 
wind speed 6 m 5-' 

I 
10 
19 

1.6 
1.6 
1.6 

'1.1 x 10-' 
9.2 X 10-' 
4.8 X 10-' 

0.13 
1.3 X 10-' 
6.9 X 10-' 

100 
100 
100 

NH,-N concentration 25 mg L-'; pH 8.5; temperature 10 DCt; 
wind speed 6 m 5-' 

I 
10 
19 

0.11 
0.11 
0.11 

8.7 X 10-' 
8.7 X 10-' 
4.6 X 10-' 

1.3 X 10-] 
1.3 X 10-' 
6.8 X 10-' 

99 
36 
21 

NH,-N concentration 25 mg L-'; pH 8.5; temperature 40 ·Ct; 
wind speed 6 m 5-' 

I 
10 
19 

0.63 
0.63 
0.63 

9.7 X 10-' 
9.7 X 10' 
5.1 X 10-' 

0.01 
1.2 X 10-] 
6.3 X 10-' 

100 
99 
89 

NH,-N concentratior. 25 nlg L-'; pH 8.5; temperature 25 ·C; 
wind speed 0 m s-'t 

I 0.29 1.1 X 10-' 4.8 X 10-' IS 
10 0.29 1.1 X 10-7 4.8 X 10'" 2 
19 0.29 5.6 X 10-7 2.5 X 10'" > I 
NH,-N concentration 25 mg L-'; pH 8.5; temperature 25 ·C; 

wind speed 12 m s-'t 
I 0.29 2.5 X 10-] 1.1 X 10-1 100 

10 0.29 2.5 X 10-' 1.1 X 10-] 98 
19 0.29 1.3 X 10-' 6.0 X 10-' 87 

t Lowest value for this parameter. 
t Highest value for this parameter. 

ues. When the pH of floodwater was 10.0, 100% of 
NH3 was lost at all water depths ranging from I to 19 
cm. However, when the pH was 7.0, even at I-cm 
floodwater depth, nearly 37% of the NH3 was lost and, 
at 19-cm depth, the NH3 volatilizat.ion was only 2% 
(Table 5). This shows the interaction of NH3(aq) con
centration anrl kVN in the process ofNH3 volatilization. 

In studyi;lg the effect of temperature on NH3 loss 
at different floodwater depths, it is seen that, at a water 
depth of I cm, both temperatures, 10 and 40 cc, 
showed the same influence on NH3 loss, with 100% 
volatilizing with a period of I d (Table 5). At a water 
depth of 19 cm, ho·,."ever, the NH3 loss per day de
creased to 21 % when the temperature of the floodwater 
was 10 cC, compared with 89% loss at 40 cc. Depth 
of floodwater plays a dominant role by allowing 100% 
NH3 loss even at a floodwater temperature of 10 cc. 

Wind speed had a large influence on NH) volatili
zation at different water depths. If there was no wind, 
i.e., at 0 m S-I wind speed, at I-cm floodwater depth, 
only about 15% of NH3 was lost per day, compared 
with 100% loss at a wind speed of 12 m S-I at an 8-m 
height. By increasing the depth of floodwater to 19 cm, 
the system lost nearly 87% of NH3 at 12 m S-I wind 
speed, compared with 0.9% at 0 m S-I. 

Table 6. Effect of wind speed at 8 m above the wattr surface on NH] 
volatilizatinn. 

Volatilization Initial NH] 
Initial rate constant volatilization NH] 

Wind speed NH](aq) (k.N) rate loss/day 

% 

NH,-N concentration 25 mg L-'; pl-l 8.5; temperature 25 DC; 
water depth 10 cm 

o 
6 

12 

0.29 
0.29 
0.29 

1.1 X 10-' 
9.2 X 10-' 
2.5 X 10-' 

4.8 x 10' 
4.2 X 10-' 
1.1 X 10-] 

2 
77 
98 

NH,-N concentration 25 mg L-'; pH 7t; temperature 25 ·C, 
~ater depth 10 cm 

o 
6 

12 

0.01 
0.01 
0.01 

1.1 X 10-' 
9.2 ><. 10-' 
2.5 X 10-' 

1.5 X 10-7 

1.3 X 10-' 
3.6 X 10' 

>1 
4 

12 

NH,--N concentration 25 mg L-'; pH lOt; t~mperature 25 DC; 
water depth 10 cm 

o 
6 

12 

1.61 
1.61 
1.61 

1.1 X 10-' 
9.2 X 10-' 
2.5 X 10-' 

I.S X 10' 
1.3 X 10-1 

3.6 X 10-1 

41 
100 
100 

NH.-N concentration 25 109 L-'; pH 8.5; temperature 10 OCt; 
water depth 10 cm 

o 
6 

12 

0.11 
0.11 
0.11 

9.1 X 10-7 

8.7 X 10-' 
2.3 X 10-' 

1.4 X 10-' 
1.3 X 10-' 
3.4 X 10-' 

>1 
36 
70 

NH,-N concentratiull 25 mg L-'; pH 8.5; temperature 40 oct; 

o 
6 

12 

0.63 
. 0.63 

0.63 

water depth 10 cm 

1.3 X 10-· 1.5 X 10-' 
9.7 X 10-' 1.2 X 10-] 
2.7 X 10-' 3.3 X 10-] 

5 
99 

100 

NH,-N concentration 25 mg L-'; pH 8.5; temperature 25 ·C; 
water depth I cmt 

o 0.29 1.1 X 10-' 4.8 X 10-' IS 
6 0.29 9.2 X 10" 4.2 X 10-] 100 

12 0.29 2.5 X 10-] 1.1 X 10-1 100 

NH,-N Concentration 25 mg L-'; pH 8.5; temperature 25 DC; 
water depth 19 cmt 

o 0.29 5.6 X 10-7 2.53 X 10'" > I 
6 0.29 4.9 X 10-' 2.2 X 10-' 53 

12 0.29 1.3 X 10-' 5.9 X 10-' 87 

t Lowest value for this parameter. 
t Highest value for this parameter. 

The depth of floodwater plays a significant role in 
the process of NH3 volatilization; however, other pa
rameters such as pH, temperature of floodwater, and 
wind speed play an impollant f(?le in controlling NH3 
volatilization. 

Effect of Wind Speed on Ammonia Volatilization 

The wind speed at an 8-m height was varied from 
o to 12 nt S-I while the floodwater NHcN concentra
tion, pH, temperature, and depth of floodwater were 
maintained constant at their mean values. An increase 
in .vind soeed increased both the percent NH3 loss per 
day and the kvN ' As shown in Table 6, the increase ir 
wind speed did not influence NH3(aq) concentration 
in the floodwater, but increased the kVN as a result of 
increase in exchange constants for NH3 transfer across 
the air-water interface (Jayaweera and Mikkelsen, 
1990). 

At pH 10.0, all the NHcN in floodwater was lost 
as NH3 gas at a wind speed as low as 2 m S-I at 8-m 
height, compared with 12% loss at 12 m S-I wind speed 
when the pH was 7.0 (Table 6). This shows that eve:. 
with a high k-vN' if the NH3(aq) in floodwater is I0w, 
only a small amount of NH3 is lost. 
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When the temperature of the noodwater was 40°C, 
n~arly 100% of NH) was lost at 6 m S-I wind speed. 
In contrast, when the temperature was 10°C, the NH) 
loss was negligible at 0 m S-I at 8-m height but in
creased to 70% at 12 m S-I (Table 6). 

At a water depth of 1 cm, nearly 100% of NH) was 
lost per day even at low wind speeds, while only 87% 
was lost, even at 12 m S-I wind speed, when the depth 
of noodwater was 19 cm (Table 6). 

Wind speed innuences the Nl-irvolatilization pro
cess by virtue of its innuence on k"N' Temperature, 
pH, and depth of noodwater, however, could vary the 
rate of volatilization, depending on the conditions. 

By analyzing the effect of various parameters on the 
rate of NH) volatilization and NH) loss over a giVl'n 
period, it is seen that (i) the noodwater NH4-N con
cemration directly innuences the NH 3(aq) concentrC'.
tion in 1100dwatcr but does not :nnuence the k"N (ii) 
the pH ofnoodwater innuences only the NH)(aq) con
centration, (iii) the temperature of noodwater innu
enres both the NH)(aq) concentration of noodwater 
and the kvN , and (iv) the depth ofnoodwa:er and wind 
speed innuence only the k"N' 

Sensitivity Analysis 

The innuence of various determinants of NH) vol
atilization were tested in a sensitivity analysis. When 
noodwater NH4-N concentration was increased while 
pH, temperature, depth ofnoodwater, and wind speed 
were kept constant, NH) volatilization increased lin
early. This is directly related to an increase in NH)(aq) 
in noodwater as a functi"n of NH4-N cc.ncentration, 
as has been reported (Vlek and Stumpe, 1978; Vlek 
and Craswell, 1979; Fillery and Vlek, 1986). Therefore, 
in the sensitivity analysis, the noodwater NH4-N con
centration was kept at a constant valpc of 25 mg L-I. 

The effect of the four other factors were tested under 
three different sets of conditions as follows: 
Condition I: AMC = 25 mg L-I, pH = 8.0, TEMP = 

20°C, WD = 7 cm, and UR = 4 m S-I. 

Condition 2: AMC = 25 mg L-I, pH = 8.5, TEMP = 
25°C, WD = IO cm, and Vg = 6 m S-I. 

Condition 3: AMC = 25 mg L-I, pH = 9.0, TEMP = 

where 
30°C, WD = 13 cm, and Ug = 8 m S-I. 

AMC = noodwater NH4-N 

pH 
TEMP 
WD 

concentration, 
= pH of noodwater, 
= temperature of noodwater, 
= depth of noodwater, and 
= wind speed at 8-m height. 

For each condition, one factor was varied while the 
others were kept constant. The sensitivity (slope} of 
NH J Ims per day with respect to pH, temperature, 
water depth. and wind speed is shown in Fig. 3. 

An increase in pH increased the sensitivity of NH J 
loss to values of 8.75 for Condition 1 and 8.25 for 
Conditions .2 and 3. A further increase in pH decreased 
the sensitivity. High pH values brought more NH)(aq) 
into the system. but NH1 loss also depends on the k,N' 
This explains why the greatest sensitivity was obtained 
at a pH value of 8.7S under Condition I, compared 
with 8.25 under Conditions 2 and 3. The sensitivity 
decreased due to the limitation of NH4 concentration 
in solution, which supplies NH1(aq) to the system 
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Fig. 3. Sensitivity analysis for NHrvolalilization model, where 
AMC = l100dwater ammoniacal-N concentration. 

When the temperature increased from 10 to 40°C 
under Condition 1, sensitivity increased gradually 
from 0.23 to 0.61; under Condition 2, sensitivity in
creased to a temperature of 17.5 °c and then decreased 
gradually; and under Condition 3, sensitivity de
creased gradually. Under Cundition I, the pH and 
wind speed were low; when the temperature was 
raised, the NH)(a~) concentration and the kVN in
creased, thus increasing sensitivity. Under Condition 
3, however, high pH and wind speed values caused 
high NH)losses; an increase in temperatur'! decreased 
the sensitivity as NH4-N concentration in the system 
decreased. 

Increased water depth decreased the percent NH) 
loss. For each increment of water depth, however, the 
sensitivity of NH) loss varied depending on the con
ditions. under Condition I. the highest sensitivity oc
curred with low water depth, and sensitivity decreased 
as water depth increased. At a pH of 8.0 and temper
ature of 20°C, a small concentration of NH)(aq) oc
l,urred in the noodwater. Because of the shallow depth, 
kVN increased, causing increased NH) volatilization, 
which brought high sensitivity at a shallow water / 
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