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A recently developed long-path (=15 km) transmis-
someter (LPT) was configured with a design criteria of
measuring transmission independent of atmospheric
turbulence accurately enough to determine ambient
aerosol extinction coefficients with better than 10%
error. To assess the ability of the LPT to measure
atmospheric extinction accurately and to assess its re-
sponse to atmospheric turbulence, a series of field
programs was initiated to compare it to other measures
of extinction as well as to itself using different path
lengths. Relative accuracy of the transmissometer-de-
rived extinction is calculated by comparing it to other
measurements of extinction when it is expected that

those measurements would be unperturbed by meteoro-
logical conditions and/or relative humidity. For in-
stance, integrating nephelometers can accurately mea-
sure near-Rayleigh extinction, and teleradiometer con-
trast measurements of artificial black targets under
standard meteorological conditions eliminate the errors
associated with the uncertain inherent contrast and
nonuniform illumination. Turbulence effects were inde-
pendently investigated by simultaneously operating two
transmissometers over varying path lengths at Grand
Canyon National Park from June 1986 to September
1986.

INTRODUCTION

Measurement of the extinction coefficient is
essential to understanding how atmospheric
aerosols affect the visibility of scenic vistas.
However, accurate measurement of extinc-
tion in clean atmospheres and under all me-
teorological conditions poses a formidable
problem. To date, the two methods routinely
employed for estimating extinction are inte-
grating nephelometry (Charlson et al., 1967)
and teleradiometry using natural targets
(Middleton, 1958; Malm and Molenar,
1984). Both measurement techniques have
serious shortcomings. On the one hand, the
integrating nephelometer measures atmo-
spheric scattering and not absorption, may
modify (dry) particles that pass through its
sampling chamber (Dzubay et al., 1982),
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and properly measures scattering from only
fine particles (Ensor and Waggoner, 1970;
Quenzel et al., 1975). On the other hand,
calculations of atmospheric extinction using
teleradiometer measurements of natural tar-
get contrast are sensitive to both scattering
and absorption, and measure effects of parti-
cles of all sizes in the ambient aerosol.
However, the extinction calculation from the
contrast measurement is sensitive to varia-
tions in inherent contrast and nonuniform
illumination conditions, neither of which can
be readily accounted for in normal measure-
ments (Malm, 1987).

A transmissometer operated without en-
closing the light beam has the potential for
measuring atmospheric extinction without
perturbing the aerosols and without the inad-
vertent removal of large (= 10-pm) aerosols
by a closed chamber inlet. However, trans-
missometers with path lengths greater than a
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few kilometers are required to achieve the
sensitivity to measure extinctions near the
Rayleigh limit. Operation of transmissome-
ters over path lengths greater than 2-3 km
can result in beam modification because of
atmospheric turbulence effects. Beam
‘‘spreading’’ results in a lower detected
beam irradiance that is erroneously inter-
preted as atmospheric extinction.

Over the past three years the National
Park Service (NPS) has carried out a num-
ber of tests on a long-path transmissometer
manufactured by OPTEC, Inc., Lowell,
Mich. One transmissometer design criteria
was to measure atmospheric extinction in
near-Rayleigh atmospheres to an accuracy of
better than 10%. A Rayleigh atmosphere
refers to an atmosphere free of light scatter-
ing and absorbing aerosols. Since standard
atmospheres and/or gases cannot be intro-
duced into open-air long-path instruments, a
number of field programs were designed to
intercompare the transmissometer with itself
using different path lengths and other atmo-
spheric extinction/scattering measurement
techniques. Under certain limiting condi-
tions, various measurement techniques will
accurately measure atmospheric scattering
and/or extinction and consequently should
compare favorably.

Intercomparisons included side by side
operation of two transmissometers with path
lengths of 5.79 and 15.57 km. Unless the
effect of atmospheric turbulence on derived
extinction has a specific functional form, it
is expected that, as the path length is in-
creased, the error due to turbulence on mea-
sured extinction will increase. Thus, the de-
viation between two extinction measure-
ments made over different path lengths may
yield some insight into the accuracy of the
measurement or the functional form of the
effect that turbulence is having on derived
extinction.

A second field study compared transmis-
someter-derived extinction with an extinc-
tion calculated from teleradiometer
sky-target contrast measurements of an arti-
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ficial black target. By fabricating a target
with C = —1.0, the errors associated with
uncertain inherent contrast resulting from
uneven illumination of the target or clouds
behind the target are eliminated. However,
some errors associated with clouds shading
the sight path still remain (Malm and
Tombach, 1986).

In each of the above-described experi-
ments, and as part of a special study in the
winter of 1987, the transmissometer was
compared to integrating nephelometer mea-
surements of the atmospheric scattering co-
efficient. Under near-Rayleigh conditions, or
when the atmosphere is free of absorbing
and large particles and the relative humidity
(RH) is less than approximately 60%, neph-
elometer scattering coefficient measurements
should compare favorably to transmissomet-
ric derived atmospheric extinction.

INSTRUMENTATION

Transmissometry

Theory. Historically, transmissometry
has been thought of as teleradiometric mea-
surements of the intensity of a light source
placed at some distance, r, from an observa-
tion point (Middleton, 1958). The equation
governing the amount of radiant energy re-
ceived at the observation point is

I
H(r) = e b, (1)

where H(r) is irradiance at some distance,
r, from the light source, I, is radiant inten-
sity, and b, is the atmospheric extinction
coefficient. I, /r? is essentially a calibration
term that can be determined by comparison
of transmission measurements to other opti-
cal measurements, such as teleradiometer
measurements made under ‘‘standard’” light-
ing conditions, or to integrating nephelome-
ter measurements made on days that are
near the Rayleigh scattering limit. A second
calibration technique, proposed by Hall and
Riley (1975), utilizes measurements of H(r)
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at two different distances. Measuring r,, r,,
H(r)), and H(r,) and assuming the atmo-
sphere is homogeneous over distances r,
and r, allows for the calculation of 7. A
third calibration technique, the one used in
all field studies discussed in this paper, in-
volves measuring H(r) when the receiver
and light source (transmitter) are placed
within a few hundred feet of each other, and
assumes e %x" =1, Then I, = H(r)r?,
where r is the distance between the telera-
diometer and transmitter.

Effect of Turbulence. If it is assumed
that the effect of atmospheric turbulence on
measurement of H(r) is to modify Eq. 1 in
a multiplicative way, and that it is some

function of transmitter-receiver distance,
then

b= ——
.

: [lnm +1n f(r)|, (2)

o

where b= —1/r In[H(r)r*]/1, is true ex-
tinction or extinction associated with only
atmospheric aerosols and gases. Therefore,
the difference in b’ derived from transmis-
someter measurements over two path lengths
of differing distances is

1 1
Ab'=—1n f(r,) — —1In f(r,). (3)
ry ry
r, and r, correspond to two different trans-
mitter-receiver distances. For Ab’ =0 re-
quires 1/r, In f(r,) = 1/r, In f(r,). There-
fore, 1/r1n f(r) = ¢, where c is a constant
and

f(r)=e. (4)
If ¢ =0, then f(r)=1and Ab’ = 0. Under
these circumstances, turbulence would not
affect the measured irradiance, and true ex-
tinction is measured. If, however, ¢ #+ 0 and
the turbulence effect on measured irradiance
takes on the functional form of Eq. 4, the
effect of atmospheric turbulence would not

be detected by comparing transmissometric
measurements of different path lengths.
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Design Considerations. To minimize the
effect of background or ambient illumina-
tion, the transmitted light beam is modulated
from on to off, while the receiver electronics
are designed to measure the difference be-
tween background radiance (transmitter off)
and background plus transmitter radiance
(transmitter on). The difference between the
two signals is proportional to the irradiance
associated with the radiant energy from the
transmitter light source.

To achieve modulation of the transmitter
light source, a four-blade ‘‘chopper” is
mounted near a condenser lens and rotated
at an exact speed of 19.53125 revolutions
per second. This results in a 78.125-Hz
modulated signal. To maintain the lamp out-
put constant to better than 1%, an optical
feedback unit is used. Approximately 8% of
the lamp output is optically diverted to a
photo diode over which a narrow, 550-nm
band pass interference filter has been placed.
The output from this diode is used to control
voltage applied to the transmitter lamp.

The receiver optics consist of a 125-mm
diameter lens with a focal length of 629 mm
mounted in a heavy walled aluminum tube.
The transmitter (light source) image is fo-
cused on a photo diode detector with an
interference filter placed directly in front of
it. The interference filter has a band pass
centered at 500 nm, a 10-nm band width,
and a peak transmission of 60%. Character-
istics of the receiver interference filter are
nearly identical to the one used in the trans-
mitter optical feedback system.

The processing of the signal received at
the transmitter is schematically shown in
Figure 1. The transmitter signal is shown in
Figure 1a. The cycle time is 12.8 ms. Fig-
ure 1b, the output from the receiver 12-bit
A/D converter, shows the effect of atmo-
spheric turbulence and attenuation on the
transmitted signal after the modulated light
beam has transversed some path length, r.
To determine the difference between lamp-on
and -off voltage, the receiving computer must
accurately determine the time at which the



462

12.8 MS

a. Light Output from Lamp On

Transmitter Unit /

Signal Sampie Interval
of 8 Readings

W. C. Malm and G. Persha

Lamp Off

0.4 MS

b. Signal received at ”‘
Receiver Unit I‘_L_l—"n_‘—l

Signal Noise

c. Output from

Bandpass Amplfier//\

d. Output from Zero
Cross Detector

Signal Sample Interval

A Wﬂ

1
|

of 8 Readings

0.4 MS
N>

Ny ]

! !

Lamp On Start of Lamp Off
8 Readings

FIGURE 1. Receiver signal processing waveforms.

transmitted signal is sampled. That is, the
voltage must be extracted from the transmit-
ted signal that corresponds to when the light
is on and when it is off. This is achieved by
using a phase-sensitive detection scheme. A
high Q (Q = 32) band pass amplifier cen-
tered at the chopper frequency 78.125 Hz
allows the fundamental frequency of the
chopped signal to be passed to a zero
crossover detector. The output of the high O
band pass amplifier is shown in Figure Ic,
and the output from the zero cross detector
is represented in Figure 1d. By knowing the
time associated with the zero cross point, an
algorithm can be used to determine the time
at which the incoming signal is sampled.
The signal is sampled for 0.4 ms and con-
sists of eight separate readings.

If the effect of atmospheric turbulence on
the signal is random, averaging many radi-
ance difference measurements will yield a
““true”’ value. Figure 2 shows an example of
how the receiving electronics are designed

Start of
8 Readings

Lamp on
New Cycle

to yield a 10-minute average transmitter ir-
radiance signal. A 10-minute reading is the
average of ten 1-minute readings. A 1-minute
reading consists of ten 6-second sampling
intervals where the initial second is used to
establish the ‘“phase’” of the signal and the
subsequent 5 seconds are used to obtain
6250 samples of the signal. The receiver
electronics are designed to average over any
time period selected by the operator. Once
the receiver has been calibrated, the aver-
aged signal can be used directly in Eq. 1 to
calculate atmospheric extinction.

Teleradiometry of a Black Target

Teleradiometers measuring atmospheric ra-
diance of sky and natural targets can be used
in a number of ways to yield approximations
of atmospheric extinction (Malm, 1987).
However, the traditional method of making
teleradiometric extinction measurements in-
volves measuring sky and natural target ra-
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FIGURE 2. Comparison of extinction coefficients derived from
transmissometers operated over two different path lengths.

diance at some distance, r, and using

C.=C, SN°e—bext’ (5)
N
to approximate b, (Middleton, 1958). C.
= (N, _sNr)/sNr and Co = (N, —
«N;)/¢N, are the apparent and inherent tar-
get contrasts, respectively, N, and N, are
the target radiances at the target and ob-
server, while (N, and (N, are sky radiances
at the target and observer. r is the distance
to the target and b, is the average atmo-
spheric extinction coefficient over path length
r. If it is assumed that (N, / N, =1, then
Eq. 1 can be solved for b,,,;
b, (6)
When using a fabricated black target with
C,= — 1.0, most errors associated with cal-
culating extinction from contrast measure-
ments under standard illumination condi-
tions are removed. The only error associated

1
= ——ln[Cr/Co].
.

with the extinction calculation is due to the
uncertainty in (N, /,N,. For uniform illumi-
nation conditions over the short path lengths
(r<10 km) required for use of artificial
black targets, (N, /N, = 1 and little error is
associated with determining extinction
(Malm, 1986). However, single telera-
diometer contrast measurements of black
targets are still subject to cloud shadowing
of the sight path, which results in (N, #,N.,.
Errors due to sight path shadowing can only
be remedied by measuring sky radiance at
the target ((/N,) and explicitly accounting
for the ratio (N, / N,.

Integrating Nephelometer

The integrating nephelometer differs concep-
tually from the methods discussed above, in
that it measures the light scattered from the
aerosol, whereas the other methods measure
a change in radiance or transmittance due to
scattering and absorption. The geometry of
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the instrument is such (see, for example, the
description in Charlson et al., 1967) that the
signal is proportional to the scattering por-
tion of b,,, namely b,,,. This is an advan-
tage in clean environments, because a small
quantity is measured directly rather than
being derived from a difference or ratio of
larger numbers, and, in fact, commercially
available integrating nephelometers can reli-
ably measure b, owing to Rayleigh scat-
tering from gases. On the other hand, the
optical signal is so small that it has been
measured most successfully in a totally dark,
closed chamber, free of stray light.

The closed chamber and instrument ge-
ometry of the commercially available neph-
elometers result in inadvertent heating and
drying of aerosols (Dzubay et al., 1982),
restriction of large particles from entering
the sampling chambers and underestimation
of large particle scattering because of trun-
cation errors (Ensor and Waggoner, 1970).

RESULTS

Comparison of the Two Transmissometers
Operated over Different Path Lengths

The objective of operating two transmis-
someters side by side but with different path
lengths was to investigate the effect of atmo-
spheric turbulence on transmissometer-de-
rived atmospheric extinction. The instru-
ments were operated at Grand Canyon, Ariz.
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from late May to the end of July 1986. One
instrument was operated continuously over a
5.79-km path, while a second instrument,
configured to make 10-minute average read-
ings at the top of each hour, had a path
length of 15.57 km. Both receivers were
placed at Grand View Point, with the trans-
mitters located at Moran Point (5.79 km)
and Desert View Watchtower (15.57 km).
To minimize turbulence due to thermal gra-
dients near the surface of the ground, instru-
ments were placed next to cliff edges such
that the light beam path was well above
terrain features.

To examine the relationships between ex-
tinction derived from the two instruments, a
scatterplot, shown in Figure 2, was made
with the 15.57- and 5.79-km path instru-
ments plotted on the x and y axes, respec-
tively. The continuous signal from the 5.79-
km instrument was averaged to correspond
to the 15.57-km instrument. Pertinent statis-
tics associated with Figure 2 are presented
in Table 1.

The two instruments compared quite fa-
vorably. It is clear that there is an approxi-
mate linear relationship between the two
extinction coefficients. Correlations between
bex,,1 and b, , are equal to 0.97, and a
perpendicular departure regression analysis
indicates a straight line with nonsignificant
intercept. Because there is error in both the
independent and dependent variable, perpen-

TABLE 1. Pertinent Statistics for Comparing the Transmissometer- Denved Extinction

to Other Measures of Extinction/Scattering

. SE of SE of
Slope Intercept Slope Intercept R

Transmissometer 1 vs. Transmissometer 2 0.97 0.0002 0.016 0.000 0.98
(Grand Canyon, Arizona; Summer 1986)

Transmissometer vs. Black Box 1.07 —0.0030 0.074 0.003 0.80
(Meteor Crater, Arizona; Fall 1985)

Transmissometer vs. Nephelometer 0.91 0.0007 0.027 0.001 0.94
(Grand Canyon, Arizona; Summer 1986)

Transmissometer vs. Nephelometer with 2.5 pm Inlet 0.60 0.001 0.06 0.002 0.79
(Meteor Crater, Arizona; Fall 1985)

Transmissometer vs. Nephelometer 0.82 0.002 0.059 0.001 0.78

(<60% 6 hour average; Page, Arizona; Winter 1987)
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dicular departure regression analysis yields
a more ‘‘physically’’ representative regres-
sion line (Mandel, 1984). It was found that
95% of the time b] is within 13% of b),
while relative error (RE) between b} and
b;, given by

1
RE = ;[ | 61— by /(bri+ b2) /2] (7)

averaged over all cases is 11.6%. That is,
the discrepancy between the two transmis-
someters is 11.6% on the average. In fact,
in 75% of the cases the discrepancy is less
than or equal to 4.3%.

The rather exceptional agreement be-
tween the two instruments, under a variety
of turbulence conditions and during day and
nighttime conditions, suggests that either
turbulence was not significantly affecting the
transmissometer-derived extinction calcula-
tion and that the transmissometers were
making very accurate measurements, or that
the effect of atmospheric turbulence on mea-
sured irradiance takes on the form of Eq. 4
and the effects of turbulence are not detected
by this experiment.

Comparison of Transmissometer
Extinction to Teleradiometer
Black Target Extinction

A consortium of industrial and governmental
agencies, the Subregional Cooperative
Electric Utility, Department of Defense,
National Park Service, and Environmental
Protection Agency Study, or SCENES (Mc-
Dade and Tombach, 1987), was formed to
investigate chemical and physical properties
of hazes on the Colorado Plateau. As part of
SCENES, a special study was conducted
near Meteor Crater, Ariz. to intercompare a
number of methods for measuring atmo-
spheric extinction (Malm et al., 1987). As
part of that study a teleradiometer was used
to measure contrast of a prefabricated black
target located 3.3 km from the observation
point. The teleradiometer used in the field
study was designed with a 0.017° angle of
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view. This corresponds to an approximate
1.0-m target at a path distance of 3.3 km.
For purposes of maintaining alignment and
reducing teleradiometer flare, the target was
chosen to be twice as big or approximately
2.0 m in diameter.

A sensitivity analysis of path radiance as
a function of target distance shows that the
teleradiometer’s accuracy and sensitivity
must be extremely high. For a black target
located 3.3 km distant from the teleradiome-
ter, the path radiance on a Rayleigh day will
be approximately 3.5% of the sky radiance.
To measure Rayleigh extinction (0.01 km™ 1)
with an accuracy of near 10% requires a
contrast measurement accuracy of less than
0.5%. Therefore, special care must be taken
to carefully characterize the amount of flare
or extraneous light entering the teleradiome-
ter.

The flare of the precision teleradiometer
was estimated by measuring the radiance of
a small nearby light trap or nearly perfectly
black target. The geometry of the measure-
ment was chosen such that the target was
twice as big as the area ‘‘seen’’ by the
teleradiameter. For all sun angles and illu-
mination conditions the measurements
showed that teleradiometer flare was nearly
1% of background sky radiance. Therefore,
the path radiance readings were corrected
for flare using

tN3.3km=tNZ;,3km_0'013N3.3km’ (8)

where (Nj; . is the measured path radi-
ance, (N5, is the measured sky radiance
at the observation point, and | N; 5, is the
corrected path radiance used to calculate the
extinction coefficient. The subscript 3.3 km
indicates that the artificial target was 3.3 km
from the observation point.

Another consideration in using artificial
black targets is maintaining teleradiometer
alignment on the black portion of the target.
When the teleradiometer is aligned so that it
is centered on the black target, a shift in
alignment of only 0.0085° moves the telera-
diometer off target. Therefore, alignment
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FIGURE 3. Relative sky and path radiance for the black target
experiment plotted as a function of time for October 9, 1985.
Relative path radiance is equal to the y-axis relative radiance values

Oct 9, 1985

divided by two.

was routinely checked to minimize drift in
teleradiometer positioning.

Figure 3 shows a plot of the October 9,
1985 “‘raw’’ teleradiometer readings associ-
ated with the artificial black target. The
highest readings correspond to sky radiance,
while the lower readings correspond to the
path radiance between the observation point
and black target. The ‘‘relative radiance’’
reading for the path radiance can be arrived

0.10

at by dividing the y-axes scale in Figure 4
by a factor of 2. The teleradiometer relative
radiance readings were converted to atmo-
spheric extinction through the use of Eq. 6
after correcting for flare.

Adjacent to the black target instrumenta-
tion, a transmissometer was operated over a
path length of 8 km. The instrument was
calibrated by the same method as previously
described. Figure 4 is a scatterplot compar-
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and transmissometer extinction for the Grand Canyon intercompari-
son study. The slope of the perpendicular regression line is equal to
0.91 + 0.027 and the intercept is equal to 0.0007 + 0.001.

ing ‘‘black target’’ to transmissometer ex-
tinction for all data gathered during the study
period.

The slope of the regression line is equal
to 1.07 £ 0.074 and the intercept (—0.003
+0.003) is not statistically different from
zero. The correlation between the two mea-
surements is 0.80, while the relative error is
15.0%. Given the potential error due to
sight path shading by cloud cover, the
agreement between the two instruments is
surprisingly good.

Comparison of Transmissometer
Extinction to Integrating
Nephelometer Scattering

In the field studies at Grand Canyon, Meteor
Crater, and Page, Ariz., the MRI 1560 inte-
grating nephelometer was used. The instru-
ment was operated according to standard
procedures. The span of the instrument was

set using freon 12, while the ‘‘zero’’ point
was monitored at least every 6 hours by
pumping clean air through the sampling
chamber. Typical temperature differences
between the nephelometer inlet and outlet
were around 10°C.

At Grand Canyon, the nephelometer was
operated at Hopi Point, a monitoring site
which is approximately 18 km from Grand
View Point and 30 km from Desert View.
Figure 5 shows a scatterplot of hourly aver-
age nephelometer and 5.79-km transmis-
someter scattering /extinction measurements.
Given the rather large physical separation of
the two instruments and the fact that the
operation logbook indicated some local con-
trol burn activity, the instruments compared
favorably. The perpendicular regression line
slope is 0.91 + 0.27, with a near zero inter-
cept of 0.0007 £0.001, while the correla-
tion coefficient is 0.94. When the atmo-
sphere is free of aerosols, both instruments
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should predict Rayleigh scattering of 0.01
km~'. The regression equation can be used
to estimate relative error (RE) by predicting
be,, when b, =0.01 km~!. The RE is
given by l bscat,R - bext,R | /001 km !
where by, r and b, g are the nephelome-
ter and transmissometer Rayleigh scattering
coefficients. The RE for the Grand Canyon
experiment was approximately 2%. On the
average, however, the nephelometer pre-
dicted scattering coefficient was approxi-
mately 10% lower than transmissometer ex-
tinction. The difference could be attributed
to nephelometer underestimation of large
particle scattering, absorption, or drying of
wet aerosols.

A similar comparison was done during
the Meteor Crater study, and results are
shown in a scatterplot presented in Figure 6.
In this comparison, the nephelometer was
operated with a cyclone which has a 2.5-um
““cutpoint,”’ thus only particles with diame-
ters of 2.5 pm or less were admitted to the
nephelometer sampling chamber. The slope
of the perpendicular regression line for this
study was 0.60 +0.06, and the intercept
again was near zero at 0.001 + 0.002. The
correlation between the two measurements is
near 0.80, while the relative error is 30% at

Rayleigh conditions. A slope of 0.60 implies
that, on the average, nephelometer scatter-
ing was approximately 50% lower than
transmissometer-derived extinction. Since
the nephelometer was operated with a 2.5-
pm cyclone, it is not surprising that b, is
substantially lower than b,,,.

A third comparison between a transmis-
someter and integrating nephelometer was
carried out over the time period from Jan-
uary 7 to February 18, 1987 as part of the
Winter Haze Intensive Tracer Experiment
(WHITEX) at Page, Ariz. (Malm et al.,
1989). The transmissometer receiver and in-
tegrating nephelometer were placed on a
4300-foot plateau that is located just north of
Page and the Navajo Generating Station.
The transmissometer transmitter was placed
11.18 km north of the receiver and neph-
elometer. Any local emissions from Page or
the power plant could, under some meteoro-
logical conditions, be detected by the neph-
elometer before being uniformly mixed
through the transmissometer receiver—trans-
mitter path. This was most evident during
early morning hours (5:00 a.m. to 8:00
a.m.) when wood smoke from Page could be
seen (and smelled) passing over the monitor-
ing station. The nephelometer responded
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for the time period of February 6-13. Data are from the WHITEX
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tion /nephelometer scattering = 1.0.

with sharp spikes, whereas the transmis-
someter- responded more slowly and over
significantly longer time periods.

To minimize the effect of inhomogeneous
aerosol distributions, the transmissometer
and nephelometer data were averaged over a
6-hour period. Six hours was chosen to cor-
respond to the length of particulate sampling
intervals, since an ultimate goal of WHITEX
was to relate aerosol mass concentration to
atmospheric extinction.

Relative humidity often exceeded 60%
and 70% during the coarse of the study.
Therefore, since the sampling chamber of
the nephelometer was known to heat the air
by about 10°C, the relative response of the
nephelometer and transmissometer as a func-
tion of RH was explored. The 10-minute
ration by, / b, Was plotted as a function
of RH for the time period February 6-13.
This plot is shown in Figure 7. Notice that
below RH = 60% the ratio of by, /Duepn
varies around 1, while for RH > 60% the
ratio is much larger than one. For RH =
95%, the ratio exceeds 3.5, indicating the

nephelometer is drying the aerosol suffi-
ciently to underpredict true scattering by
nearly 80%.

Since the relationship between the neph-
elometer and transmissometer is very non-
linear above 60% RH because of inadvertent
heating within the nephelometer sampling
chamber, only those data values correspond-
ing to RH below 60% are used in the analy-
sis. Figure 8 shows a scatterplot for those
6-hour averaged data points below RH =
60%. The slope is 0.82 + 0.059 and the
intercept is again near zero, 0.002 + 0.001.
The average relative error between the two
measurements under Rayleigh conditions is
9.0%. For RH less than 60%, the neph-
clometer measured scattering was approxi-
mately 20% lower than transmissometer ex-
tinction.

CONCLUSION

Three separate field studies were conducted
to examine the ability of the OPTEC, Inc.
transmissometer to measure atmospheric ex-
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tinction. One study sought to investigate the
effect of atmospheric turbulence by operat-
ing two identical transmissometers over two
path lengths. If turbulence is causing the
measured irradiance to be erroneously low,
the effect should manifest itself more for
longer than shorter paths. A second study
compared transmissometer extinction to tel-
eradiometer black target contrast-derived ex-
tinction. Using a truly black target elimi-
nates all the error associated with uncer-
tainty in inherent contrast. Finally, the
transmissometer extinction was compared to
nephelometer scattering. It is expected under
some circumstances that nephelometer scat-
tering and transmissometer extinction should
compare favorably. For instance, in clean
atmospheres, both instruments should mea-
sure the Rayleigh scattering coefficient. All
of the above measurements suggest that the
transmissometer is accurately measuring the
true unperturbed ambient extinction coeffi-
cient. Specifically:

1. Two transmissometers, operating under a
variety of turbulence conditions, both day
and night but over different path lengths,

W. C. Malm and G. Persha

FIGURE 8. Scatterplot of the 6-hour aver-
aged transmissometer extinction and neph-
elometer scattering for the WHITEX study,
but with RH < 60%. The slope of the per-
pendicular regression line is 0.82 = 0.059
and the intercept is 0.002 + 0.001. The 1:1
line is also shown.

yielded almost identical extinction, indi-
cating the turbulence did not affect the
measurements or that turbulence effects
on measured irradiance is a very simple
exponential function of the path length r.
The average relative error between the
two instruments was 11.6%.

. The transmissometer and black target ex-

tinctions correlated very well and there
was little apparent bias between the two
measurements. The linear regression line
between the two variables was not statis-
tically different from 1. The average rela-
tive error was 15.0%.

. In each of the studies, nephelometer scat-

tering was systematically lower than
transmissometer extinction by as little as
10%, and in some cases by as much as
80% under others. However, the inter-
cept of the regression line comparing the
two instruments had an intercept which
was not substantially different from zero,
indicating atmospheric turbulence was not
affecting the transmissometer measure-
ments. If the transmissometer readings
are being biased toward higher extinc-
tions because of atmospheric turbulence,

n
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it would be expected that this bias would
be apparent on Rayleigh as well as high
extinction periods. The average relative
errors between the transmissometer- and
nephelometer-measured Rayleigh scatter-
ing were 2%, 30%, and 9.0% at Grand
Canyon, Meteor Crater, and Page, re-
spectively.

The assumptions, findings conclusions, judgments, and
views presented herein are those of the authors and should
not be interpreted as necessarily representing official Na-
tional Park Service policies.
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