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LEGAL NOTICE

This report was prepared by the Applied Sciences Laboratory at Georgia 
Institute of Technology as an account of work sponsored by the Electric 
Power Research Institute, Inc. (EPRI). Neither EPRI, members of EPRI, 
ASL, nor any person acting on behalf of either: (a) makes any warranty
or representation, express or implied, with respect to the accuracy, 
completeness, or usefulness of the information contained in this report, 
or that the use of any information, apparatus, method, or process in 
this report may not infringe privately owned rights? or (b) assumes any 
liabilities with respect to the use of, or for damages resulting from 
the use of, any information, apparatus, method, or process disclosed in 
this report.



FOREWORD

This report presents the results of one portion of an EPRI research program con­
ducted during 1976 to measure photochemical oxidants in western power plant plumes. 
The program consisted of two interrelated projects. One project, conducted by 
Meteorology Research, Inc., involved extensive airborne air quality and meteorolo­
gical monitoring in the plumes of two southwestern coal-fired power plants during
July 1976. Parameters measured included ozone, NO, NO , SO , sulfates, hydrocar-

x 2
bons, humidity, winds, and temperature both in the plumes and in background air.
The results of that effort are presented in the two-volume report, "Oxidant Mea­
surements in Western Power Plant Plumes" (EPRI report EA-421).

The MRI effort supported the research described in this report by Dr. D.D. Davis,
Georgia Institute of Technology. (The field measurements were performed while the
principal investigator was affiliated with the University of Maryland.) This
report presents the first direct airborne measurements of the hydroxyl (OH) radical
in ambient air near a power plant plume. Theoretical modeling studies have indicated
that OH is a key specie for the photochemical conversion of SO^ to sulfates and NO^
to nitrates. Using the measured "high noon" concentration of OH on July 16, 1976 

6 3(9.5 x 10 /cm ), and theoretical computations of the diurnal OH cycle, the overall 
photochemical conversion rate of SO^ is calculated to be ^0.7%/hour, which is some­
what higher than measurements of conversion reported by other investigators in the 
Four Corners area. However, it should be noted that neither the theory or practice 
of OH measurements has been perfected, and there remains a substantial need for 
additional research in the future.

I wish to extend my appreciation to Meteorology Research, Inc., Arizona Public 
Service, Public Service Company of New Mexico, and the National Center for Atmos­
pheric Research for their cooperative participation in this study.

Charles Hakkarinen 
EPRI Project Manager
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ABSTRACT

Reported are the first direct measurements of the OH radical in the vicinity of an 
isolated power plant plume (Four Corners). Since previous field studies by other 
investigators have suggested that a major fraction of the conversion of SO2 to 
sulfate aerosol occurs under very dilute plume conditions, the reported measure­
ments of OH can be realistically used to estimate the conversion time of SO2 to 
H2SO4 via the OH+SO2+M ^ HSO3 reaction scheme. The average concentration of OH 
measured at an altitude of 2.1 km (above sea level) on July 16, 1976 was found to 
be 9.5xlOe/cm3. A comparison of this value with that calculated from a simple 
photochemical model (using observational data for the atmospheric variables CO, 
H2O, O3, CH4, and .the UV flux) indicates good agreement between the two within the 
uncertainties of the model and the measurements. It should be noted, however, 
that a lack of information on background levels of NO2 and reactive hydrocarbons, 
combined with uncertainties which still exist in the definition of the atmospheric 
degradation scheme for CH4, preclude any detailed comparison between measurement 
and theory. If one uses the near high noon value of OH measured on July 16 to 
calculate the 1/e conversion lifetime for SO2, a value of 1.4 days is obtained.
The latter lifetime would correspond to an SO2 conversion rate of ^2%/hour. When 
the lifetime calculation is modified to take into consideration the diurnal cycle 
of OH, the 1/e conversion lifetime for SO2 computes out to 4.4 days, giving an 
apparent overall rate of conversion of 7%/hour. Similar calculations carried 
out for the conversion of NO2 to HNO3 give a 1/e lifetime for NO2 of 3.6 hours. 
These calculated conversion lifetimes for NO2 and SO2 strongly suggest that under 
warm weather conditions, atmospheric OH should have a very significant effect on 
the chemistry of power plant plumes.
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Section I

SUMMARY

It is generally accepted that one of the major environmental questions related to 
power plant emissions is that of how to accurately predict downwind I^SOit-sulfate 
aerosol levels. To this end, the present program was initiated to further inves­
tigate the possible role of homogeneous gas phase processes in defining power 
plant plume chemistry. In particular, this study has had as its focal point the 
direct measurement of the transient chemical species OH (hydroxyl radical). The 
objective here was that of determining the possible role of this radical species 
in the chemical conversion of SO2 to sulfate aerosol and of NO2 to nitric acid in 
power plant plumes. In an effort to optimize conditions for making low altitude 
OH measurements, the Four Corners power plant near Farmington, New Mexico was 
selected as the sampling site. The methodology employed in making these measure­
ments was that of "laser induced fluorescence." The sampling platform for the OH 
laser instrument as well as for several other instruments was an L-188C Electra. 
(This four engine turbo-prop aircraft is owned and operated by the National Center 
for Atmospheric Research in Boulder, Colorado.) Working also with the Georgia 
Tech/University of Maryland OH team was a scientific group from Meteorology 
Research, Inc. This group provided detailed concentration information on several 
key plume constituents (i.e., NO, NO2, O3, SO2 and SO4) as well as a complete 
definition of the meteorological conditions under which all sampling operations 
were carried out.

In all, a total of three flights were flown in an effort to gather low altitude 
OH data near the Four Corners power plant. Only on the last of these flights were 
significant OH data collected. The direct measurements that were made of OH re­
present the first ever at low altitudes from an aircraft platform.

In sampling the Four Corners plume, two different flight configurations were em­
ployed. The first of these configurations consisted of three 60-70 mile long 
flight legs flown in an approximate east-west direction paralleling the power 
plant plume but 10 to 40 miles displaced to the south. The duration of each of
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these legs was approximately 13 minutes, and this resulted in a total of 24 
minutes of OH data collecting. The second flight configuration flown on July 16 
consisted of a large number of short flight legs where the sampling path traced 
out by the aircraft was perpendicular to the power plant plume and the motion of 
the aircraft was so directed as to ensure that each sampling leg flown was always 
upwind from the previous sampling leg. In the latter sampling configuration, the 
location of the plume, and hence the definition of the OH sampling time for each 
run, was determined by the response of an on-board condensation nuclei counter. 
(The general location of the plume was established by the MRI aircraft in advance 
to the arrival of the Electra from Boulder. On July 16 the Four Corners power 
plant plume was found to be following the San Juan river valley.) Of the two 
sampling configurations which were tried, only the non-plume profiles resulted in 
usable OH data. In those sampling runs which involved direct penetration of the 
plume, we encountered rapidly changing aerosol levels which resulted in rapidly 
changing scattered light (noise) levels. Since these variations in the noise 
level occurred at a rate equal to or greater than the OH on-off cycling rate, it 
was found impossible to retrieve useful OH signal from the system without outra­
geously long integration times. On the three sampling legs in which OH data were 
collected, concentration values (for eight-minute integrations) of 9.2, 8.1, and 
11.0xl06/cm^ were measured. The authors do not necessarily believe that these 
observed variations reflect changing atmospheric conditions, and thus at this time 
are simply assigning an average value of 9.5xl0®/cm^ for the near high noon OH 
concentration level.

To compare this measured value of OH with that predicted from a simple photochem­
ical model, several other atmospheric parameters must also be known. If, for ex­
ample, the principal scheme for producing OH is taken to be the photolysis of O3,

i.e., o
(1) O3 + hv AOIVOAj 0(1D) + 02

(2) 0(1D) + n2 ----- ► O CO + n|

(3) O^D) + h2o----- ► 2 OH t

and the possible major loss processes are taken to be reactions (4) and (5)

(4) OH + CO ——► C02 + H

(5) OH + CH4 —--- *■ ch3 + H20 ;

then the OH steady state concentration, to a first approximation, can be expressed 
in the form of equation V
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[OH] [O^D) ]
2 k3[H20]

k5[CO] - (X-l)k4[CH4] ( V)

where [Of^) ]
Jl

k3[N2] + k3[H20] (VI )

and the term (X-l) before the CH4 concentration term indicates the net number of 
OH radicals resulting from the chemical degradation of CH3. Thus, using our 
measured values for CO, H2O, CH4, O3, and the ultra-violet flux, we have calculat­
ed OH steady state concentrations for X = 0, 1, and 2 of l.lxio7, 1.5><107, and 
2.2xl07/cm^, respectively. However, if moderate levels of other chemical species 
such as NO2 and high molecular hydrocarbons are added into the system (as loss 
paths), OH concentration levels could be calculated as low as 6xl06/cm3. At this 
time, therefore, we can only conclude that within the uncertainties of the model­
ing calculations (i.e., [NO2], [RH], and the value of X) and the experimental 
measurements good agreement exists between simple theory and observations. Ob­
viously, future experiments of this type must involve measurements of both NO2 
and high molecular hydrocarbons at ambient concentration levels.

Using our measured value for OH of 9.5xl03/cm3 one can then evaluate the 1/e con­
version lifetimes for both SO2 and NO2. For the NO2 system, only the elementary 
process NO2+OH+M HNO3 needs to be considered in the generation of the final 
product, nitric acid. In the case of SO2, the situation is not so simple. In 
this system, several reactions must follow the initiating process (OH+SO2+M -*■ HSO3) 
before the final product H2SO4 is formed. In the latter case, however, there are 
good grounds for making the assumption that the first step involving the reaction 
with OH is the rate determining step for the overall reaction sequence. For this 
condition, the 1/e lifetime can be computed in the same way as for NO2. The res­
pective equations for both NO2 and SO2 are as follows:

no2 k6[M][OH] N2 and/or O2

k7[M][OH] N2 and/or O2

Using the above equation, together with an effective bimolecular rate constant for 
kg[M] of 8x10"12 cm3/molec/s, thus gives a 1/e lifetime (T) for NO2 of 3.6 hours.
A similar calculation for SO2, using 9xio-13 cm3/molec/s for the value of kytM], 
gives 1.4 days as the chemical conversion lifetime for SO2• Since in the latter 
case the OH radical would undergo a substantial change in concentration during a

1-3



34 hour period, a more realistic calculation of T involves taking a 24 hour aver­
aged value of OH which turns out to be for our case 'v a factor of three less than 
the high noon value. Using this diurnally averaged value for OH (2.9xl06/cm3) 
then gives a T value for SO2 of 4.4 days.

Although at first glance the OH data collected would appear to be unrelated to 
power plant plume chemistry, in actual fact they are probably more relevant to 
understanding the SO2 aerosol conversion process than would be direct in-plume 
values of OH recorded at short distances downwind from a power plant stack. The 
above statement is based on the fact that most observational data to date indicate 
that the 1/e conversion time for SO2 to sulfate is at least 24 hours.* This 
suggests then that the major time period when chemistry would take place between 
SO2 and OH would occur predominantly under very dilute plume conditions at long 
distances where OH levels would be close to those of ambient air. For the above 
reasons, these investigators believe that the reported OH data should be of major 
significance in enhancing our understanding of power plant plume chemistry.

*The statement that the 1/e chemical conversion time is at least 24 hours should 
not be confused with the 1/e time for total SO2 loss. There is growing evidence 
that under certain meteorological conditions (for certain types of terrain) that 
a significant SO2 loss mechanism could be the adsorption and/or chemical inter­
action of plume SO2 with soil and plants.

1-4



Section II

OVERVIEW OF RESEARCH PROBLEM

The mechanism(s) of conversion of SOj to H2SO4 and/or sulfate aerosol is presently 
one of the major environmental questions now requiring a definitive answer from 
the scientific community. Of particular concern here is the fact that anthropo­
genic emissions of SO2 are now believed to be about 35% of the total yearly global 
atmospheric sulfur emitted into the atmosphere. Thus, the anticipated growth ex­
pected in the use of high sulfur-containing fossil fuels may lead us to the point 
where anthropogenic SO2 will dominate the global cycle of sulfur through the at­
mosphere. In addition to the local effects of reduced visibility and health risks 
from sulfate aerosol formation, such increases in the global sulfur budget could 
influence both global precipitation patterns and the radiative heat balance of the 
atmosphere and thus impact upon planetary climate.

Power plants as a major source of SO2 have been under investigation for 10 to 15 
years; and yet, no definitive answer is available on the nature of the SO2 to sul­
fate conversion process. At the present time, for example, there exists no mathe­
matical relationship which can be used to reliably predict (to within a factor of 
5 to 8) the downwind chemical rate of conversion of SO2 to aerosol. This uncer­
tainty factor, when combined with the smaller but still significant uncertainty in 
plume dispersion models, leads to very major uncertainties in predictions of down­
wind aerosol levels from power plant emissions.

Within the last three years, several new power plant field studies have been re­
ported which suggest either the presence of a broad spectrum of chemical behavior 
in power plant plumes or significant shortcomings in the measurements reported in 
field studies of these sources or both. As representative of the distribution of 
observations and thinking on SO2 plume chemistry, these authors have briefly dis­
cussed three different studies in the following text. These studies are: (a) the 
EPA-sponsored Project MISTT under the direction of Dr. Rudolph Husar (1977); (b) 
the Brookhaven project, under the direction of Dr. Leonard Newman (1977); and (c) 
the University of Maryland/Georgia Tech power plant program, under the direction 
of Dr. D. D. Davis (1974, 1975, and 1977).

2-1



The MISTT program since 1974 has undertaken two detailed field experiments in 
which the plume from the Labadie Power Plant in St. Louis could be independently 
tracked from the St. Louis urban plume. On August 14, 1974, the SO2 to sulfate 
conversion rate was examined out to a distance of 50 km. In the range of 10-30 
km, the conversion rate was found to be between one and two percent; however, this 
rate jumped to as high as four to five percent at distances between 30 and 50 km. 
In a second field experiment, in the summer of 1976, the Labadie plume was follow­
ed for a distance of 150 km downwind. Preliminary results from this study indi­
cate that between 25 and 100 km, a conversion rate of two percent per hour was 
observed. Beyond 100 km, the SC>2-to-sulfate conversion rate was found to be sig­
nificantly reduced.

Newman and associates have extensively examined the behavior of SO2 in power plant 
plumes in several states(some 25 to 30 independent field experiments) and have 
come to the conclusion that, within the precision of their experiments (a factor 
of two), no conversion of SO2 to aerosol (beyond that observed at one or two miles) 
occurs as a function of distance up to drift times of about two hours. The obser­
vations by Newman and co-workers were made during both winter and summer months.

Davis and co-workers, as a result of extensive laboratory kinetic studies (Davis 
and Klauber, 1975), were able to obtain good evidence that for an isolated power 
plant plume, under daylight summertime conditions, one of the most important homo­
geneous gas phase reactions responsible for converting SO2 to H2SO4 should be that 
involving the OH radical, i.e..

OH + S02 + M ► HS03 (1)

HSO3 multiple
steps * H2SO4 (gas) (2)

heteromolecular(Kiang, 1973,1977)H2SO4 + H20 nucleation »■ H2SO4 (aerosol) (3)

On the basis of laboratory kinetic studies as well as extensive power plant field 
investigations (1974, 1975), Davis has suggested an empirical plume model to des­
cribe daytime homogeneous chemistry (see Figure 1). For this simple model, it is 
apparent that the OH free radical is depicted as a critical reaction species which 
has a major influence on both sulfur as well as nitrogen chemistry. However, it 
should be noted that the chemistry promoted by the OH radical does not take place 
until the plume has undergone extensive dilution and plume ozone levels have 
reached near ambient levels. Depending on the size of a given power plant (es­
pecially the level of NO emission) and the stability of the atmosphere, the plume 
drift time required could be one to five hours.
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Figure 1. Five homogeneous daytime (Summer) chemistry zones in fossil fuel power 
plant plumes. All concentration information is referenced to the plume itself.



In the report that follows, the first direct measurements of the OH radical con­
centration in the immediate vicinity of an isolated power plant plume are reported. 
These measurements have thus permitted for the first time a realistic calculation 
of the conversion time of NO^ to nitric acid and most importantly the conversion 
of SO2 to H2SO4 via the postulated OH mechanism.
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Section III

EXPERIMENTAL

DESCRIPTION OF GEORGIA TECH OH PROBE 

Introduc tion

The methodology employed in making the reported direct atmospheric measurements of 
OH is that of "laser induced fluorescence." The sensitivity of this method is now 
well documented for OH (Davis et al, 1976 and Davis et al, 1977) as well as several 
other molecules. In general terms, this technique involves the tuning of a narrow 
band UV laser to one or more of the electronic absorption bands of a specified mol­
ecule so as to cause fluorescence from a bonding excited electronic state. To max­
imize the signal-to-noise ratio, the fluorescence from this excited state is then 
monitored at a wavelength somewhat longer than that used to pump the molecule into 
the excited state.

In the power plant study, where the molecule of interest was OH, the pumping wave­
length correlated with the (2E-2II) 1,0 electronic band. Sampling of the resulting 
fluorescence was carried out at '''3095&, using a bandpass filter having a 50& half- 
bandwidth. The fluorescence signal sampled consisted of several transitions in­
volving both low K levels of v’=l and high K levels of v'=0, the latter vibration 
state being occupied due to collisionally induced vibrational relaxation of the 
v'=l state via N2 and O2 molecules. In the case of the OH molecule, as well as 
other molecules that might be detected with the laser induced fluorescence tech­
nique, the efficiency with which the excited state fluorescence can be sampled is 
dependent on both the quenching efficiency of the excited state via N2 and O2 and 
on the wavelength distribution of the fluorescence relative to the sampling width 
of the bandpass filter. For some molecules (not OH) an additional loss factor can 
result from a quantum efficiency of less than unity for fluorescence due to pre­
dissociation or direct dissociation.

Instrumentation

A schematic diagram showing several of the major components of the Georgia Tech 
aircraft laser system is shown in Figure 2. In addition, Figures 3 and 4 have

3-1



INTAKE

BOUNDARY LAYER

EXHAUST

MECHANICAL OPTICAL

Figure 2. Schematic Diagram of OH Laser Detection System
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Figure 3. Georgia Tech OH Laser Probe Mounted on the NCAR Electra





been provided to give the reader a more realistic perspective of the OH laser de­
tection system. The photographs shown in these figures were taken while the probe 
was aboard the NCAR Electra aircraft.

The major components of the OH probe are: (1) an oscillator-amplifier UV tunable
dye laser; (2) an air intake-scatter chamber-exhaust system; (3) a mechanical- 
optical aircraft-to-laser coupling arm; (4) an OH calibration chamber; and (5) 
signal processing electronics. The first of these major components, the oscilla­
tor-amplifier UV tunable dye laser, has been previously described in detail (Mor- 
iarty. Heaps, and Davis, 1976, and Davis et al, 1977) and therefore only a brief 
description will be given here. The Georgia Tech dye laser is an oscillator- 
amplifier design and utilizes three air gap Fabry Perots for tuning. The dye 
laser is driven by either a 10 or 20 pulse per second Nd-YAG laser (NT-672 or 
NT-674) and typically generates UV energy pulses in the .3 to .6 mj range with a 
band width of ^.OlsR.

The air intake-scatter chamber-exhaust assembly is a completely sealed system 
which permits high altitude aircraft sampling with a pressurized cabin. The final 
design of the intake manifold was based on the results from wind tunnel tests on 
six different designs. The system shown in schematic form in Figure 2 consists of 
a 3-inch I.D. black anodized aluminum pipe which at speeds in excess of 80.0 m/s 
displayed a thin turbulent boundary layer along the inner walls but had a non- 
rotational core flow in a cross sectional region approximately 1-3/4" in diameter 
but somewhat asymetrically located in the pipe. Since the time of transit to the 
point of sampling is approximately 12 milliseconds (ms) (the Electra sampling 
speed being typically 120 m/s), the OH loss due to homogeneous chemistry and/or 
wall reactions with the intake manifold is negligible. The lifetime of atmos­
pheric OH, for example, is primarily controlled by its reaction with atmospheric 
CO and CH4. Thus, taking Northern Hemispheric values of 100 ppbv for CO and 1.5 
ppmv for CH4, results in a lifetime of l-2s for OH. The radial diffusion time 
of OH to the walls of the intake manifold, from a centrally located 8 mm diameter 
beam, varies depending on the atmospheric pressure but would fall generally into 
the range of 40 to 200 ms over the altitude range of 12 to 2 km. From the above 
set of numbers, it can be concluded that at the altitude at which all measurements 
were conducted in the power plant study there should have been no measurable loss 
of OH in the intake manifold.* All OH measurements completed to date would suggest 
that the above conclusion is correct.
*To perform this experiment rigorously, OH would have to be carefully measured at 
two different points in the scatter chamber. A test of this type will be attempt­
ed early in 1978.
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Figure 5. OH Collection Optics: Note, three
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fluorescence. Not shown for two of 
these ports are the thermal windows, 
collection optics, and PM tubes.
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In the aircraft sampling chamber employed during the 1976 experiments, the laser 
beam was sent through the scatter chamber parallel to the air flow. A total of 
twelve sampling ports were located on three sides of the .75 meter long chamber.
The option existed therefore to run either 12 identical photo tubes (measuring 
only one species) or several different photo tubes with different filters to mon­
itor multiple species. Because of limited resources, the configuration used in 
the July-August 1976 flights involved six 8850 photomultiplier tubes dedicated to 
measuring OH. Details on the collection optics used in front of each tube can be 
seen in Figure 5. All lenses in this system were made of high quality suprasil 
quartz. The pyridine cell located between the two lenses served as a low wave­
length cut-off filter.

Component (3), "the mechanical-optical coupling assembly" was made necessary due 
to the fact that the scatter chamber assembly was rigidly attached to the aircraft 
air frame; whereas, the tunable UV laser was mounted on an optical table which 
floated on an aircraft vibration isolation system. Thus, to correct for the rela­
tive motion between these two elements, a two mirror mechanical linkage system was 
designed which caused the laser beam to remain stationary despite there occurring 
translations and rotations about three mutually orthogonal axes. The principal of 
operation of this steering system is based on the fact that if the angular position 
of a source and target with respect to a mirror is changed by an angle 0, the mirror 
must be rotated by an angle of *50 in order to redirect the source onto the target. 
The steering system in this case consisted of two angle bisecting modules coupled 
together by a rotatable sliding fixture. One of these modules was fixed to the 
optical table and the other to the sampling manifold. Using precision ball bearings 
at all pivotal points, the existing beam steering system was capable of holding a 
given position 2.5 meters away from the source to within 1 to 2 mm under moderate 
turbulent flying conditions. Tests completed to date show that 3 to 4 mm of dis­
placement could be tolerated without having a significant effect on the signal-to- 
noise ratio of the OH probe at concentrations of OH of 106/cm3.

The OH calibration chamber (see Figure 6) served a dual role in the Georgia Tech 
aircraft system. Firstly, it was used as a frequency locater to establish that 
the UV laser was either on or off an OH absorption line; and secondly, the cali­
bration chamber was used as an absolute OH standard reference source. Since the 
first function is satisfied best when the OH signal is strong (i.e., high concen­
trations of OH and a weak fluorescence quenching environment); whereas, the second 
function is satisfied with low OH concentrations (approaching those to be measured
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directly in atmospheric air samples), two different types of calibration chambers 
were employed. Both chamber types were identical in design (cylindrical quartz 
cells 'V'SOO cc in volume) and differed only in the composition of the gas mixtures 
contained within each. The frequency calibration source was filled with H2O and 
He (150 mTorr H2O in 500 Torr of He); whereas, the OH reference source contained 
an H2O-N2-H2 gas mixture. In both cases, the 1849& photolysis of water was used 
to generate a steady concentration of OH. In the frequency source, the OH steady 
state concentration was controlled by diffusion of OH to the walls and by the in­
cident photon flux from the 1849$ resonance lamp. Typical signal-to-noise ratios 
for this system were 10:1 for a single laser pulse when using an incident 1849& 
photon flux of 3x1013 photons/s cm2. In the case of the OH standard reference 
source, the relevant reactions which control the steady state OH concentration 
are:

A=1849&(a) h2o + hV ------> ■ OH + H

(b) OH + H2 --------- ► H20 + H

(c) H + H + Wall--------► h2

Thus, the system has excellent long-term stability since both of the initial re­
actants H2O and H2 are, to a first approximation, continually regenerated. Under 
photochemical steady conditions, the OH concentration is given by,

[OH] Cal. kH2[H2]

where 1^ is the absorbed light intensity by H2O at 1849&; $ is the quantum 
yield for production of OH from the photolysis of H2O at 1849£; and is the
bimolecular rate constant for reaction of OH with H2. Of considerable importance 
here is the fact that with four reference cells spanning the N2 pressure range of 
700, 400, 300, and 150 Torr, the atmospheric OH quenching factor is an integral 
part of the calibration system. (An O2 quenching factor is also applied.)

The single largest uncertainty in the evaluation of the OH steady state concentra­
tion in the calibration cell (see equation I) is that of reliably measuring the 
1849& photon flux. As seen in Figure 6, lamp drift (typically not more than 20- 
30%) has been resolved by placing a VUV photo tube equipped with an 1849& bandpass 
filter directly behind the calibration cell. Thus, the 1849£ photolysis radiation 
can be continuously monitored, permitting fine adjustments in the value of the 
photon flux during a given calibration run. This procedure is followed in both 
the laboratory and on the aircraft. Concerning the absolute measurement of the
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1849& photon flux, N2O and O2 chemical actionmetry* have been used. In the N2O 
system, the formation of N2 is used as a measure of the absorbed light intensity. 
Other experiments using O2 as the actinic gas, where O3 production is the product 
measured, have resulted in photon flux determinations which agree with the N2O ex­
periments to within 10%. We presently believe that our measurement of the 1849A 
flux is no worse than 20% on an absolute scale, but more than likely it is better 
than this.

Using a range of H2 concentrations (i.e., a factor of 50) in the H2O-H2-N2 calibra­
tion chamber, a linear calibration curve of fluorescence signal versus OH concen­
tration has been generated over the concentration range of 1><107 to 5xl08 OH’s/cm3. 
The value of lxl07/cm3 does not represent the lower limit of sensitivity for the 
OH aircraft probe; rather, it reflects the much more limited sensitivity of the 
calibration chamber which has nearly a factor of 10 higher noise level than the OH 
aircraft scatter chamber** and the fact that the calibration source has but one 
phototube versus six on the aircraft chamber. Based on the above calibration 
curves, we estimate that at low altitudes the aircraft OH sampling system would

CO +have a lower limit of detection of 9*10 OH's/cm0 for a signal to noise of 2:1.

The signal processing electronics in the Georgia Tech system were specifically de­
signed for the OH aircraft sampling probe. The requirement for special electronics 
was dictated by several factors. (1) The observed lifetime for OH fluorescence is 
very short because of the extensive quenching by atmospheric nitrogen (it essen­
tially follows the pulse width of the laser, ^8 nanoseconds). (2) The combined
effects of quenching and the extremely low natural concentrations of the OH radical 
give rise to a signal which is less than one photon per laser shot. And (3), the 
presence of several noise sources (Raman scattering from N2, fluorescence from the 
walls of the chamber, and fluorescence from aerosols and to a lesser extent other

*In the N2O system, the absorption of 1849& radiation by N2O produces N2 gas with 
a quantum efficiency of ^1.4. Thus, by carefully defining the aperature of the 
photolysis beam and measuring the amount of N2 produced per unit time of expo­
sure, the photon flux per cm^ per second can be established. In the case of the 
O2 system the photolysis product measured is O3.

**The reasons for the higher noise level in the calibration chamber versus the air­
craft scatter chamber are: (1) higher scattering and fluorescence from quartz 
versus black anodized aluminum, and (2) the presence of windows close to the sam­
pling aperature in the quartz cell, hence causing higher scatter light.

+ Since the summer flights of 1976, the detection limit of the OH detection system 
has been further decreased to 3><105 OH's/cm3.
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trace constituents)* which collectively generate several photons (2-8 per tube) 
per laser shot. Under these conditions, photon counting is ruled out because such 
a system is incapable of counting fast enough to resolve the several background 
photons plus a possible signal photon which would all appear within ^8 ns. Thus, 
in order to generate an output that could be easily interpreted in terms of photons 
and to take advantage of the extremely short photon emission interval, the follow­
ing detection technique was implemented.

The output of a photomultiplier tube is allowed to charge a coaxial cable termin­
ated in a resistive load selected to generate a time constant of one microsecond. 
When the laser fires, a photodiode picks up a trigger signal which, after a suit­
able delay, causes a fast sample and hold amplifier to sample the voltage on the 
coaxial cable. (The coax has been chosen for its small capacitance so the charge 
from the tube can generate a reasonably large voltage on the cable.) The output 
from the sample and hold amplifier is then converted to a pulse train by a voltage 
to frequency converter and the pulses are counted for a specified interval by a 
gated digital counter. This system is calibrated by determining the sampled volt­
age which generates one count on the gated counter and by establishing the average 
voltage produced by a single detected photon. The above system has the ability to 
accept inputs (without switching in voltage divider networks) ranging from a few 
millivolts to five volts. Since an average single photon is about twenty milli­
volts, this means that the Georgia Tech system has the ability to count from one 
to fifty photons per gating interval. Further expansion of the dynamic sampling 
range and the long term integrating capacity** of this system has been achieved 
by switching in a divide by 10 analogue voltage divider on the input and by acti­
vating a divide by 10 or 100 in the digital counting circuitry.

Of considerable importance here is the short delay time of the coax cable. The 
one microsecond time constant permits rather selective sampling of the laser in­
duced signal from the photomultiplier tube. For example, any current generated 
more than two or three microseconds prior to the opening of the sampling gate is 
effectively lost. By proper adjustment of the trigger to sampling delay, the 
system can be made to look predominantly at the fluorescence during and immediately 
following a given laser pulse. Although the RC time constant of the coax could be

*The signal generated by scattered solar flux is made much smaller than nearly 
all other noise sources due to the nature of the gated sampling electronics.

**Integrating capacity in this case means the number of laser shots that can be 
stored on the digital counters.
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made either longer or shorter by selection of the proper resistances, the value of 
one microsecond has been chosen in the Georgia Tech system as a compromise between 
minimizing the signal from scattered solar flux and allowing adequate time for the 
sample and hold to measure the voltage on the coax cable.

The final electronics system which was interfaced with the OH probe consisted of 
six channels, three of which were used to monitor six RCA 8850 PM tubes and two 
others to monitor the laser and resonance lamp UV outputs. All major electronic 
components in this system were spring loaded and mounted in a thermally regulated 
chassis which provided maximum temperature stability in the event of a changing 
aircraft cabin temperature.

Data Processing

The working expression which relates the measured aircraft fluorescence signal to 
the absolute atmospheric OH concentration is given here in the form of equation II.

r oh . f OH .Sig Sig
[OH] X UV X L.s.j .r. [OH] x uv x L.S% Prb.

(ID

Upon rearranging equation II, and adding an additional term which takes into 
account the fact that the efficiency of the collection optics in the calibration 
chamber and the aircraft probe differ, equation III is generated, i.e..

(OH > x [OH]^ c x (DV)Cal c x «CE) x (L.S.)^ ^
rnHl = ________Prb-_________ _________________________________________ ( TTT*)
LU JPrb. (OH . ) x (UV) ^ x (L .S.) wSig _ , „ Prb. Prb.* Cal.C.

In equation III,

‘“"sig' Prb. the photon signal generated in the aircraft 
scatter chamber

(0“Sig> Cal.C.
[OH] Cal.C.

the photon signal generated in the calibration 
chamber
OH concentration in the calibration chamber

(UV) Cal.C. ultraviolet laser energy incident on the 
calibration chamber

(UV) Prb. ultraviolet laser energy incident on the 
aircraft scatter chamber

*No pressure terms appear in equation II or III since calibration chambers are 
available which have been filled to gas pressures comparable to that encountered 
in actual experimental runs.
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(L.S.)Ca^ c = the line strength of the OH quantum transition 
under calibration chamber conditions

(L.S.) Prb. the line strength of the OH quantum transition 
under aircraft scatter chamber conditions

(ROE) = the relative collection optics efficiency fac­
tor between the calibration chamber and the 
aircraft probe (e.g., (Coll, optics)Cal.C./ 
(Coll, optics)Prb.)

In equation III, the determination of the number of signal photons derived from an 
OH source, either the calibration cell or the aircraft probe, requires first a 
measurement of the OH signal + noise with the laser tuned to the OH absorption 
line, and then a measurement of the noise only by tuning the laser off the OH 
frequency. In the Georgia Tech system, the total change in wavelength in the on 
and off positions is typically only .03 to .04 R, and this can be achieved in 
approximately five seconds. To build up a statistically significant number count, 
integration times of one to ten minutes* ** have been used (this corresponds to 1200 
to 12,000 laser shots at 20 pps). To a first approximation, the probable error in 
the number of photons detected is then given as the square root of the square of 
the uncertainty in the signal + noise photons plus the square of the uncertainty 
in the noise photons,

The relative collection optics efficiency factor involving the calibration cell 
and the aircraft sampling probe has been both calculated and measured experimen­
tally. The experimental measurement is based on the signal observed in each

respective optics, have been compared with the PM tube and optics in the calibra­
tion cell. In these tests, a single tube is also used on each set of collection 
optics on the aircraft probe to separate collection and transmission effects from 
varying tube characteristics. In the final analysis, for a given fixed CH4 pres­
sure , the absolute number of photons measured on the calibration chamber system is 
compared with the total number of photons measured by the aircraft probe. It is 
the ratio of these numbers then that defines the quantity RCE.

*0ne to ten minutes is the total time of integration. For ideal averaging, the 
system is switched on and off frequency every five seconds.

**In these experiments the same bandpass filter is used as in the measurement of 
OH.

(noise)

chamber due to Raman scattering from CH4. ** All six PM tubes, together with their
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Another term in equation III which has not been previously discussed is the UV 
laser energy. The absolute UV energy in the Georgia Tech system is measured using 
a Laser Precision Company UV radiometer which reads the laser energy out directly 
for each laser pulse. The calibration on this system is directly traceable to NBS 
and it is systematically recalibrated every two months. For continuous monitoring 
of the relative UV energy, a solid state UV photodiode is employed. This system 
has been exhaustively checked against the absolute UV monitor for both linearity 
and the absence of any polarization problems. Our best estimate is that the com­
bined systematic error in the quantities (UV) and (RCE) is no worse than 40-50% 
and more likely is ^15%. A final term in equation III which needs further explan­
ation is (L.S.). This term must be used in the calculation of [OH]p ^ any time 
the temperature of the air being sampled is significantly different than that of 
the calibration chamber. The net effect of this temperature difference is that 
of changing the rotational distribution of the OH ground electronic state, and 
hence, the number of OH molecules which can be excited to fluorescence for a given 
UV laser energy. A direct measurement of the temperature (to within 1°C) permits 
the calculation of the (L.S.) term to better than 5%.

Interferences

By its basic spectroscopic nature, the laser induced fluorescence method of de­
tecting OH is very highly specific for OH. Although some atmospheric substances 
may fluoresce upon being excited with 2819R radiation, in virtually all cases ex­
amined this induced fluorescence does not change upon tuning the laser .04R, as 
does the OH fluorescence. Thus, such fluorescing substances appear as white noise 
and therefore can be handled like all other sources of white noise (i.e., Raman 
scattering from N2 and chamber wall fluorescence). Species which have been exam­
ined for possible interference are SO2, CH2O, aromatic hydrocarbons,* ** and aerosols 
A simple mathematical relationship which enables one to evaluate the interference 
level is given by equation IV.

**Interference 
Factor for 
Species A

(a I fcontrast 
l AJ [ Factor

Contrast
Factor

Bandwidth 
A (Samp. Eff.

Bandwidth 
0HiSamp. Eff.

(IV)

*The aromatic species examined were toluene, napthalene, anthracene, and 
phenanthrene.

**The interference factor times the concentration of species A gives the concen­
tration of OH that species A would appear as in the final integrated signal.
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where and a are the absorption cross sections for species A and OH; the con­
trast factor for A is given by the ratio

(•signal from A when -i (•signal from A whem
| laser is on OH line) ~ {laser is off OH j 

(•signal from A when •(
[laser is on OH line]

the bandwidth sampling efficiency for A and OH is a measure of what fraction of
the total fluorescence for each species passes through the 50& bandpass at 3095&;
($ ) and ($„)_„ are the fluorescent quantum yields for each species; and finally, FA F OH

and Qoh are related to the atmospheric quenching factors for species A and OH. 
Calculations based on 20 ppbv of gaseous species such as SO2 and CH2O show that no 
significant interference with OH measurements would result until OH levels as low 
as 10^ to lO1* were reached.

With regards to aerosols, the information needed to evaluate equation IV is not on 
hand. The experience of the Georgia Tech group is that aerosols typically result 
in the generation of white noise source. A special type of interference which 
developed in this study, however, was that resulting from the variability in the 
aerosol concentration as observed on board the aircraft as it traversed the power 
plant plume. Since scattered light from plume aerosol was the principal source of 
noise in the OH probe, the rapid change in the aerosol level (as compared with the 
on and off OH frequency cycling time) as the aircraft passed through the plume at 
200+ knots/hour produced a rapidly oscillating noise level. The consequences of 
this phenomenon will be discussed later in the report under the section labelled 
"Results."

A final interference problem that can not be assessed by equation IV is that in­
volving the artificial generation of OH via laser beam photolysis of O3 in the 
presence of H2O (i.e., O3 + hv -*■ 0(1D) + O2 followed by 0*D + H2O ■+ 2 OH) . This 
phenomenon has been extensively researched by our group and on the basis of labor­
atory test as well as day-night field test (Davis et al, 1976) we have demonstrated 
that this interference problem is unimportant in our system when the laser energy 
is <.5 mJ, the pulse width is 8 ns, the beam diameter is ^5 mm, the humidity is 
<70% at temperatures of 25°C, and the ozone concentration is less than 100 ppbv. 
Unimportant, in this case, means that extrapolations of laboratory data would put 
the artificial generation of detectable OH under the above conditions at 3-4x10^/ 
cm3.

3-15



OTHER EXPERIMENTAL MEASUREMENTS

Ozone

Ozone measurements aboard the Electra aircraft were carried out using a Model 
1003AAS Dasibi ozone analyzer. The Dasibi instrument monitors ozone on a continu­
ous basis through the use of a long pass UV absorption cell. The light source in 
this system is a 253?X Hg lamp. To obtain a constant check on lamp or electronic 
drift, the Dasibi instrument continuously compares the signal from the sample cell 
to that of an identical reference chamber. Since the gas stream flowing through 
the reference cell is first scrubbed of all ozone, the difference in the signal 
from the reference cell to that in the sample chamber is a true measure of the 
absolute ozone concentration. Sensitivity: 3 ppbv; precision, ±1 ppb.

H?0 and/or Humidity

Two measuring devices were used on board the Electra during this study. Both 
systems are standard equipment on the Electra and thus are maintained and operated 
by NCAR. The first type of instrument, a thermoelectric hygrometer, measures the 
atmospheric water content by determining the temperature at which a mirror inside 
the instrument (exposed to outside air) produces a fogged surface. Hence, the 
quantity measured by this device is the dew point which when combined with the 
absolute temperature can be converted to atmospheric water content. Sensitivity:
50 to +50°C; precision, +0.1°C.

The second type of water sensor on the Electra is a Lyman-Alpha Hygrometer. This 
instrument measures the absolute amount of water in the atmosphere in terms of 
gH20/kg dry air. The method of measurement in this instrument is that of absorp­
tion of 1216& Lyman-Alpha radiation directly by H2O. This measurement is possible 
due to the extremely small value of the absorption coefficient (a) for O2 at 121&R 
and the corresponding large value of a for H2O at this same wavelength. Small 
corrections need to be made for the changing O2 content with altitude. Sensitivity: 
0 to 40 gH20/kg dry air; precision, ±.01 g/kg.

CO and CH4

Both CO and CH4 were measured via the grab sampling technique. (Leroy Heidt of 
NCAR carried out the analysis of all grab samples.) The technology involved in 
grab sampling is now well established as is the gas-liquid chromatographic analysis 
of CO and CH4. To maximize the sensitivity for CO, a catalytic cell was added to 
the end of the GLC elution column. The latter element converts CO to CH4 which has
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a better response to flame ionization detection. Sensitivity CO: 20 ppb; pre­
cision, ±7 ppb. Sensitivity CH4: 30 ppb; precision, ±10 ppb.

Ultraviolet Solar Radiation

The critical region of the UV spectrum which affects the steady state concentration 
of OH is from 2850 to 318oR. However, because of the rapidly changing solar flux 
with wavelength, the rapidly changing absorption cross section for O3 with wave­
length, and the rapidly changing quantum yield for production of 0(^0) atoms as a 
function of the photolysis wavelength, useful UV measurements can only be obtained 
if the UV flux is monitored in 20-3oR bandwidths throughout the spectral region of 
2850 to 318oR. Although during the power plant plume study no such instrument was 
available, an instrument designed and manufactured by Panametrics was flown on the 
Electra in the same geographical area approximately two weeks later. The measure­
ments made in that case involved a different NCAR program. Since on both occasions 
the cloud coverage was slight, we believe that the later UV measurements are, in 
all likelihood, a very good representation of the effective UV flux for that time 
of year and that geographical location.

Aerosol

Aerosol measurements were made using a Rich 100 Condensation Nuclei Counter (com­
mercial instrument). The reasons for having this instrument on board the Electra 
during the power plant plume study were twofold: (1) it provided a sensitive
method for determining when the aircraft was in the power plant plume, and (2) it 
enabled us to correlate rapidly changing aerosol levels with apparent OH signal- 
to-noise ratios. Typically the integration time constant on the CN counter was 5 
to 20 times shorter than for the OH instrument.

Pressure

A pressure transducer is part of the permanent equipment aboard the NCAR Electra. 

Range is 300 to 1035 mb.

Altitude

Altimeters are standard equipment on the Electra. Continuously recorded.

Wind Velocities

U, V, and W wind speeds are continuously measured on the NCAR Electra using a 
specially designed gust probe mounted on the nose boom of the aircraft.
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Section IV

RESULTS

A total of four flights were carried out during this power plant field study. The 
first of these flights was a short shakedown operation to establish the basic in­
tegrity of the OH probe on board the Electra. This flight was, in fact, the maiden 
flight for the OH laser system aboard the Electra. Several optical, mechanical, 
and electronic problems were identified during this test flight. Two days were re­
quired to modify the OH system to resolve these problems. The first plume flight 
involving the Four Corners Power Plant (Farmington, New Mexico) was initiated on 
July 11, 1976 (see Figure 7 for location map). The NCAR Electra aircraft (see 
Figure 8) on this flight operation was flown at ^6.0 km while traversing the Rocky 
Mountains and as Farmington, New Mexico was approached, the altitude was reduced to 
0.5 to 0.8 km above the surface terrain. The aircraft then proceeded to a quadrant 
southwest of the Four Corners Power Plant (see Figure 7). On the basis of informa­
tion given to us by the MRI scientific team, this southwestern quadrant positioned 
us out of the plume and made it possible to obtain ambient air measurements of OH 
contiguous to the power plant plume. At the start of this first field experiment, 
the aircraft experienced moderate turbulence and thus it was essential that the 
"mechanical-optical coupling assembly" work smoothly. In fact, shortly after the 
start of our first sampling run, this device locked up and the mission had to be 
aborted. Upon returning to NCAR, the entire coupling assembly was removed from 
the aircraft and modifications were made on several critical components of this 
system. No useful data was obtained on this flight.

On July 14, 1976, the second power plant flight was initiated and on this operation 
a problem developed with the tunable dye laser. As noted earlier, the Georgia Tech 
dye laser system is driven by a solid state Nd-YAG laser—frequency doubled to 
530oR. This driver laser (although a state-of-the-art system) is the major weak­
ness in the present dye laser design. During the second flight, a serious failure 
was experienced with the driver laser. This failure occurred while the aircraft 
was crossing the Rocky Mountains and all efforts to repair the laser in flight were 
unsuccessful. Mission number two also had to be aborted, therefore, without the

4-1



'Cortez

ANETH

COLORADOUTAH
ARIZONA NEW MEXICO

TEEC NOS o

SAN JUAN

PLANTSHIPROCK FARMINGTON

SHIPROCK

FOUR CORNERS 
POWER PLANT

PEAK

KILOMETERS

MILES

Region Examined to Establish Ambient OH Levels

Figure 7. Region of Study



Figure 8. National Center for Atmospheric Research Electra



collection of any OH data. Once the aircraft had returned to NCAR and the driver 
laser could be inspected more closely, it was soon established that the damage in­
curred was sufficiently serious as to preclude any immediate repair of the system 
at NCAR. It was decided, therefore, to remove this system and replace it with a 
back-up Nd-YAG laser which was borrowed from ERA at Las Vegas.

On July 16, the entire OH laser system functioned without a flaw enabling us to 
gather OH data both going over the Rocky Mountains at 6.0 km and at low altitudes, 
2.1 km (0.7 km above terrain), in the vicinity of the Four Corners Power Plant. 
While in the Four Corners Power Plant area., two separate types of sampling profiles 
were flown. The first profile is shown in schematic form in Figure 9 and shows a 
sequence of three 60-70 mile long flight-legs flown in an approximate east-west di­
rection somewhat paralleling the power plant plume (see Figure 7 for more exact 
geographical location), but 10 to 40 miles displaced to the south of the plume.
The duration of each leg was approximately 13 minutes.

The second flight profile flown on July 16 is shown in schematic form in Figure 10. 
In this case, the Electra was flown in a pattern consisting of a large number of 
short flight-legs where the sampling path traced out by the aircraft was perpendic­
ular to the power plant plume and where each subsequent flight-leg flown was always 
upwind from the previous flight-leg. The location of the plume, and hence the 
definition of the OH sampling time for each run, was defined by the response of the 
on-board condensation nuclei counter. The MRI aircraft also informed the Electra 
pilots of the general location of the plume which was basically the San Juan river 
valley.

As noted earlier in the text, a major interference encountered in sampling OH di­
rectly in the Four Corners Power Plant plume was the rapidly oscillating aerosol 
level observed when the aircraft crossed the plume perpendicular to its drift vec­
tor. These oscillations were in the same frequency time range as the on and off 
frequency tuning time for the OH probe. Thus, although aerosol scatter is typical­
ly a manageable problem as a noise source (white noise), in the case of a power 
plant plume it behaves like an oscillating noise which in order to signal average 
out would necessarily require very long integration times. Concerning the flight 
on July 16, approximately 35 minutes of in-plume data were recorded. With the 
highly variable noise observed on and off the OH resonance frequency (5 sec sam­
pling times were employed here), we have estimated that at least 900 minutes of 
data would have been required to extract a believable OH signal for an actual OH
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concentration of 9xl0^/cm^. However, as will be discussed in the recommendation 
section of this report, a modified procedure has now been identified for overcoming 
the variable in-plume aerosol problem. This alternate approach will not require 
unrealistic integration time.

With regard to the OH data collected in the "near" plume flight configuration and 
also at high altitudes over the Rocky Mountains, this information along with re­
lated data is summarized here in the form of Table I. It should be noted that the 
ozone data are those recorded by MRI,*and the UV flux values reported together 
with the photochemical rate constant, J, are those deduced from the Panametrie's 
measurement two weeks after the power plant plume flight.

From Table I, it can be seen that on three separate runs measured OH values varied 
from 8.1 to 11.0xl06/cm3. We do not believe that these variations necessarily re­
flect changing atmospheric conditions, and at the present time are assigning an 
average value of 9.5xl06/cm3. The random error assigned to this average is 
±2.0xl06 OH/cm3 and reflects the uncertainty in the calibration procedure and the 
signal/noise ratio from individual measurements.** It is quite significant, we 
believe, that the OH value dropped from 9.4 to 3.3x10^ with a change in altitude. 
This drop primarily reflects the much lower absolute water content of the atmos­
phere at the higher altitudes (nearly a factor of four). The fact that a direct 
relationship between H2O and OH was not observed at high and low altitudes is, we 
believe, due to more complicated chemistry occurring near ground elevations (e.g., 
higher background NO2 and hydrocarbon concentrations). Unfortunately, background 
NO2 concentrations could not be measured by MRI (the sensitivity of the NO2 in­
strument used was 5 ppb NO2: recently quoted background levels for N02 are in
the ppt range).

*The Dasibi ozone analyzer, although sold to us as a proven aircraft instrument, 
was found to be unsuited to the Electra aircraft environment. More recent mod­
ifications have improved the performance of this instrument under flying condi­
tions .

**On an absolute scale, we believe it quite unlikely that the OH data reported 
here could be in error by more than a factor of 2.5. Continued refinement of 
the calibration procedure as well as other aspects of the technique should fur­
ther reduce the possible systematic error of the system in the future to levels 
of 20-25%.
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Table I
SUMMARY OF OH AND RELATED DATA RECORDED ON JULY 16 ELECTRA FLIGHT

Geographical
Location

Time of 
Sampling

Total Integ.
Time of 

Average Value

Altitude 
(above 

sea lev.) Cone.
Signal/
Noise

OH Over Rocky Mtns. 
between Denver 
& Farm., N.M.

1000-1020 10 min 6.0 km 3.3><106 % 4:1

SW of Four Corners 1030-1045 8 min 2.1 km 9.2xl06 ^ 4:1
SW of Four Corners 1045-1100 8 min 2.1 km 8.1x10s 1—

1

<?

SW of Four Corners 1100-1115 8 min 2.1 km 11.0x10s ^ 5:1

^ *°3 Non-plume bkgrd. 
levels near Four
Corners

0959-1006 3 min 2.0 km 75 ppb >10:1

Non-plume bkgrd. 
levels near Four
Corners

1024-1032 4 min 2.0 km 70 ppb >10:1

Non-plume bkgrd. 
levels near Four
Corners

1226-1240 4 min 2.0 km 82 ppb >10:1

h2o Over Rocky Mtns. 
between Denver 
& Farm., N.M.

1000-1020 10 min 6.0 km 2.0 Torr >10:1

SW of Four Corners 1030-1045 8 min 2.1 km 8.5 Torr >10:1
SW of Four Corners 1045-1100 8 min 2.1 km 8.5 Torr >10:1
SW of Four Corners 1100-1115 8 min 2.1 km 8.5 Torr >10:1

CO SW of Four Corners 1026 Grab Sample 2.1 km — >10:1
SW of Four Corners 1058 Grab Sample 2.1 km .24 ppm >10:1
Over Rocky Mtns. 1300 Grab Sample 5.0 km .23 ppm >10:1
between Denver 
& Farm., N.M.

*Data reported by MRI. Integration times reported in table are non-plume sampling 
times.
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Table I (Continued)

Geographical
Location

Time of 
Sampling

Total Integ.
Time of 

Average Value

Altitude 
(above 

sea lev.) Cone.
Signal/
Noise

ch4 SW of Four Corners 1026 Grab Sample 2.1 km - — >10:1
SW of Four Corners 1058 Grab Sample 2.1 km 1.67 ppm >10:1
Over Rocky Mtns. 
between Denver 
& Farm., N.M.

1300 Grab Sample 5.0 km 1.68 ppm >10:1

h2 SW of Four Corners 1300 Grab Sample 2.1 km .57 ppm >10:1
SW of Four Corners 1058 Grab Sample 2.1 km .49 ppm >10:1
Over Rocky Mtns. 
between Denver 
& Farm., N.M.

1300 Grab Sample 5.0 km .49 ppm >10:1

n2o SW of Four Corners 1026 Grab Sample 2.1 km .3 3 ppm >10:1
SW of Four Corners 1058 Grab Sample 2.1 km .31 ppm >10:1
Over Rocky Mtns. 1300 Grab Sample 5.0 km .31 ppm >10:1
between Denver 
& Farm., N.M.

UV FLUX*

Central
Wavelength

Time 
of Day

Altitude 
(above sea lev.)

Flux Reading* ** J Value
(10-^W/cm2-nm) (10”

(0iD Prod.) 
6s_1nm_1)

290.7 run 1338 2.1 km .02 .4

297.8 run 1338 2.1 km .20 1.4

305.3 run 1338 2.1 km .52 3.6

310.3 run 1338 2.1 km 1.39 1.5

319.3 run 1338 2.1 km 3.42 .05

329.2 run 1338 2.1 km 6.81 .005

Integrated J value over entire bandwidth 285-320; 4.7±1.6xl0_5s_1 +

*Data recorded over New Mexico, north-western Texas and southern Colorado on 
August 1, 1976. For a detailed discussion of how these results were arrived 
at, see reference to Sellers et al (1977).

**Data corrected for albedo.
+The integrated J value one hour earlier at an altitude of 6 km was 5.6xl0-5s-1, 
or 20% higher.
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Section V

DISCUSSION OF RESULTS

Two basic questions can be examined concerning the July 16 OH data: (1) How do
the OH values measured compare with those predicted by simple photochemical 
theories; and (2) What do these measured values of OH tell us about the conver­
sion rate of SO2 to sulfur aerosol and NO2 to nitric acid. Both questions will 
be examined here in some detail.

COMPARISON OF MEASUREMENTS WITH THEORY

The OH free radical in the troposphere is believed to have its primary source in 
the photolysis of O3 in the spectral region of 2850-318oX.* The key steps are:

(1) O3 + hV ---► O^D) + ©2

(2) O^D) + n2 ---- ---► 0(3P) + n2

(3) O^D) + h2o ---- ---► 2 OH

On the basis of the above reaction scheme, three major points can be made:

(a) OH production in the atmosphere is strictly a daytime process.
(b) Siammertime conditions are the most important for OH formation due 

both to the higher solar flux and H2O levels available.
(c) Because of the competitive nature of reactions (2) and (3), the 

absolute concentration of atmospheric H2O, not the relative 
humidity, is the critical parameter which influences the rate 
of production of OH.

Possible loss mechanisms for atmospheric OH include reactions (4)-(9), i.e.,

(4) OH + CH4 -------- ► CH3 + H20

(5) OH + CO -------- ► C02 + H
M(6) OH + N02  ► HN03

*In the case of a power plant plume, it is also possible that very low levels of 
OH could be produced via the photolysis of small amounts of HNO2• The latter 
compound would be produced by heterogeneous processes involving NO, NO2, and 
H20.
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(7) OH + S02

(8) OH + RH

M HS03

> H20 + R

(9) OH + H02 ------- ► H20 + 02

For unperturbed tropospheric conditions,* reactions (4) and (5) dominate the loss 
path for OH; whereas, for strongly perturbed air resulting from anthropogenic 
emissions, processes (6) and (8) probably become dominate.

A further complication involved in defining the steady state atmospheric OH con­
centration is the existing uncertainty in the methane degradation cycle. Although 
the first step is obviously reaction (4), the nature of the subsequent degradation 
process for CH3 going to CO is unclear. At the present time, this important 
chemistry must be summarized in the form of process (10),

Multi-(10) CH3 + 02 -- *■ X OH + CO + h2o

The critical quantity in the above multi-step reaction is the coefficient "X". If 
X=0, then process (4) consumes OH radicals. If X=l, process (4) has little or no 
effect on the steady state concentration. Finally, if X>1, process (4) is a net 
OH source. At the present time, there is insufficient kinetic rate data to de­
termine the value of the coefficient "X"; and it is quite likely that this quan­
tity may best be identified via direct measurements of OH along with the related 
variables O3, H20, UV, N02, NO, CO, CH4, and higher hydrocarbons.

As an initial test of the agreement between observation and theory, the assumption 
will be made that in the countryside surrounding the Four Corners Power Plant, very 
low levels of NO, N02, and hydrocarbons are present. To a first approximation, we 
can then take processes (1), (2), (3), (4), and (5) as controlling the photochemi­
cal equilibrium level of OH. For the case where the coefficient "X" is set equal 
to zero, the appropriate equations, rate constants, and concentration terms are as 
follows:

[OH] [O^D)] x
2 k3[H20]

k5[CO] - (X-l)k4[CH4] (V)

[0(1D) ]
Jl[03]

k2[N2]+ k3[H20] (VI)

*It may well be that this unperturbed state of the atmosphere exists nowhere in 
the boundaries of the USA.
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Source of Information

Thus when: = 4.7x10 5s_1 (at 11:00 A.M.), Table I

[°3^Ave. = 1.7x1012 molec/cm^. Table I

k2 = 5xl0-11 cm3molec-1s_1 (300 K), NBS Circular 866

k3 = 3.5xl0-1® cm^molec-^-1 (300 K) , NBS Circular 866

[H20] 2.0xl017 molec/cm3. Table I

and the altitude 2 km Table I

via eq. VI [0(*D)] =: 7.5xl0-2 molec/cm3 .

If then: X = 0, Source of Information

k4 = 7.0X10-15 cm3molec-1s-1 (300 K), NBS Circular 866

k5 = 1.5x10"15 cm3molec-1s"1 (300 K), NBS Circular 866

[CO] = 4.8x1012 molec/cm3. Table I

and [CH4] 3.5x1013 molec/cm3 Table I

via eq. V [OH] ~ l.lxl07/cm3 .

For the case X = 1, i..e. , each CH3 ->■ 1 OH

eq. V gives: [OH] 1.5xl07/cm3

For the case X = 2, i.e., each CH3 -*■ 2 OH 

eq. V gives: [OH] = 2.2xl0^/cm^

In the previous calculations, the NO2 background concentration was taken to be in 
the parts per trillion range. Under these conditions, the following chemistry is 
likely:

OH + CO ----- >- C02 + H

H + 02 + M ----- >■ H02 + M
MH02 + H02 ------► H202 + 02

*Jl at 11:00 A.M. should not be much different than Ji at 1:30 P.M. as evaluated 
experimentally by Panametrics (Sellers, 1977).
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Thus, CO is a major loss path for OH. If, however, the NO2 background is taken 
to be several parts per billion, then it follows that:

OH + CO ----- ► C02 + H

H + 02 + M ------► H02

Equilib. NO2 < ^ NO (03,hV)

H02 + NO ------► N02 + OH

In this case, CO acts far less efficiently as a loss path for OH since most of the 
H02 is recycled to form new OH via reaction with NO. N02 itself can then become 
a major loss path for OH via reaction (6).

A calculation of the OH concentration for the case where the [N02] = 4 ppb and 
X = 0 is given in the form of equation Vila,

[OH] [O^D)] x
2k3[H20]

kg[N02]M + k4[CH4] (Vila)

Taking then [M]k6 = 8xl0-12cm3molec-1s-1 NBS Circular 866

and [no2] = S.lxlO10 molec/cm3 See above assumption

gives [OH] = 1.2xl07/cm3 .

The above calculation probably represents an upper limit for the OH concentration 
since CO would continue to act as a minor loss path for OH. At 8 ppb N02, [OH] = 
6.9xl06/cm3.

For the case where N02 = 4 ppb and highly reactive hydrocarbons are present at 
the level of 4 ppb, the OH concentration can be calculated from equation VIlb.

[OH] [O^D)] x
2k3[H20]

k6[N02]M + kg[RH] + k4[CH4] ( Vllb)

If kg = 10-11 cm3molec-1s-1 (as is likely for highly reactive RH), then 

[OH] = 6.25xl06/cm3 .

The above calculation assumes that the R radical generated from reaction (8) 
would not result in the net production of OH.*

*It is difficult at this time to assess the reliability of this assumption and a 
sizeable uncertainty would necessarily have to be assigned to this calculation.
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From the above calculations, it can be concluded that within the uncertainties 
of the photochemical model and the OH measurements good agreement exists. The 
OH measurements reported would favor the assignment of a value for the co­
efficient for X of 0 or 1; however, the lack of good background data on NO2 and 
the absence of detailed information on reactive hydrocarbons precludes a more re­
fined comparison between theory and measurements.

CALCULATION OF CONVERSION RATES FOR S02 AND N02 VIA REACTION WITH OH 

SO? Lifetime Calculations

The basic reaction defining the atmospheric lifetime of S02 (in terms of homo­
geneous gas phase chemistry) is process (7),

OH + S02 + M ------► HSO3 + M

The assumption made here is that the HSO3 radical, which would be converted se­
quentially into HSO5 and HSO4 radicals, would not consume additional S02 molecules. 
(The latter point will need to be proven in controlled laboratory kinetic studies.) 
Taking the above assumption, together with the specification that all chemistry 
following reaction (7) and leading to the formation of H2S04 aerosol would proceed 
rapidly as compared to the rate of reaction (7), a rather simple mathematical ex­
pression can be derived which permits the calculation of the S02 conversion life­

time , e.g.,

-d[S02]
dt- = k[M] [OH] [S02] (VIII)

where M = N2 and 02. Taking d^-- = 0, and dd°H^ - 0 (for short time inter­
vals) , equation VIII can be rewritten as

-d[S02] 
dt K[S02],

where K = k[M][OH].

(IX)

Integration of equation IX then gives

£n[SO2]0
[so2]t = Kt '

where [S02]q is the initial S02 concentration and [S02]^ is the S02 concentration 
at some later time "t". The conversion lifetime is then defined by the condition
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[so2]o
e 2.7[so2]t

Thus, K is equal to 1/t or T(lifetime)
1

k[M][OH] (X)

In calculating the conversion lifetime from equation X, two approaches can be 
taken: (a) the calculation can be based on a snap shot OH concentration or (b)
the lifetime can be computed on the basis of a long time average OH concentration.

For method (a),

T = -—r^TTl = 1.25xl05 s or 1.4 days S02 ky[M][OH]

Source of Information
where [M]ky = 9xlo-13 cm3 molec-1s-1 Results from D.D.Davis

et al. (Davis and 
Klauber, 1975)

and [OH] = 9.4xl06/cm3 . Tcible I

Thus in this case the OH level is assumed to remain constant at 9.5xl06/cm3 through­
out the time period of 1.4 days. In point of fact, the OH level varies significant­
ly during a 24 hour day as is indicated in Figure 11. Hence, a more realistic cal­
culation of the S02 lifetime (method b) can be carried out if an appropriate diurnal 
averaging factor is used in conjunction with the measured high noon OH concentration. 
From Figure 11, it can be seen that Chang et al have computed this diurnal factor, 
a, for an altitude of 1 km and summertime conditions at 30°N latitude. The value 
reported, .32, is used here to readjust the measured value of OH which was made at
^35°N latitude. In this case [OH] = 2.94xl06,Ave.

T = ------TT-^--------zr = 3.8x10s SS02 (9x1013 ) (2.9x10s)

or
tso2 = 4-4 days-

From this computation, it is apparent that even using a diurnally averaged [OH] 
the predicted lifetime for conversion of S02 to aerosol via reaction (7) is 
sufficiently short as to define a very important process. It may, in fact, be 
the dominate mechanism under daylight summertime conditions. A possible further 
decrease in the calculated conversion time for S02 may also result from new 
kinetic studies on reaction (7). For example, there is now some evidence which

5-6



4.0

70 N SUMMER

7 km

10.0

1 km

7 km

30 N SUMMER

1 km

30 N WINTER

TIME (HOUR)

Figure 11. (Chang, Wuebbles, and Davis, 1977) Diurnal fluctuations in the 
steady state concentration of atmospheric OH as a function 
of latitude and altitude. (n = diurnal averaging factor)
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suggests that ky could be as much as 1.5 times higher than the value used in 
these calculations.

NO? Lifetime Calculations

The reaction of importance here is

OH + NO + M

The appropriate rate expression for the

-d[N02]
dt

Using the same assumptions employed for

1
TN02 k6[M][OH] 

where kg[M] = 8xl0-12

------ ► HN03 + M .

conversion of N02 to HNO3 is, therefore, 

k6[N02][0H] .

the S02 lifetime calculation, we have 

1.34X101* s or 3.61 hours 

M = N2 + 02

In the above case, the calculated lifetime for N02 is short, the snap shot con­
centration measurement of OH is more realistic than the diurnally averaged value 
However, what is now needed are numerous OH concentration measurements as a func 
tion of both the time of day and the season.
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Section VI

CONCLUSIONS

A. It has been demonstrated that an aircraft borne laser probe can successfully 
measure ambient levels of OH at near ground level altitudes for daylight summer­
time conditions involving moderate levels of humidity.

B. Although only limited OH data were collected during this program, the value
of this data is still quite significant. These data strongly support the hypothe­
sis that homogeneous chemistry, involving OH radicals in particular, can be of 
major importance in defining both the N0X and sulfur chemistry of power plant 
plumes. However, due to the strong dependence of the OH species on solar flux 
and the H2O concentration, the relative importance of OH induced chemistry in a 
particular power plant plume will depend very significantly on the season of the 
year and the geographical location of the plant.

C. The fact that only near plume measurements of ambient OH were successfully 
made rather than in situ values does not alter the major conclusions arrived at 
in statement B, concerning SO2 chemistry. Since the predicted conversion life­
time for SO2 is three to four days, this necessarily means that a major fraction 
of the conversion process could take place under dilute plume conditions where 
the OH concentration would be that of ambient air and aerosol levels would prob­
ably be only slightly above ambient levels.

D. Because of ,the much larger rate constant for the reaction of OH with NO2 ver­
sus SO2 a factor of 10), the conversion of NO2 to HNO3 will occur much more
rapidly in a plume (^3 to 5 hours) than the corresponding conversion of SO2 to 
H2SO4. As discussed earlier in the introduction, all OH induced chemistry has a 
pronounced induction period in a power plant plume due to the depletion of O3 by 
NO (see Figure 1). The above calculations indicate that high levels of N0X in 
the plume could also result in an additional induction period for the conversion 

of SO2 to H2SO4.
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Section VII

RECOMMENDATIONS

A. The OH data available at this point is very limited and must be substantially
expanded upon. OH data must be collected not only as a function of the time of
day and season of the year, but it must be generated at many different geographi­
cal locations in the USA.

B. To'properly understand the significance of any future OH measurements, as re­
lated to power plant plumes, it will be most important that data are collected on
such key variables as the UV flux (2850 to 3180A in 30& bandwidths), H2O, O3, CO,
CH4, NO-NO2 (background levels), and identified high molecular weight hydrocarbon 
concentrations.

C. In future flight programs in which the conversion time for SO2 to aerosol is 
being examined via direct measurements of the OH radical concentration, it would 
be most significant if concurrent measurements could be made of the SO2 and sul­
fate aerosol levels. The latter measurements could provide an independent measure­
ment of the chemical conversion of SO2 to aerosol. Unfortunately, in the reported 
Four Corners Study, the S02_sulfate data base generated by MRI was totally inade­
quate for purposes of computing SO2 conversion rates.

D. If in-plume OH concentrations are to be measured in future flight programs 
(i.e., to better establish the NO2 to HNO3 conversion time), it will be necessary 
to increase the on and off OH resonance cycling time by at least a factor of 100- 
1000 over that used in our 1976 study (e.g., 5 sec). With this time resolution, 
aerosol variations would not appear as an oscillating noise signal. We believe 
that this technological feat could be accomplished with (1) a $12,000 modification 
to our existing driver laser; and (2) the addition of a second dye laser module 
($20K) to the already existing system. The modification to our driver laser would 
permit the unit to operate in a double pulsing mode with the pulse separation 
being ^100 microseconds. These two independent laser pulses could then be separ­
ated and directed into two identical dye lasers. One of these dye lasers would be
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tuned, after frequency doubling, to the OH resonance frequency; the second would 
be shifted off resonance by 'v.OsR to measure the noise signal only. Thus, measure­
ments of the on and off OH resonance frequency signals would occur in a time period 
of only 100 microseconds.
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