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Field Comparison of an Eddy Accumulation and an Aerodynamic-Gradient 
System for Measuring Pesticide Volatilization Fluxes 
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DwigM GlotfeHyt,f 
Envkonmental Chemistry LabOratwy. U S .  Deparlmem of Agriculture-ARS, Beltsvllle. Maryland 20705, Land Resources 
Research Canter, Agricullure Canada. Ottawa. Canada K1A OC8. and Department of Envkonmental Toxicology. Unhrerslty of 
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The field experiment reported here applied the relaxed 
eddy accumulation (FLEA) technique to the measurement 
of triallate (TA) and trifluralin (TF) volatilization from 
fallow soil. A critical analysis of the REA system used in 
this experiment is done, and the fluxes are compared to 
those obtained by the aerodynamic-gradient (AG) tech- 
nique. The measured cumulative volatilization losses, 
corrected for the effective upwind source area (footprint), 
for the AG system were bigher than with the FLEA system 
The differen- between the methods over the first 5 days 
of the experiment were 27 and 13% for TA and TF, r e  
spectively. A mass balance based on the amount of patent 
compounds volatilized from soil during the fvst 5 days of 
the experiment showed a 110 and 70% and a 79 and 61% 
accountability for triallate and triflivalin by the AG and 
REA methods, respectively. These resulta also show that 
the non-footprinhrrectd AG flux values underestiited 
the volatilization flux by approximately 16%. The foot- 
print correction model used in t h s  experment does not 
presently have the capability of accounting for changes in 
atmospheric stability. Howzver, these values still provide 
an indication of the most likely upwind area affecting the 
evaporative flux estimations. The soil half-lives for tridnte 
and trinurdi were 9.8 and 7.0 days, respectively. 

Introduction 
There is a variety of techniques that can he used to 
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measure the postapplication volatilization rates of pesti- 
cides from agricultural fields, each with ita associated 
advantages and diaadvantages (I). The aerodynamic- 
gradient (AG) method ia the moat frequently used tech- 
nique for determining field pesticide volatilization rates, 
but the methodology has not been standardized. This 
technique has been developed by analogy with the mo- 
lecular diffusion procesees, and ita applicability to at- 
mospheric turbulent-transfer processes has been ques- 
tioned when Larger size eddies are present in the flow (2, 
3). Questions have also been raised about the molecular 

, weight and structure contribution of the pesticide to it's 
dispersion in turbulent air (4). Several inveatigatom have 
reported good accountability when uaing the AG technique 
in pesticide mass balance field experiments (5,6). How- 
ever, othem have indicated that thia technique may un- 
derpredict the evaporation rate (7,8). 
In contrast. the eddy correlation W) technique haa long 

been recognized as a more direct approach for measuring 
atmospheric fluxes of sensible heat, water vapor, and 
carbon dioxide (9-13). Due to the lack of fast-response 
sensors for agrochemicals it has not been possible to use 
thin technique for estimating peaticide fluxes. Desjardiua 
(14) suggested an alternative, the eddy accumulation 
technique (EA), to overcome thin limitation. EA ia based 
on the conditional sampling of air a t  a rate proportional 
to the vertical wind velocity. One air sampliug inlet mllecta 
vapors or particulates associated with updrafta, and the 
other, vapors or particulates associated with domdrafta. 
Despite the intrinsic appeal, this technique has not yet 
been successfully uaed in the field due to problem related 
to biased vertical wind velocity measurements, limited 
accuracy of volume and chemical analysis measurementa, 
and difficulty in controlling the proportional sampling 



' 5  v'alves (25-1 7). ficient A. The determination of the appropriate adjusted 
A value (A,) was achieved in thia study by the simulta- 
neous measurement of latent heat flux (E)  using the EC 
and REA techniaues and the assumDtion that the herbi- 

Businger and Oncley (28) proposed a relaxation of the 
eddv Becumulatjon techniaue (REA). This REA tdmiaue . samples air conditional td the vertical wind direction but 
at a constant rate, which signiticantly simplifies the valving 
design. The EC, EA, and REA techniques have yet to be 

-@ applied to the problem of measuring pesticide volatiliza- 
tion. We reDort here the anolication of REA to estimate 
the volatilizkion flux of t i 0  herbicides from fallow soil, 
ita comparison with the AG method, and a calculation of 
mass balance of the parent compounds based upon the two 
techniques. 

Measurement Techniques 
Aerodynamic-Gradient (AG) Technique. The aero- 

dynamic-gradient technique requires accurate measure- 
menta of horizontal wind speed, vertical temperature, and 
peaticide concentration gradients taken above an extended 
upwind treated area The treated area requires a uniform, 
relatively flat, sufficiently large surface to ensure that the 
meaaurementa are made within the equilibrated surface 
boundary layer which develops over it. These surface 
requirementa are common to all evaporative flux mea- 
surement systems. 

The AG pesticides fluxes (PAC) were estimated wing a 
moditid form of the T h o m t h w a i t d i o h  equation (19) 
mrrected for atmospheric stabaty conditions, eq 1, where 

PAC = k 2 ~ A ~ / h 4 d ~  (z2/z1)I2 (1) 
k is the von KBrmHn constant and A t  m-3) and M (m 
8-9 are the average pesticide concentration and horizontal 
wind speed differences, respectively, between heights zI 
and z2 (m) above the treated surface. The 4 expressions 
& and +p are stability correction functions of the vertical 
proliles for wind and pesticide concentration in the surface 
layer, respectively (20). The flux estimates assumed that 
the flux gradient relationship for pesticides were similar 
to thcme for water vapor. A more complete description of 
thin theoretical approach is given by mewsk i  et al. (22). 

Relaxed Eddy Accumulation (REA) Technique. 
The relaxed eddy accumulation technique (18, 22) is a 
variation of the eddy correlation technique based on a 
determination of the pesticide concentration difference 
between the upward and downward moving air maeaes. 
The pesticide fluxes (Pm) for each compound were cal- 
culated using eq 2, where A (dimensionless) m an empirical 

P m  = As,(c+ - C-) (2) 

coefficient, 8,  (m 8-9 is the standard deviation of the 
vertical wind speed measured with a sonic anemometer, 
and 7 and 7 b g  m-9 are the mean herbicide concentra- 
tions associated with the upward and downward moving 
air masses, respectively. 

Simulations of the REA tachnique made with a series 
of vertical wind speed, water vapor, and air temperature 
fluctuation measurements using fastresponse sensors 
showed that the A coefficient is nearly mnetant and equal 
to 0.59 (18, 22). Technical factors make it difficult to 
eample the air with the name precision wing a valve system 
in place of a fast response s e m r .  Among them is the hg 
between the vertical wind speed (w) signal and the valve 
control caused by the valve response time and the data 
lcgger proeesaing time (35-85 ms). These factors caw an 
underestimation of (7 - 7) by diverting a fraction of the 
u p  and downdrafts to the wrong colledora Under similar 
atmospheric turbulence mnditions, the degrea of (7 - 7) 
underestimation is a characteristic of the sampling system 
and can be accounted for by the adjustment of the coef- 

- -  
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cide and water vapor sources had &ilar distributions. 
Water vapor fluctuations were measured with a fast-re- 
sponae infrared gas analyzer (23). The mean up- and 
downdraft water vapor concentration measurementa 
(F and F) (B m-9, were aeaociated with the same fdtered 
w signal which ale0 controlled the pesticide sampling so- 
lenoid valve. 4, which integrates the effects of our system 
design, was derived using eq 3 and substituted into eq 2. - -  *. A, = EpeC/sw(q+ - q-) (3 )  

We assumed that the enme coefficient could be used for 
the two different scalar properties, water vapor and her- 
bicide vapor. 

A, was calculated on an hourly basis for the fmt 3 days 
of the experiment. The averaged A. value was 0.79 f 0.11. 
Data logger malfunction during the remaining 2 days of 
the field experiment prevented q measurementa from b e i i  
taken. 

The impact of an error in (e+ - c-) (eq 2 )  is linear and 
can be controlled by the A. coefficient and the analytical 
method. The impact of an error in w is not as straight- 
forward and is beyond the mope of thia paper. It is es- 
sential that errors in w be kept as small as possible. 

Corrections for air density fluctuations caused by heat 
and water vapor fluxes (24) were calculated using eq 4, 

(4) 
where pJp. is the ratio of the pesticide density in air to 
the density of dry air, hE (W m-2) ia the Latent heat flux, 
H (W m-?) is the sensible heat flux, and F,.w (kg m-z s-') 
is the calculated field flux. An air temperature of 293 K, 

-;. an atmospheric pressure of 106 Pa, and a water vapor 
' pressure of 103 Pa was assumed. The actual measured 

pesticide air concentration was used for pe. The resulting 
density ratio governed the outcome of thin equation. The 
effeets of air density fluctuations c a d  by heat and water 
vapor fluxes on the pesticide fluxes wm negligihle (<l%). 
A more detailed description of the impact of density 
fluctuations on trace gas flux measurements is given by 
Pattey et. al (25). 

Fluxes calculated using the AG and REA techniques 
were correctad to account for the differences in sampling 
heightbetweenthetwosyetema Sincethereferenceheit 
of each system was different (0.75 m for AG va 1.75 m for 
REA). the upwind fetch requirement was ala0 different for 
the computed fluxes. Beyond the 150-m-radius distance 
of the treated are4 a contribution to the total flux from 
nontreated area could occur. The herbicide flux contri- 
bution sasodsted with the Speeifc (1Wm radius) footprint 
was computed d u g  the equation given by Schuepp et al 
(26). This correction depends upon the ratio of the hor- 
izontal wind speed (a to the frictional velocity (u*). Mean 
hourly wind speed at 1.75 m measured with a sonic ane- 
mometer was used for the REA system. A logarithmic 
wind speed profde with height was assumed to calculate 
the wind speed at 0.75 m for the AG system. Source area 
contribution footprints for both system were calculated 
daily, and the measured fluxes were adjusted accordingly. 
The footprint correction calculations showed that the AG 
and REA flux values needed to be increased by approxi- 
mately 15 and 3574, respectively (Table I). The differ- 

_ _  

Y F = F,, + (p,/P,)(O.649 x lO%m + 3.358 x 10%) 

enma in the footprint mrredione between the two methods 
ranged from 15 to 20%. 
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Table 1. Contribution of Pesticide-Snraved Surfaca to 
Total Flu; for REA System at 1.75 m and AC Syetsrn at 
0 75 m Using the Footprint Equation of Schuepp et a1 (26) 

day a / u * ( s )  contrib: W aJu* c0ntrib.b W 

268 14.4 (1.15) 65.5 12.1 86.1 

"Flux plane height. I = 1.75 rn. bFlux plane height. z = 0.75 m. 

Table 11. Physical Properties of the Test Compounds 
Trifluralin and TriallaW 

vapor water aolub, 

triallate 304.7 16.0 (25 'C) 4 (25 'C) 
trifluralin 335.5 13.7 (25 'C) <1 (27 'C) 

compound MW preaaur0,mPa mg L-' 

"From: The Pesticide Manuul, A World Compendium, 8th ed.; 
Worthing, C. R., Ed.; The Britiab Crop Protection Council: Bin- 
field Braeknell. B e r h  UK. 1987. 

Upwind source area footprint corrections are very de- 
pendent upon atmospheric stability (27) and can vary 
considerably between day and night. The footprint cor- 
rection model used in the experiment only takes into ac- 
count small thermal instabilities by a semiempirical ad- 
iustment to the ratio of horizontal wind to frictional ve- 
locity computed for the daytime conditions of each day. 
FmtDrint corrections soecific for niehttime conditions were 
not iomputed. HowGer, the comkuted values used still 
provide -an indication of the most likely upwind area af- 
fectinz the evmorative flux estimations. Footprint cor- 
rections duringnighttime conditions are generdy larger 
than during daylight hours. Using daytime correction 
factom on nighttime fluxes avoided potentially large flux 
errom due to the difficulty in calculating the U/u* ratio 
at night when II is very low. The standard deviation of 
hourly u/u* values are preaented in Table I as information 
on the u/u* variability. Large errors in the cumulative 
flux data were minimized since the nighttime fluxes were 
generally very low. Correcting the measured fluxes for the 
fetch requirement of each system led to closer overall 
agreement in flux values between the methods. 

Materials and Methods 
The experiment wan conducted from 20 September (day 

263) to 25 September (day 268). 1989, on a ?&ha field 
located at the Animal Research Center of Agriculture 
Canada at Ottawa, Caneda The soil type was a Ddhounie 
clay. A 150-m-radius circular plot (7.1 ha) was inscribed 
in &e approximate cent& of the field and w a ~  treated with 
trifluralin (TF) and triallate (TA) at a known rate of aD- 
proximately 2.5 kg ha-' for each active ingredient. Th& 
compounds were chmn because oftheir hi& volatilizati~n 
potential based on their vapor pressures CTahle ID_The 

aqueous suspension and not incorporated into the sod as 
is the usual practice. Both air sampling systems were 
placed within 3 m of the center of the treated area 

At the beninoi of the experiment, the field was moist 

-& compounds were sprayed to the surface as an:emulsiedJ 

from a light-& r&ived thenight before but no standing 
water w88 visible. Air samDlinn becan immediatelv after _... ~ 

the completion of the spra&gTwhich lasted 50 &) and 
5 d continued for 120 h, with the exception of an approximate 

8 b  break between days 265 and 266 due to heavy rainfall. 

UPDRAFT 

~ 

DOWNDRAFT 

w < o  

F- 1. Sdmmatlc (or 
aystm. 

relaxed eddy accumu!atton air sampling 

Air Sampling and Analysis. Polyurethane foam 
(PUF) was used as the pesticide vapor trapping medium 
based upon it's trapping efficiency of >98% for both 
compounds as reportad in the literature (28) and confirmed 
by our own trapping efficiency experiments. The PUF 
plugs were inserted into Teflon cartridges (Savillex, Min- 
nitonka, MN), which were covered with thick aluminum 
foil to protect them from sunlight. The actual air sampling 
periods were of merent  duration and dependent upon the 
anticipated volatilization fluxes. They ranged between 1 
and 6 h (Table III). Each AG air sampler was aspirated 
a t  a rate of approximately 3.0 m3 h-I using a high-volume 
air vacuum pumping system. Pesticide air concentration 
measurements were made at 0.25,0.40,0.70, 1.10,1.60, and 
2.26 m above the soil surface. The PUF plugs were 
changed a t  the beginning of each sampling period, placed 
in clean glass jars, sealed with Teflon-lined lids, and re- 
frigerated until d y e d .  The horizontal wind speed was 
measured at the same levels as the air concentration using 
rotating cup anemornetera (C. W. Thornthwaite Assoc, 
Elmer. NJ). Differential air temoerature measurements . .  
were made between 0.50 and 1.06 m using a 10-junction 
copper-constantan thermopile (29). Ambient air tem- 
perature was measured a t  0.75 m using an aspirated, 
shielded thermistor (m 107, Campbell Scientific, Logan, 
UT). 

A three-dimensional sonic anemometer-thermometer 
(DAT-310, Kaijo Denki, Tokyo, Japan) measured w as well 
as the horizontal wind and temperature at 1.75 m. The 
signal was monitored at 20 Hz using a data logger (CR- 
21X, Campbell Scientific, Logan, UT) which controlled a 
solenoid valve that diverted air flow through one of two 
abeorbera depending on the direction of w (Figure 1). The 
valve inlet was located at a heiaht correspondina to the 
midpoint of the vertical wind se&r path (1.75 myand 0.1 
m downwind from the center of the anemometer. The flow 
rate at the intake WBB mnatant at 24 m3 h-l and monitored 
using a flowmeter with a f0.2W accuracy and a 1-ms re- 
sponse time. The REA sampling unit consisted of two sets 
of two Teflon cup connected by switching valves which 
allowed for continuous operation while one set of PUF 
plugs wan being changed Teflon tubing (2.25 m X 6.4 mm 
id) mnnected the switching valuvea to the intake solenoid. 
The w signal was high-paan fitered at 0.001 Hz with a 
fourth-order analog fdter (Rockland, Model 1022F-02) to 
minimize potential signal contamination from the hori- 
zontal flow componenta in order to maintain a mean 
vertical wind speed close to zero. 

Before begimhg the chemical analytical p d u r e ,  the 
PUF plugs were warmed to room temperature under 
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7 * Table 111. Sampling Day. Time, Duration, and Atmospheric Stability As Described by the Richardson Number (R1). and 
Berbicide Air Concentrations Used To Calculate the AG and REA Volatilization Flurss 

day 
263 
263 
263 
263 
263 
263 
263 
263 
263 
263 
263 
263 
264 
264 
264 
264 
264 
264 
264 
265 
265 
265 
265 
265 
265 
265 
265 
265 
266 
266 
266 
266 
266 
266 
266 
267 
267 
267 
267 
267 
267 
268 
268 
268 
268 

midpt 
SamPls 

time 
9.63 

10.00 
10.50 
11.50 
12.50 
13.00 
13.50 
15.00 
17.00 
19.00 
21.00 
24.00 
3.50 
7.00 
9.00 

11.00 
13.50 
16.50 
21.00 
1.17 
6.50 
9.50 

13.00 
15.50 
16.50 
17.50 
19.00 
21.17 
8.00 
8.75 

11.50 
14.50 
17.50 
20.50 
21.50 
3.00 
7.50 

10.50 
13.50 
16.50 
21.00 
3.00 
7.00 
9.00 

11.00 

AG methad 
air mncn. UP m-3 

-Pk 
duratn' 

0.75 

1.00 
1.00 

2.00 

2.00 
2.00 
2.00 
2.00 
4.00 
3.00 
2.00 
2.00 
2.00 
3.00 
3.00 
6.00 
2.10 
3.00 
3.00 
4.00 
1.00 
1.00 
1.00 
2.00 
2.20 

2.60 
3.00 
3.00 
3.00 

5.00 
6.00 
3.00 
3.00 
3.00 
3.00 
6.00 
6.00 
2.00 
2.00 
2.00 

0.5 m 
nn:4 

16.4 
8.40 

4.03 

2.45 
2.50 

11.00 
15.80 
16.50 
14.00 
13.07 
3.51 
1.52 
0.58 
0.93 
4.20 
9.39 
6.84 
5.21 
1.29 

14.81 
b 

19.42 
12.99 
8.46 

1.02 
0.98 
0.96 
0.84 

0.75 
0.56 
0.56 
0.78 
0.51 
0.42 
0.87 
0.64 
1.01 
0.97 
0.43 

1.0 rn 

28.4 

11.6 
5.80 

2.80 

1.60 
1.70 
7.04 

10.60 
8.30 
6.37 
8.72 
2.56 
1.05 
0.39 
0.61 
2.36 
4.49 
4.86 
3.55 
0.86 
9.87 
b 

13.27 
9.12 
5.57 

0.68 
0.65 
0.62 
0.53 

0.51 
0.37 
0.37 
0.51 
0.33 
0.26 
0.55 
0.36 
0.68 
0.63 
0.27 

triallate 
1.0 m 0.5 m 

52.0 

24.0 
10.50 

5.00 

3.15 
3.45 

20.00 
27.40 
22.00 
17.73 
17.75 
3.69 
1.63 
0.73 
0.90 
4.82 
9.35 
6.77 
4.71 
0.99 

22.44 
b 

29.46 
20.08 
13.67 

1.86 
1.77 
1.60 
1.18 

1.01 
0.79 
0.86 
1.07 
0.58 
0.45 
1.06 
0.76 
1.29 
1.21 
0.49 

35.9 

16.3 
7.50 

3.60 

2.15 
2.36 

12.40 
18.00 
11.50 
8.03 

11.75 
2.13 
1.11 
0.48 
0.60 
2.77 
5.10 
4.73 
3.21 
0.67 

15.39 
6 

20.45 
13.77 
9.13 

1.22 
1.16 
1.03 
0.75 

0.66 
0.51 
O X  
0.71 
0.36 
0.28 
0.66 
0.43 
0.85 
0.78 
0.30 

R i  

-0.1484 

-0.1911 
-1.0662 

-0.1205 

-0,1246 
-0.0641 
0.1028 
0.0425 
0.1911 
0.4374 

-0.0402 
-0.9996 
-0.1452 
-0.3101 
-0.0291 
0.0636 

-0.0363 
-0,0140 
-0.0043 
0.0029 
0.0029 
0.0074 
0.0058 
0.0067 

-0.0010 
-0.0030 
-0.0022 
0.0022 

0.0023 
0.0044 
O.oo00 

-0.0121 
-0,0218 
-0,0403 
0.2231 
0.2079 
0.0161 

-0,0380 
-0.0262 

c 

REA method 
air concn. uz 10-3 

mmpk 
dwatn' 

2.00 

1.00 
1.00 

1.00 
2.00 
2.00 
2.00 
2.00 
4.00 
3.00 
3.00 
2.00 
2.00 
3.00 
3.00 

7.03 
3.00 
3.00 
4.00 
1.00 
1.00 
1.00 
2.00 
2.00 
4.00 

3.00 
3.00 
3.00 
3.00 

8.00 
3.00 
3.00 
3.00 
4.00 
3.00 
6.00 
2.00 
2.00 
2.00 

trifluralin 
U P  

27.5 

20.69 
11.17 

4.47 
0.89 
0.69 
5.13 
6.69 
5.45 
2.58 
4.06 
1.74 
0.61 
1.45 
0.17 

2.86 
3.23 
3.19 
1.46 
4.94 
6.22 
8.28 
5.24 
3.36 
0.21 

0.26 
0.26 
0.17 
0.55 

0.09 
0.39 
0.16 
0.13 
0.09 
Clod 
<lod 
<lad 
<lad 
<Id 

down 

23.6 

1.35 
5.23 

5.38 
0.70 
1.24 
3.35 
5.23 
3.70 
2.16 
3.59 
1.55 
1.02 
0.76 
0.51 

2.40 
2.22 
2.49 
0.87 
4.00 
4.12 
5.87 
3.92 
3.21 
0.22 

0.31 
Slodd 
0.09 
<Id 

0.00 
0.25 
1.52 
0.09 
1.40 
Clod 
<lod 
<lod 
<lod 
<lod 

tridate 
U P  

26.9 

12.97 
8.92 

5.16 
1.95 
1.59 
7.17 
9.99 
6.46 
2.67 
4.85 
2.92 
1.40 
1.71 
0.43 

3.02 
3.02 
1.85 
0.63 
4.63 
8.90 

10.03 
7.82 
5.22 
0.56 

0.65 
0.59 
0.29 
0.45 

0.18 
0.25 
0.38 
0.29 
0.14 
<Id 
Clod 
<Id 
<Id 
<lod 

down 

17.7 

3.97 
4.31 

5.06 
1.03 
0.99 
5.29 
9.03 
5.10 
2.71 
4.50 
1.67 
0.87 
0.83 
0.13 

2.66 
2.22 
1.45 
0.29 
3.00 
7.43 
6.12 
6.06 
5.17 
0.44 

0.49 
0.45 
0.26 
0.33 

0.15 
0.19 
0.26 
0.19 
0.10 
Clod 
<lod 
< I d  
<Id 
<Id 

Blank spacea represent overlapping time periods. 'Sample loat during analysis. No wind speed data. <lad, bslow analytical limit of 
detection. 

subdued light and then Soxhlet-extracted with 250 mL of 
hexane (Burdick and Jackson) for 4 h (approximately 20 
cycles). The Soxhlet extract was then concentrated or 
diluted aa needed for gas chromatography analpin. The 
instrument waa a Hewlet t -Pahd 5890 equipped with a 
QNi electron caDture detector uaina won-methane (955) 

each nite with adjacent siten compceited by quadrant The 
depth wan adjusted to 7.5 cm after the rainfall on days 265 
and 266. As an example, quadrant I contained three 
composite samples of s i b  7 and 13,s and 14, and 9 and 
15. The soilnamplea were collected in clean, Bless jam with 
Teflon-lined lida and stored at -20 'C until extracted and 

aa the carrier gaS. A 30 m x 0.53 6 a. DEI fused-silica 
widebore column waa used (J&W Scientific, Folsom, CA). 
The wlumn temperature wan prcgnunmed from 175 to 220 
'C at 20 O C  min-' with a 1 min hold a t  220 "C. The 
injector and detector temperatures were 220 and 300 OC, 
respectively. 

So11 Sampling and Analysis. A structured sampling 
of the treated field WBB done by quadrant and location 
from the center of the plot (Figure 2). The soil sampling 
was done at approximately 12-h intervals for the fmt 3 
daw. followed by a single morning sampling for each of 

analyzed. 
The   amp lea were thawed under subdued light to room 

temwrntura for a t  least 2 h before bexinnk the chemical 
anal-ytical procedure. The total sample weight was de- 
termined, and the soil waa passed through n 4.75mm 
screen and mixed well. Moisture wan determined using 
20-30-g subsamples of each well-mixed soil sample. The 
analytid sample waa split into three S 2 5 - g  subamplea 
for The moisRve content of the analytical sample 
waa brought to -10% aa needed by adding distilled water 
and thoroughly mixing. A 1WmL aliauot of a hexane- . -  

the remaining 2 days. Triplicate &plea consisting of 10 
soil corea (2.5 cm diameter X 2.5 cm deep) were taken at 

2-propanol~3:i. v/v) &we was the eWaction solvent. 
The eample and extraction solvent were blended using a 
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Flgur. 2. Sol1 aamphg deslgn. indlcatlng quadrant3 (I-IV) and s k  (1-24) ~ lected fQ W W h .  

1 1 ,  tissue mincer (Tekmar Co., Cincinnati, OH) for 30-45 8. 

The mixture was allowed to settle and a lGmL aliquot was 
pipeted into a 50-mL volumetric flask containng =30 mL 
of distilled water. The flask was vigorously W e n  for 1-2 
min. A 5-mL sample of the cleared hexane layer was 
removed using a volumetric pipet and diluted or concen- 
trated as needed for analysis. 

The samples were analyzed using the gas chromato- 
graphic conditions described above. The amount of each 
compound lost from the soil over the 5-day erperiment waa 
then compared to the amount measured in the air. 

Results and Discwsion 
A wide range of meteorological conditions occurred 

during the course of the experiment, ranging from mild, 
dry, summer-like weather, to windy and rainy, to cold and 
h t y  (Figure 3). Thia gave us the opportunity to compare 
the measurement systems over a wide range of weather 
conditions. The highest pesticide fluxes were observed hy 

+ both measurement system during the fmt 4 h after 
sprayng and during the f i t  hours of the rain event on 
day 265 (Figure 4a and b). The TA and TF fluxes mea- 
sured by the AG method showed a very similar pattern 
throughout the experiment. In general, the evaporative x fluxes displayed a pattern of high rates during the early 
morning hours just aftersunrise, diminishing throughout 
the day, and increased again slightly in the evenings just 
after sunset. Thi  diurnal pattern tended to follow the 
moisture content of the top layer of the soil. As the soil 
surface dried, the evaporative flux decreaaed. The early 
morning 'blooms" were mmt likely due to the rewetting 
of the soil surface by dew formation, while the evening 

~t 'blooms" were most likely due to the increased movement 
of soil moisture to the surface driven by the heat energy 
stored in the soil throughout the day. The large flux value 
on day 265 coincided with a rainfall of -50 mm. These 
diurnal flux increases ala0 coincided with a change in at- 
mospheric stability conditions, from stable to unstable, or 
from unstable to stable, as indicated by the temperature 
gradient and Richardson number (Table 111). 

2 '0 '  12 24 12 24 12 24 12 24 12 24 12 24 I2 ' 
263 264 26J 2% 261 268 2y) ::-, - 

9 10 

+ I  

12 24 12 24 12 24 12 24 12 24 12 24 I2 
a3 ?.M ?A3 266 267 268 269 

2 o  

The pattern of volatilization rate dependence on soil 
moisture hae been obaerved by others (5-8,21,30,31) and 

- can he partielly explained by the effect of water molecules 
displacing the herbicide molecules from the soil's active 
adsorptive sites (32). The large AG flux value on day 265 
may. at fmt, appear to be an anomaly, hut there is nothing 
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technique, and negative fluxes wem measured during emen 
periods in the experiment (Figure 4b). Since the vertical 
air concentration gradient of TF was negative throughout 
the sampling height during the periods of negative flux 
measurementa, we would expect the f lues  to be directed 
away from the surface and, by convention, result in a 
positive REA TF flux value. It is unclear why TF behaved 
differently from TA since both herbicides were sampled 

, simultaneously and analyzed with the same proceduie and 
equipment. An explanation could be linked to the sen- 
sitivity of TF to sunlighbinduced W photolysis (33) since 

8 all perioda of underestimation occurred during daylight 
hours. If photolysis was a major factor, it would also have 
affected the corresponding AG flux value. The effect of 
a vapor-phase photoproduct gradient on the AG system 
would be a reduction of the TF concentration with height., 
thereby increasing the apparent concentration gradient of 
the parent compound and resulting in a greater TF flux 
value. However, the actual photoproduct source may be 
difficult to identify since photolysis can omwin the vapor 
phase as well as on the soil surface. Also, these photo- 
products may be the same a8 those formed by aerobic 
decompition in the soil (34). Since thin experiment 
compared the parent TF compound only, the photolytic 
effects on the overall flux results should be similar in both 
methods. There are. however, several factors associated 

.. ' 

days. On day 266,ihe AG evaporative flux dellined + 
steadily throughout the day regardless of the change in 
atmospheric stability conditions. The soil surface was 
moist throughout the day. The cold ambient temperatures 
acted to reduce the effective vapor pressure of the two ' compounds which, in turn, reduced their volatilization 
rates. 

The temporal pattern of TA fluxes measured by the 
~4 REA system was similar to that obtained by the AG 

technique. On day 266 the REA TA fluea were about half 
those of AG (Figure 4a). These lower flu estimatas were 
attributed to the high wind velocities observed on that day 
( F i e  3) which increased the high-frequency component 
of the w fluctuations. These faster w fluctuations, most 
likely, increased the impact of the lag between the w signal 
and the valve control, which resulted in an underestimation 
of (e' - c-). Since A, was determined under the conditions 
that occurred in the fmt 3 days of the experiment when 
the horizontal wind was lesa, it could not totally account 
for the system behavior at higher wind speeds. 

The REA TF fluxes showed more variability than the 
d; REA TA values. During days 265 and 266, two periods 

showed much lower fluxes than those obtained by the AG 
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with the REA sampler design itaelf that may have con- 
tributed to the odd TF behavior. The majority of the 
intake system was Teflon, but it was over 2 m long and 
herbicide vapor adsorption to the inaide walls of the tubing 
was likely. In addition, several brass and stainless steel 
jointa and valves were used and the solenoid valve was not 
Teflon. These factors may have contributed to a prefer- 
ential TF degradation and/or adsorption within the REA 
system itaelf during certain conditions. Also, the as- 
sumption that the A, coefficient is similar for different 
scalar properties may not have been entirely valid, espe- 
cially as the moist soil surface dried unevenly. The EC 
energy balance closure cnleulations indicated that the 
fluxes appear to be underestimated by 5-1070. 
Figure 5 shana the cumulative volatility losses of TA and 

T F  for both the REA and the AG flux measurement sys- 
tems. The cumulative TF volatility lcsaes had wme alight 
diacrepanciea due to the negative fluxes computed with 
the REA myatem. Over the fvst 5 dam of the experiment, 
the difference in cumulative TF volatility between the two 
methods was 13 96. If the negative fluxes are excluded, the 
cumulative difference is lesa than 1%. A cumulative 
difference of 27% was observed in the volatility losses for 



Table IV. Total Averaged Concentration and Standard 
Deviation ( a )  of Trifluralin (TA) and Triallate (TF) in the 
Soil and Total Averaged Volumetric Moisture Contant (M) 
and Standard Deviation ( a )  of the Soil Surface 

263 
263 
264 
264 
265 
265 
266 
267 
268 

10.80 
16.00 
01.00 
17.50 
06.75 
17.50 
10.00 
08.50 
09.00 - 

2.66 (0.26) 
1.88 (0.29) 
2.00 (0.31) 
1.55 (0.28) 
1.76 (0.15) 
1.65 (0.25) 
1.55 (0.29) 
1.46 (0.70) 
1.38 (0.24) 

-3.37 (0.29) - 2.74 (0.38) 
2.96 (0.29) 
2.26 (0.38) 
2.72 (0.48) 
2.53 (0.39) 
2.32 (0.42) 
2.35 (0.88) 
2.12 (0.33) 

17.25 (2.98) 
14.24 (3.03) 
14.22 (2.16) 
12.02 (2.50) 
12.61 (2.37) 
24.04 (3.65) 
32.24 (3.45) 
28.42 (1.91) 
24.53 (2.02) 

tq.qr 

om I 
12 u 12 u I t  24 I t  u 12 24 I2 

261 ?a 2.55 266 267 268 

Time of DayIDay of Year 

npur e. sol mmmmn dsdne wllhtme forttwmand m h .  

T k  This difference wan due mainly to the lower measured 
REA fluxes during the rainfall on day 265 and on day 266. 

Mass Balanca. Table IV and Figure 6 show the overall 
aoil'dissipation for TA and TF over the 6-day study period. 
Both compounds ahowed a lag-linear relationship between 
soil concentration and time. The resulting soil half-lives 
(tl,J were 9.8 and 7.0 days for TA and TF, respectively. 
The measured cumulative volatilization of the AG system 
(footprint-corrected) accounted for 110 and 70% of the 
quantity lost by soil for TA and TF, respectively, over the 
fmt 5 days of the experiment. The corresponding REA 
system values were 79 and 61%. The non-footprint-cor- 
rected AG results accounted for 74 and 54% of TA and 
TF loss from the soil by volatilization. These results in- 
dicate that the non-footprinhrrected AG system may be 
underestimating the evaporative losses by approximately 
16%. 

The low TF accountability by both flux measurement 
systems may be due to vapor-phase photolysis of this 
compound. The degradation produds were not analyzed 
for. Triallate, on the other hand, is very stable to p h o b  
lysis, and this fact is reflected in the good TA soil loss 
accountability by volatilization. ALSO contributing to the 
observed differences in the mass balance of both com- 
pounds could be the leaching of the herbicides below the 
'?.&an soil sampling depth and run off. These dissipative 
pathways were not monitored. 

Conclusion 
Thin experiment showed that measuring pesticide field 

volatilization is possible uaing a relaxed eddy accumulation 
aystem, Fluxes measured by thin approach showed a 
temporal pattern similar to those obtained by the aero- 
dynamic gradient technique. However, it waa observed 

that the reaction time of the valve control to changes in 
w caused flux underestimation. In this experiment, the 
REA empirical coefficient could be independently deter- 
mined through the measurement of latent heat fluxes with 
an eddy correlation system and the assumption of similar 
vapor behavior of the herbicides and water. If one wants 
to use the REA technique in the absence of such mea- 
surements. the valve control reaction time wil l  need to be 
minimized if the 0.59 value is to be used (18.22). 

The overall comparison of the two pesticide evaporative 
flux determination methodologies waa encouraging, with 
good accountability of the amount of material lost from 
the soil by volatilization. Part of the REA underestimation 
can be attributed to the adsorption of the herbicides to 
the intake tubing and valves. However, it is recognized 
that refiements in the REA system need to be made. 
Planned modificatolrs are to shorten and make the i n a e  
system entirely of Teflon to minimize any chemical ad- 
sorption and/or reaction within the system and to heat the 
intake tubes. Further experiments should aim at testing 
the REA system under conditions of smaller vertical 
pesticide air concentration gradients and where footprint 
corrections are not aa large. This REA technique should 
ala0 be applied to aircraft-baaed sampling over long tra- 
jectories, where observations at one level preclude the 
of gradient techniques. 

Acknowledgments 

The authors acknowledge Mr. M. McChesney from the 
University of California for his technical and analytical 
assistance, Dr. S. Khan and Ms. C. Cooke for their aasis- 
tance with the chemical analysis, Mr. D. Dow and Mr. G. 
St-Amour for their technical assistance in developing the 
relax eddy accumulation system, Dr. H. Hayhoe and P. H. 
Schuepp for computing the footprint correction, and Mr. 
D. Chaput and Mr. W. Roy& for computer support. We 
also thank Dr. Kermit Bumside of L d y  Research Labo- 
ratory for supplying the trifluralin formulation and Dr. Jeff 
Coultas of Monaanto Agriculture Co. for supplying the 
triallate formulation. 

Gigratwe Cited 
JwMajeweki ,  M. S,; Glotfelty, D. E.; Paw, U. K. T.; Seiber ' .umrori d m , , 2 q . d  9. 

J. N. Enuiron. Sei. Technol. 1990, 24. 1490. 
TDenmead, 0. T.; Bradley, E. F. lrrig. Sci. 1987. 8. 131:. ,>cbe+, ,I 

Zieger. E.. Farquhar, C.; Cowan. I. R.. Eda.; Stanford J ~ C . . ~  PW( 

University Presa: Stanford, CA, 1987; pp 387-429. 

Finnigan, J. J.; Raupach, M. R. In Stomatal finction; .h:: !*ikUl 

D. E.; Taylor, A. W.; Zoller, W. H. Science 1983,)L:,p:'1 '1! 
I... - , > ~. 

' -*Y 

9 = 4  ... bl 
-'y. @Ross, L. J.; Nimsia. S.; McChesney. M. M.; Hefner, K. L,;}'''? 'N''- 

Gonzales, D. A.; Seiher, J. N. J. Enuiron. Qual. 1990,19,, 

, -.. @$ ciiath, M. M.; Speneer, W. F.; Fanner, W. J.; Shoup, T.;T (,.G-w 

Grover, R. J. Agric. Food Chem. l980,28.610. 

@ '%ver, R.; Smith, A. E.; Shewchuk. S. R.; Cmna, A. J.; 
Hunter, J. H. J. Enuiron. Qual. 1988, 17, 543. 

H. J. &ne. Food Chem. 1984,32.638. 
@ Glotfelty, D. E.; Taylor, A. W.; h e r ,  B. C.; Zoller, W. 

(9) Dyer, A J. Q. J. R. Meteorol. Soc. 1961,87, 401. 
(IO) Hicks, B. B. J. Appl. Meteorol. 1970,9,386. 
(11) Miyake, M.;McBean, G. Boundm4ayer Meteoml. 1970. 

1 ,  ea. 
(12) De+rdim, R L.; Buckley, D. J.; St Amour, G. Agric. For, 

Meteorol. 1984, 32, 257. 
(13) Verma. S. B.; Baldocchi, D. D.; Anderson. D. E.; Matt, D. 

R.; Clement, R J. Boundary-Layer Meteorol. 1986.36,71. 
(14) Desjardina, R. L. Ph.D. Dissertation, Cornell University, 

1979 

1 ,  ea. 
(12) De+rdim, R L.; Buckley, D. J.; St Amour, G. Agric. For, 

Meteorol. 1984, 32, 257. 
(13) Verma. S. B.; Baldocchi, D. D.; Anderson. D. E.; Matt, D. 

R.; Clement, R J. Boundary-Layer Meteorol. 1986.36,71. 
(14) Desjardina, R. L. Ph.D. Dissertation, Cornell University, 

1979 

(15) Hicks, B. B.; McMillen. R T. J. Clim. Appl. Meteorof. 1984, 
23, 637. 

Embon. Sci. Techrol.. Vol. 27, No. 1. 1993 127 



. ..+ Envfon. SZi T a d n W  1893. 27. 128-133 

,_ .(16) Speer, R. E.; Peterson, K. A,; Elleatad, T. G.; Durham. J. 

(17) Buckley, D. J.; Desjardins. R L.; Lalonde. J. L M.; Brunke, 

(18) Businger, J. A.; Oncley, S. P. J. Atmos. Oceanic Technol. 

(19) Thomthwaite, C. W.; Ho+ €3. Mon. Weather Reu. 1939, 
67, 4. 22, 987. 

(20) Pruitt, W. 0.; Morgan, D. L.; Lpurence. F. J. €2. J.  R. 
Meteorol. SOC. 1973, 99, 370. - 60, 69. 

(21 Map&. M. S.; Mc€hesney, M. M.; Seiber, J. N. Enuiron. ' Tozicol. Chem. 1991, 10, 301. mort oercr;p AC rmMs( 
(22) MacPherson, J. I.; Desjardins, R. L. Proceeding of the 

eeventh AMS symposium of meteorological observations 
and instrumentation. New Orleans. LA, Jan 1991; Vol. 6. 

(23) Chahuneau. F.; Deajardins, R. L.; Brach, E.; Verdon, R. J. 
Atmos. Oceanic Technol. 1989, 6, 193. 

(24) Webb, E. K.; Pearman, G. I.; lauuing, R Q. J. R. Meteoml. 

(25) Patter, E.; Desjardins. R. L.; Boudreau. F.; Rochetta, P. 

jardins. R. L. Eoundwy-Layer Meteorol. 1989, 50, 355. 
(27) Leclerc, M. Y.; Thurtek G. W. Boundary-Layer Meteoml. 

1990, 52, 247. 
(28) Turner, €3. C.; Glotfelty, D. E. AMI. Chem. 1977, 49, 7. 
(29) Lourence, F. J.; Pruitt, W. 0. J. Appl. Meteoml. 1969,8. 

(30) Spencer, W. F.; Cliath. M. M. J. Aerie. Food Chem. 1974, 

(31) Bardsley, C. E.; Savage, K. E.; Walker. J. C. Agron. J. 1988, 

(32) Spencer. W. F.; Farmer. W. J.; Jury, W. A. Enuimn. ToricoL 
Chem. 1982, 1, 17. 

(33) Wwdrow, J. E.; Crosby, D. G.; h t ,  T.; Moilanen, K. W.; 
Seiber. J. N. J. Agric. Food Chem. 1978, 26, 1312. 

(34) Pmbst, G. W.; Golab, T.; Herherg, R J.; Holzer, F. J.; Park 
S. J.; Van der Schans, C.; Tepea, J. B. J. Agric. Food Chem. 
1967,15, 592. 

L. J.  Geophys. Res. 1985,90, 2119. 

R. Comput. Electron. Agric. 1988. 2, 243. 

1990, 7, 349. 492. 

Soc. 1980,106,85. 
Received for reuiew Morch 12,1992. Revised manuscript receiued 
August 18,1992. Accepted September 4,1992. LandResources Boundary-Layer Meteorol. 1991,89, 195. 

Schuepp, P. H.; Leclerc, M. e.; MacPherson, J. I.; Des- Research Center Contribution No. 92-84. Agriculture COM~O. 
&+T wrr.chsi. 

Absorption of NO Promoted by Strong Oxidizing Agents: Organic Tertiary 
Hydroperoxides in n-Hexadecane 

Howard D. Perbnuiler.' Hulhong Ao. and Henry Shaw 

Department of Chemical Engineering. Chemlstly 8 Environmental Science. New Jersey Institute of Technology, 
UnkersHy Hem. New Jersey 07102 

rn The selective removal of nitric oxide from gas streama 
was investigated using 3,6dimethyl-3-octyl hydroperoxide, 
pmenthnuyl hydroperoxide. pinauyl hydroperoxide, and 
cumenyl hydroperoxide in solutions of n-hexadecane (ce- 
tane). The influence of different variables such as tem- 
perature, gas stream flow rate (or residence time), and 
concentration of hydroperoxide compounds on rete of NO 
removal was evaluated. The NO reacted with the hydrc- 
peroxides to produce alkyl nitrates. These are easily hy- 
drolyzed with ammonium hydroxide to ammonium nikate 
and the alcohol. The hydroperoxides used in this study 
were selected to be inexpensive, be commercially available, 
have a relatively low vapor pressure to avoid loss of reagent 
when in contact with hot flue gas, and be easily regener- 
ated. Under the name conditions, cumenyl and pinanyl 
hydroperoxide removed NO faster than the other two 
organic hydroperoxides tested. The highest rates of NO 
removal were obtained a t  the highest temperatures, con- 
centrations, and residence times. 

Introduction 
Nitrogen oxides (NO,) are mixtures of compounds of 

nitrogen and oxygen generally found in effluents from 
combustion sources. The predominant NO, compounds 
are NO and NO> They are formed as a result of the 
reactions of atmospheric nitrogen with atmospheric oxygen 
at very high temperatures. Also, large quantities of NO, 
are formed from the oxidation of nitrogen cornpounds 
found in fuel or in wastes beiig incinerated. More than 
90% of NO. emitted from stationary cornbustion sources 
consist of NO, which is relatively insoluble in inorganic 
aqueous solutione. Finding a way to control NO is essential 
for the prevention of NO. pollution, one of the major 
sources of acid rain. 

One of the most difficult problems related to pollution 
control from boilers and incinerators is reducing the 

emissions of the oxides of nitrogen. The NO, emissions 
that result from the high-temperature oxidation of the 
nitmgen in the combustion air can be partly controlled by 
combustion modification techniques and by posteomhus- 
tion methods. Postcombustion methods include selective 
catalytic reduction (SCR), thermal NO, removal, and 
scrubbing. Research on NO,-scruhhing proeeaaw has 
shown that these processes require expensive oxidation 
reagents and may present special dispoeal problem be- 
cause of high concentrations of chlorides, nitrates, and 
nitrites in the aqueous effluents. However, scrubbing 
promises to be less expensive than competing posttreat- 
ment technologies and has the advantage that the same 
scrubber could be used to control other acid g a m  and 
particulates. 

No specific techniques have been developed for con- 
trolling the extremely high concentration of NO, emissions 
that results from the oxidation of nitrogen compounds 
found in industrial and agricultural substances being in- 
cinerated. SCR systems have not been demonstrated for 
high NOz concentrations and are easily poisoned by s u b  
stances present in hazardous wastes. In the U~BB of in- 
dustrial incineration, NO, emissions resulting from ni- 
trogen compounds have been found in exeess of 8ooo ppm 
( I ) .  In addition to NO,, scrubbers should be designed to 
control other acidic eflluanta such as oxidea of sulfur (SOA, 
hydrogen chloride (HCI), phosphorus pentoxide (P?Od, 
and inorganic particulate matter containing transition 
metals (2, 3). 

A number of aqueous inorganic solutions have shown 
high capacity for NOz absorption, but NO is absorbed witb 
difficulty. Consequently, a method to oxidize NO to NO2 
or an equivalent oxidized state of nitrogen is required to 
substantially reduce NO, emissions. Aqueous solutions 
of a number of oxidizing agents have been studied to d e  
t a m h e  their effectiveness in r e m W  NO, and SO, from 
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