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The basis of this report originated as a master's degree thesis and was

condensed to address current Army problems concerning the electro-

’ optical atmosphere. Although the original investigation of particulate
sulfur concentrations was based on data acquired in the Midwestern and

Northeastern United States, the results may be equally applicable to

the European Scenario due to the similar latitude and climate.
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INTRODUCTION

An old maxim concerning combat states that "what can be seen can be
annihilated." This concept today is no longer true. Although an ob-
server might detect a target by using an infrared scope, the weapon sys-
tem that might be employed to engage the target might operate on a dif-
ferent wavelength which is unable to "see" the target. Thus, winning
the battle depends on "seeing" and "not being seen," which in turn de-
pends upon factors affecting battlefield obscuration.

There are obvious differences of night versus day and the limitation im-
posed by terrain and vegetation. These are factors which can be reckoned
with because of their staticnary character. On the other hand, there are
highly variable atmospheric phenomena affecting battlefield obscuration
which have the potential to turn the tide of battle one way or another,
depending on the circumstances. Some of the more obvious atmospheric
phenomena which could affect battlefield obscuration are fog, rain, snow,
and dust. One of the Tess obvious atmospheric elements which has become
increasingly important to battlefield obscuration is anthropogenic aero-
sol, or air pollution as it is more commonly known.

An important problem has been a lack of understanding of the spatial and
temporal behavior, as well as the composition of pollutants with identi-
fiable air masses. This problem is due to the lack of suitable large-
scale air quality network data.! This report addresses the problem in
relation to the following meteorological parameters:

1. Visibility degradation (obscuration) with emphasis on haze
2. Relative humidity

These parameters were chosen because earlier studies indicated that
ammonium sulfate is the primary sulfate found in the atmosphere. A]—
though windspeed and wind direction, relative humidity, and precipi-
tation all affect the concentration and physical properties of this
sulfate, only relative humidity will be discussed in this report.

Also, this sulfate is a highly efficient 1ight scattering aeroso]

that is a likely candidate for visibility obscuration, especially
during occurrences of haze. This supposition is supported by past
studies where large areas of the Midwestern and Northeastern United :
States were shown to have typical concentrations of 20ug/m3 of ammonium

IR. B. Husar et al., 1976, "Long range transport of pollutants observed
through visibility contour maps, weather maps, and trajectory ana]ysis,"
Third Symposium on Atmospheric Turbulence, Diffusion, and Air Quality,
given by the American Meteorological Society on 19-22 October, 1976,
Raleigh, NC, 344-347




sulfate during the summer months.? Husar et al. measured similar concen-
trations in Saint Louis during periods of reduced visibility and haze

and suggested that sulfates may be one of the primary causes of visibility
degradation.! In fact, there is an inverse relationship between prevail-

ing visibility and pollutant mass concentration of the form V « % where
m is the mass concentration.’

THEORY

The two most common sulfate compounds in the ambient atmosphere are
ammonium sulfate ((NH,),SO,) and sulfuric acid (H,S0.).* Knowledge of
which compound is dominant is important in devising future planning
strategies. Past studies indicate that sulfates are more effective light
scatterers per unit mass than other suspended particulate constituents.”
Sawyer found that when sulfates are exposed to high humidity, haze is a
1ikely result. He also determined that ammonium sulfate, because of its
large liaght scatterinag coefficient, is the most effective haze producing
aerosol in the Northeastern United States.

Figure 1 shows the results of an experiment® where laboratory air was
sampled by two cascade impactors. One of the impactors sampled aerosol
particles after passing the air through a tube half filled with water so

E. Y. Tong et al., 1976, "Regional and local aspects of atmospheric sul-
fates in the northeast quadrant of the United States," Third Symposium

on Atmospheric Turbulence, Diffusion, and Air Quality, given by the Amer-
ican Meteorological Society on 19-22 October 1976, Raleigh, NC, pp 307-310

IR. B. Husar et al., 1976, "Long range transport of pollutants observed
through visibility contour maps, weather maps, and trajectory analysis,"
Third Symposium on Atmospheric Turbulence, Diffusion, and Air Quality, given
by the American Meteorological Society on 19-22 October 1976, Raleigh, NC,
344-347

3S. J. Williamson, 1973, Fundamentals of Air Pollution, Reading, MA,
Addison-Wesley Publishing Company

“pP. R. Ehrlich, Anne H. Ehrlich, and John P. Holdren, 1977, Ecoscience,
San Francisco, W. H. Freeman and Company

°J. W. Sawyer, 1978, "The sulfur we breathe," Environment, 20:25-26
6M. S. Ahlberg, A. C. D. Leslie, and J. W. Winchester, 1978, "The chemical

state of particulate sulfur in ambient aerosols determined by PIXE
analysis," Nucl Instr and Meth, 149:451-455
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as to increase the relative humidity. The other impactor sampled the air
directly without humidification. Therefore each experiment consisted of
two samples: one humidified sample and one ambient air sample. Near the
top of the graph, the humidities of the pairs of samples are indicated.
Mass median aerodynamic diameters (MMAD) of particles in each sample were
calculated from the measured concentrations in the impactor size fractions,
and the MMAD for each humidified sample was expressed relative to the cor-
responding unhumidified sample MMAD set equal to unity. These values of
MMAD were plotted versus the relative humidity at which the samples wvere
taken. The two curves in this graph are the theoretical growth of ammonium

sulfate ((NH,)-SO,) and sulfuric acid (H-SO,) with rising relative humidity.

By examining the results of the experiment, one can see that almost all of
the points 1ie on or above the (NH,),S0, curve, while only a few lie be-
tween the curves. Above 81 percent relative humidity, there are no points
between the curves. At this relative humidity, (NH,).SO, undergoes a
phase change from solid to aqueous solution with a corresponding increase
of a factor of 1.3 in MMAD. The degree of growth of the (NH,),SO,
droplets is greater than for H,SO, for relative humidities up to 95 per-
cent. It ic significant that there are no points between the curves above
the phase chnge of (NH,),SO, and the 95 percent relative humidity point,
indicating that a large majority of the sulfur in the laboratory air was
ammonium sulfate rather than sulfuric acid.

This experimental result suggests that haze, which frequently forms when
relative humidities are between 80 and 95 percent, is due to the rapid
growth of (NH,),SO, after reaching a relative humidity of 81 percent, and
therefore ammonium sulfate could be a major contributor to the formation

of haze. Once the (NH,),SO, aerosol is optically activated when it under-
goes the transition from solid to aqueous, the reverse process may not take
place until relative humidity has decreased to below 30 percent, owing to
crystal nucleation reaction kinetics. Therefore, if haze is caused by
(NH,),S0, during periods of high relative humidities, the haze may likely
remain even when relative humidities drop well below 80 percent.

Since the primary form of sulfur pollution in the atmosphere is SO, (EPA7),
its properties should be examined. Table 1 shows five possible mechanisms
for SO, conversion to SO, . As indicated in the table, SO, changes to
(NH,).SO0, if there is enough ammonia present in the atmosphere.

7US Environmental Protection Agency, 1975, Position paper on regulation of
atmospheric sulfates, EPA-450/2-75-007, Research Triangle Park, NC
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Not shown in the table is that the H,SO, may be neutralized by NH3 via
the following process:

2NH3 + H,S0, > (NH,),S04; (1)

and, depending on their relative atmospheric abundances, either all the
NH; or all the H,SO, may be used up.

Over half the land east of the Rocky Mountains is farm land. Nitrogen
compounds are important fertilizers used in this area and are a major
source of atmospheric ammonia by the process of ammonification.“ This
process frees ammonia by reducing nitrogen compounds in the soil:

2N0, + BHT + 2H,0 > 2NH,T + 30, . (2)

In addition, the decay of vegetable and animal matter releases NH; to the
atmosphere. It would seem that there are ample sources in agricultural
areas for atmospheric ammonia, and (NM,),SO, should be the most abundant
sulfate compound in the atmosphere under these conditions.

If ammonium sulfate is the principal particulate sulfate, we should deter-
mine whether this sulfate, in the concentrations encountered by previous
studies (10-30ug/m3), can reduce visibility to the levels that are frequently
observed during visibility obscuration occurrences by mechanisms other than
fog or precipation.

The extinction coefficient of an aerosol is equal to the sum of its scattering
coefficient and its absorption coefficient

b. = b # b, (3)

The scattering coefficient, bs’ is equal to the sum of the molecular scattei-
ing, bmol’ and the scattering by all the particulates, bs'.

L (4)

The term bScat
may be the larger contributor.

frequently used in the literature refers to bS of which bs'

“P. R. Ehrlich, Anne H. Ehrlich, and John P. Holdren, 1977, Ecoscience,
San Francisco, W. H. Freeman and Company
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For ammonium sulfate, ba’ the absorption coefficient, is negligible in the
visible range;® i.e., bS >> ba‘ Therefore bS = be and only bS need be cal-
culated. The type of light scattering that is of interest here is mainly
Mie scattering. For the purpose of this model, we assume that the aerosol
particles are of a uniform spherical shape and are homogeneous in com-
position. We also assume relative humidity < 70 percent so that the par-

ticles are solid crystals. The scattering coefficient is defined as follows:

TTD 2 f>\2
b = —ZE—- A KS(A, Dp. m)I(x)dr (5)
m = refractive index
Dp = diameter of the aerosol particle
Ks = scattering efficiency
I(A) = the normalized intensity distribution of
solar radiation at sea level
A = wavelength
Ao
I(x) = P(r)/ -/. P(x)dx (6)
A
P(x) = 1in watts anZm! = solar spectral jrradiance averaged
over a small bandwidth centered at i
Ao n
/ P(Mdr = 3 P(r.)a (7)
Al 1 1
n = 12
AX = 0.03um

The scattering coefficient can be estimated by the following equation:

8Sheldon K. Friedlander, 1977, Smoke, Dust, and Haze, New York, Wiley

13




D 2 n n i
bsl . <_7fl_ ) [1/ % P(\i)] ? Ks(li) P(Ai) . (8)

By summing P(Ai), with s) = 0.03um from 0.35um to 0.68um (visible range),
T P(Ai) = 1.952.°

A realistic calculation of the visibility reducing capabilities of ammonium
sulfate should be based on a measured particle size distribution. Figure 2
gives median values for sulfur concentrations in six size ranges at f1ve
lTocations that were sampled by cascade impactors by Winchester in April

of 1976. The percentage of sulfur found in each size range is the following:

Impactor Stages 6 5 4 3 2 1
Percentage

X New Hampshire 46 31 13 5 3 2
0 St. Louis West 35 46 9 5 3 2
0 St. Louis City 33 40 17 5 3 2
+ Colorado 37 36 22 2 2 ]
# New Mexico 22 42 23 5 5 3

Average 34.6 39 li6=8" 4.4 3.2 2

The aerodynamic diameter ranges for particles collected by the impactor
stages are: stage 6, < 0.25um; stage 5, 0.25um to 0.5um; stage 4,
0.5um to Tum; stage 3, Tum to 2um; stage 2, 2um to 4um; stage 1, > 4um.
In general, the size distributions are biomodal with the principal mode
in the fine particle range centered on stage 4 (figure 2), while the
secondary maximum is not always visible. In more than 90 percent of all
the particle size distributions sampled, the mass median aerodynamic
diameters (i.e., half the aerosol mass was contained in diameters up to
the MMAD) were 1.0um or less. Since particles smaller than 0.1um tend
to coagulate quickly in the atmosphere to 0.1um or larger, it can be
assumed that stage 6 approximates the 0.1um to 0.25um diameter range.
Since most of the aged atmospheric particulate sulfur lies between 0.1um
and 1.0um, as seen in figure 2, the values 0.1ym, 0.5um, and 1.0um were
chosen for the calculation of bs'.

Since, for the first case, particles of 0.1um diameter 1ie in the range
described by Rayleigh scattering, the formula from the Rayleigh scattering
theory was used to calculate Ks'

9Robert C. West, ed., 1976, Handbook of Chemistry and Physics, Cleveland,

OH, CRC Press

14
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(unpublished).
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i
b k= (83" [® - 17+ 2)1° - 0.231x° (9)
X = nDp/X, a nondimensional optical size parameter
i m = 1.5, the refractive index”
%
F A(um) X KS(Rayleigh) P(watts cm'zum'])
0.35 0.897 0.150 0.109
0.38 0.826 0.108 Q. 172
0.41 0.765 0.079 0.175
0.44 0.714 0.060 0.181
0.47 0.668 0.046 0.203 1
0.50 0.628 0.036 0.194
0.53 0.592 0.028 0.184
{ 0.56 0.561 0.023 0.170
t 0.59 0.532 0.019 0.170
3 0.62 0.506 0.015 0.160
0.65 0.483 0.013 @ 151
0.68 0.462 0.011 0.143
From equation 8, bs' = 5.64 x 10']3 cm'1 was calculated for a con-
centration of 1 partic]e/cm3.
For the second case, particles of 0.5um diameter lie in the Mie range
of light scattering, and KS was interpolated from figure 5.3 of

Friedlander.® A11 P values are the same as in the first case.

A um) X KS(Mie)
0.35 4.49 4.0
0.38 4,13 4.2
0.41 3.83 4.0
0.44 3..57 4.1
0.47 3.34 3.8
0.50 3.14 3.5
0.53 2.96 3.4
0.56 2.80 3.5
0.59 2.66 2.9
0.62 2:.53 2.5
0.65 2.42 2.3
0.68 2.3 2ol

Robert C. West, ed., 1976, Handbook of Chemistry and Physics, Cleveland,
OH, CRC Press

8Sheldon K. Friedlander, 1977, Smoke, Dust, and Haze, New York, Wiley
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From equation 8, b.' = 6.56 x 1072 cn! for a concentration of I

partic1e/cm3. The third case, for aerosol particles with a diameter of
1.0um, is again in the Mie range, and KS was interpolated from

Friedlander.® As before, all P values are the same as in the first case.

A (um) X KS(Mie)
.35 8.98 252
0.38 8.27 2.0
0.41 7.66 1.8
0.44 7.14 1.8
0.47 6.68 2.4
0.50 6.28 2.9
0.53 5.92 3.2
0.56 5.61 3.1
0.59 5o 32 3.5
0.62 5.06 3.9
0.65 4.83 3.8
0.68 4.62 4.0

From equation 8, bs' = 2.24 x 10-8 c:m'1 for a concentration of 1
partic]e/cm3. Using these values of bs' for 1 particle cm3, and a

realistic concentration of atmospheric sulfate, we may calculate the
overall scattering. In experimental data from this study (appendix A)

sulfur concentrations as large as 6.658ug/m3 have been observed. If
the concentration of particulate sulfur is taken to be 5uq/m3, the
corresponding ammonium sulfate concentration would be approximately

20ug/m3. Assuming this entire mass is contained in particles of a
single diameter, Dp, the number of particles per cubic centimeter can

be computed:

No = concentration/mass of 1 particle (10)
om D3
mass = 'T?_LL (1)
” 3
p = 1.768 g/cm

8Sheldon K. Friedlander, 1977, Smoke, Dust, and Haze, New York, Wiley

17




'i D , um
; ) o

0.1
0.5
1.0

P

N, particles/cm’

21.6 x 10°

1.728 x 10
2.16 x 10!

2

For example, for a 20ug/m3 concentration of (NH,),SO. dispersed uniformly

into particles of these three sizes, the scattering coefficient bs‘ becomes:

| D, um

0.1
0.5
1.0

0.1
0.5
1.0

DE’
) um

' -1
bS , Cm

1.219 x 1078

1.13 x 107°
4.84 x 107/

To calculate visibility, the 1ight scattered by air molecules should be

included. So for air molecules with x(0.35um to 0.7um), b
, 2.53 x 1077 1.8

mol ~

Adding this value to the previous values for bs', the
following values of bS are obtained for a monodisperse aerosol of 20ug/m3
of (NH4),SO0, of each of the three particle diameters:

1 ‘.‘
bs , €M

2.65 x 1077
1.38 x 10°°

7.37 x 10”7

For a more realistic aerosol, approximately that shown in figure 2, we
may use the above calculated bs' values for the 0.1lum, 0.5um, and 1.0um

1 diameter particles in a rough calculation of visibility, if these bS

values are taken to represent impactor stages 6, 5, and 4, respectively
(figure 2), with the appropriate percentage size distribution correction.

Starting with a total ammonium sulfate concentration of 20ug/m3, the
following results are obtained:

8Sheldon K. Friedlander, 1977, Smoke, Dust, and Haze, New York, Wiley

18




Stage bs', cm'], for 1 particle/cm3 Concentration, Hg/m3
6 5.64 x 10713 6.92
5 6.56 x 1072 7.8
4 2.24 x 1078 3.36
Stage Partic]e/cm3 b.'s m)
6 7.47 x 103 4.213 x 107°
5 6.74 x 10 4.421 x 1077
4 3.63 x 107 8.128 x 1078
For all three size ranges, bs' (total) = 4.213 x 1072 + 4.421 x 10”7

8.128 x 107 = 5.276 x 1077 em™'. To include Rayleigh scattering by air
! (erfedianderB) is added to the abave
bs‘ (total) value for the overall extinction coefficient:

1 -7
molecules, bmo] =2.53 x 10 * cm

. - =7 o=l -5 -1
bS * bmo] =7.806 x 10" cm  =7.806 x 10 " m ' . (12)

Using S = 3.912/bext8 to calculate visibility gives the following result:
S = 50 km > 31 mi.

The above result is the theoretical visual range possible with the assumption
that the relative humidity is less than 70 percent. Since relative humidities
frequently exceed 70 percent during early morning hours, the effects of high
relative humidity need to be considered. Figure 3% is an experimental re-
sult of bs at different relative humidities normalized to bS at a relative

humidity of 20 percent. The graph indicates that at relative humidity =
75 percent, bS begins to increase drastically, and by relative humidity =

90 percent, bS is 3.5 times the value at relative humidity = 20 percent.

Thus, a2t a relative humidity of 90 percent, the visibility would be reduced
by a factor of 3.5; i.e., a visibility of 50 km (31 mi) is reduced to 14 km
(9 mi). As relative humidity approaches 100 percent, visibility obscuration,
due to ammonium sulfate haze alone, can be expected to drop below 5 km
(before fog formation). Any additional atmospheric particles would reduce
visibility still further.

#Sheldon K. Friedlander, 1977, Smoke, Dust, and Haze, New York, Wiley

10Samuel S. Butcher and Robert J. Charlson, 1972, An Introduction to Air
Chemistry, New York, Academic Press
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EXPERIMENTAL

The calculations in the theoretical section were based on an ammonium
sulfate concentration which was comparable to sulfur concentrations ob-
served in this and past studies. The instrument used ir sampling the
atmospheric sulfur particulates, known as a streaker (invented by Nelson
in 1977), has a continuous 1-week sampling capability and a temporal
resolution of 2 hours. With this fine time resolution allowed by the
streaker, short-lived meteorological phenomena can be studied in rela-
tion to the time variation of atmospheric sulfur particulates. A
14-station, 17-sampler network employing the streaker was initiated

in June 1976 covering a wide area in the Midwestern and Northeastern
United States as seen in figure 4 (upper) and table 2; meteorological
jata from nearby stations (figure 4 (Tower) and table 3) were used in
the interpretation.

The analysis technique uscd in this study is known as PIXE, Proton
Induced X-ray Emission. 1 The sample, which is on a Nuclepore filter,

is placed in a vacuum chamber and irradiated by a five million electron-
volt proton beam. This beam excites the various elements in the sample
and causes them to emit X-rays which are characteristic of the various
elements. By "counting" the number and strength of the X-rays given off
by the sample, an elemental spectrum is constructed. The sensitivity

of this analysis technique allows elemental concentrations down to the
nanogram range to be measured.

Since this analysis technique is sensitive for elements independent of
their state of chemical combination, other information was acquired to
determine which compounds are present in the sample. Since high sulfate
levels have been documented during periods of low visibility,! extensive
meteorological data were acquired from the National Climatic Center for
44 first-order meteorological stations as shown in figure 4 (lower).
Specifically, visibility, precipitation, relative humidity, windspeed,
and wind direction were of primary interest. Visibility was chosen be-
cause of the earlier documentation of low visibility during periods of
high sulfate concentrations.! Prec1pitation is important as it is the
single most efficient means of remov1ng suspended particulates from the
atmosphere.!2 Relative humidity in excess of 70 percent has been shown
to be associated with reduced visibility!? and therefore must be con-
sidered. Windspeed and wind direction are of obvious importance in the
transport and dispersion of particulates in the atmosphere.

LIT, B. Johansson et al., 1975, "Elemental trace analysis of small samples

by proton induced X-ray emission," Anal Chem, 47:855-860

IR. B. Husar et al., 1976, "Long range transport of pollutants observed
through visibility contour maps, weather maps, and trajectory analysis,"
Third Symposium on Atmospheric Turbulence, Diffusion, and Air Quality,
given by the American Meteorological Society on 19-22 October, 1976,
Raleigh, NC, 344-347

12C. E. Junge, 1963, Air Chemistry and Radioactivity, New York and London,
Academic Press
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Figure 4. (Upper) the 14 aeroso] sampling sites.
(Lower) the 44 first order meteorological stations.
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Station Number

OONIOYOH WM —

TABLE 2. SAMPLING NETWORK

23

Station Name

Manhattan, KS

Saint Louis, MO

Saint Louis, MO

Argonne, IL

Remington, IN

Morgan-Monroe State Forest, IN
Pokagon State Park, Angola, IN
Frankfort, KY

Delaware, OH

Meadville, PA

University Park, PA

Annapolis, MD

Annapolis, MD

West Thornton, NH




TABLE 3.

Station Number

OONO OB WN —

METEOROLOGICAL NETWORK

Station Location

Goodland, KS
Dodge City, KS
Concordia, KS
Wichita, KS
Topeka, KS
Saint Joseph, MO
Kansas City, MO
Springfield, MO
Columbia, MO
Saint Louis, MO
Cairo, IL
Springfield, IL
Peoria, IL
Moline, IL
Rockford, IL
Chicago, IL (Midway)
Chicago, IL (0'Hare)
South Bend, IN
Indianapolis, IN
Evansville, IN
Fort Wayne, IN
Louisville, KY
Lexington, KY
Greater Cincinnati Airport, OH
Cincinnati, OH
Dayton, OH
Columbus, OH
Toledo, OH
Mansfield, OH
Cleveland, OH
Akron, OH
Youngstown, OH
Huntington, WV
Beckley, WV
Charleston, WV
Parksburg, WV
Elkins, WV
Pittsburgh, PA (International
Airport)
Pittsburgh, PA (Federal Bldg)
Erie, PA
Williamsport, PA
Harrisburg, PA
Allentown, PA
Philadelphia, PA
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DATA ANALYSIS AND DISCUSSION

Streaker samplers were run at nonurban sampling stations 1, 2, 4, 5, 7, 9,
and 10 during the period of 17-24 July 1976. Details of aerosol sampling
conditions at each station have been given by Berg et al.l®s>'* and Vie

le Sage et al.!® Figures 4 and 5 show the sampling network and the period
of time the samplers ran at each station, respectively. Station-to-station
distances ranged from 150 km between stations 4 and 5 to as ruch as 550 km
between stations 1 and 2. July 19-20, 1976, was chosen as the period of
interest because there were seven sampling stations in simultaneous oper-
ation and the meteorological conditions were favorable for large increases
in the particulate pollution.

Network Meteorological Conditions

Figures 6 and 7 illustrate the surface synoptic conditions from 0000 CST,
19 July through 1800 CST, 20 July 1976. These maps were adapted from
National Weather Service surface facsimile charts. During this period

the surface wind flow was dominated by a large anticyclone located along
the middle Atlantic coast initially, which later combined with the Bermuda
anticyclone. Under these conditions winds were light and variable during
the late night and early morning on 19 July in the eastern one-third of
the network. The remainder of the network had 1ight south to southwest
wind flow. As a weak cool front approached the network from the northwest
on 20 July, the wind flow became moderate from a south to southwest direc-
tion over the entire network. No significant precipitation was reported
until late on 20 July when an instability line preceding the cool front
caused some showers and thundershowers in northern I11inois and Indiana.

The 850 mb surface showed 1ittle directional or speed shear with surface
wind observations. In addition, radiosonde stations located throughout
the network indicated that virtually the entire network from Missouri
east to Pennsylvania had an inversion between 750 mb and 850 mb on 19
and 20 July 1976. This pattern would favor long-range transport of
atmospheric particulates with a depth of about 1500 to 2400 m.

'3W. W. Berg et al., 1977, "Hourly variation of aerosol composition in

the Great Lakes Basin," J of Great Lakes Res, 278-290

I4W. W. Berg et al., 1977, "Time dependent sulfur and trace metal
correlations in nonurban aerosols from an eastern US mesoscale network,"
AICHE 70th Annual Meeting, New York

15R. Vie le Sage et al., 1978, "Variation de la composition chimque des
aerosols atmospheriques en fonction du temps," Pollution Atmospherique,
77:6-16
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Network Sulfur and Haze Data and Discussion

On the morning of 19 July, network sulfur concentrations over

3ug/m? of air were found in the I11inois-Missouri area (figure 8).

The 3ug/m? isopleth extended northeast from Saint Louis into central
IT1inois. Most of I1linois including the Chicago and Saint Louis
metropolitan areas had 2ug/m?. The remainder of the network had values
generally below 1ug/m? except for Meadville, Pennsylvania, and the Ohio
River Valley. On the following morning, at the same time, network sulfur
values had increased by more than two-fold over most areas. Concen-
trations of 2u.g/m® covered all or part of Missouri, I11inois, Indiana,
Ohio, Pennsylvania, and Kentucky (figure 8). Maxima greater than

4.9/m° appeared in northeastern I11inois and northern Indiana along with
a 3ug/m?® maximum in northwestern Pennsylvania.

Haze observations were of interest during this period of dramatic in-
creases in particulate sulfur concentrations. Haze, as defined by the
National Weather Service, is a suspension in the air of extremely small
dry particles invisible to the naked eye and sufficiently numerous to
give the air an opalescent appearance. Figure 9 illustrates those stations
reporting haze (black area) on 19 July. The numbers at the various
stations outside the black area indicate the visibiiity in miles. In-
side the black area, visibility was less than 7 mi. The haze area on

19 July grew slightly through the morning hours but essentially remained
unchanged. Visibilities outside the haze regions were generally 10 mi

or greater except at 0600 CST when some values between 7 and 10 mi were
reported. On the morning of 20 July (figure 10), there were three small
areas and one large area of haze. As the day progressed the large area
of haze, which extended from northern I11inois into West Virginia, ex-
panded northeastward. By 0300 CST the main haze area covered north-
eastern I11inois, northern Indiana, most of Ohio, and western West Virginia.
A dramatic increase in haze occurred between 0300 CST and 06CG0 CST. The
large area of haze expanded along with two smaller areas along the
Mississippi and Ohio Rivers, until I1linois, Indiana, Ohio, northern
Kentucky, western Pennsylvania, and western West Virginia were covered by
haze. Visibilities outside the haze area were generally 7 to 10 mi ex-
cept in Missouri and Kansas where 12 to 20 mi was common. The rapid in-
crease in haze reported coincides with the dramatic increase in sulfur
concentrations. Since relative humidities were below 100 percent on both
mornings in the haze areas, as seen in figure 11, fog was not considered
a factor in the reporting of haze. However, relative humidities were
generally over the 80 percent figure on both mornings over a large portion
of the network. The facts suggest a possible correlation between the
occurrence of haze (visibility obscuration) and high particulate sulfur
concentrations. There is also a suggestion that relative humidity plays
an important role in the formation of haze.

In an attempt to verify that high relative humidity enhances the light
scattering capabilities of ammonium sulfate, a linear regression was done
on data from sampling sites 4, 9, and 10 which were considered to be the
clearest examples of the above hypothesis. The data were divided intc two

29




er.

7-19-76
0500 CST
Network sulfur concentration values on the mornings of July 19 and 20.

Isopleths are labeled in micrograms per cubic met

Figure 8.
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relative humidity groups consisting of a lTow group (< 70 percent) and a
high group (> 80 percent). The computations for the low relative humidity
group gave a correlation coefficient of 0.74, while the correlation co-
efficient for the high relative humidity group was 0.73. A 95 percent
confidence level was chosen to test both coefficients, and both results
were found to be significant at this level.

These linear regression results indicate that there is a correlation be-
tween high ammonium sulfate levels and reduced visibility at both low and
high relative humidities. Although there is no real difference between
the correlation coefficients for the two humidity groups, this does not
indicate that high relative humidity fails to enhance the visibility re-
ducing capabilities of ammonium sulfate. Figure 12 shows the scatter
diagram of sites 4, 9, and 10 for both relative humidity groups. In the
Tow relative humidity group, visibilities of 6 mi or less are reached at
ammonium sulfate concentrations of 3ug/m3 and higher. But in the high
relative humidity group, the threshold of a 6-mi visibility range is at
0.8ug/m’. This strongly indicates that high relative humidities signifi-
cantly enhance the visibility reducing capabilities of ammonium sulfate.

These results verify the modeling done in the theoretical section. Both
the modeling and the above regression results agree on both the low and
high humidity correlation coefficient results as they were discussed above.

The maximum visibility observed at all stations, except site 2, was be-
tween 15 and 20 mi, while the maximum at site 2 was 12 mi. The theo-
retical minimum visibility calculated previously was 9 mi with a 20ug/m?
concentration of sulfate, indicating ammonium sulfate is reducing visi-
bility as much as 40 percent to 55 percent once the aerosol is activated
by high relative humidity.

CONCLUSIONS

The temporal resolution of the streaker has proved to be essential in this
study. Since the frequency of the concentration observations was nearly

the same as the frequency of the meteorological observations, direct com-
parisons between both data sets were possible. These comparisons allowed the
investigation of short-term variations in both data sets, which yielded the
following results:

1. The sulfur aerosol examined in this study is primarily ammonium
sulfate. ]

2. Relative humidity in excess of 80 percent enhances the visibility
reducing capabilities of ammonium sulfate by as much as a factor of four.

3. High ammonium sulfate concentrations are correlated with reduced
visibility as compared to visibilities during periods of low ammonium
sulfate concentrations.

4. The large area of haze which formed on the morning of 20 July
was due in large part to the combination of high ammonium sulfate levels
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along with the high relative humidity levels which were prevalent over a
large portion of the sampling network.

5. There is a threshold value of relative humidity, approximately

81 percent, which when combined with sufficient concentrations of ammonium

sulfate will cause the formation of haze.

MILITARY APPLICATION

The above conclusions as related to battlefield obscuration are significant.

If a haze formation occurs over the battlefield, the reduction in visi-
bility could hamper both airborne observation platforms and those
weapon systems dependent on the visible spectrum.

Even though this study was done in the Eastern United States, the results
are applicable over most of the globe, especially in the midlatitudes of
the European continent. The highly industralized areas of Northwest
Europe along with the prevailing westerly wind flow at most of the lower
layers of the atmosphere, as well as the cool and moist nature of the
climate, all favor the formation of hazes and fogs.

Although this study was centered only on the visible portion of the
spectrum, there is an implication that the near infrared portion of the
spectrum could be affected in a similar manner since 26.4 percent of the
sulfate collected was > 0.5um as shown in figure 2. This in turn could
disabie those weapon systems designed to operate in this portion of the
spectrum. There is a further suggestion, since much of the ammonium sul-
fate was in solution (droplets), that the absorption characteristics of
fog and wet haze may be altered from those of pure water. This in turn
could affect many infrared weapon systems now being developed or used.

If this proves to be true, it could greatly alter the commander's decision
on weapons deployment in a given situation. Although this is speculation,
there is enough evidence here to suggest that further study on the effects
that atmospheric ammonium sulfate could have on present and future weapon
systems would be profitable.
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APPENDIX A

SULFUR CONCENTRATIONS IN NANOGRAMS PER CUBIC METER FOR THE PERIOD
OF 15 THROUGH 24 JuLY 1976

Zero indicates a value below the detection Timit. Data columns are matched with
those of appendix B. Sulfur data in column 6, appendix A, were taken near the
station which gave the weather data in column 6, appendix B.

SULFUR CONCENTRATION (ng/m?)
STATION NUMBER

DATE  HOUR 1 2 g 5 7 o 10
7-15 1200 102 332 451 3138
1400 231 249 585 1939
1600 164 278 560 2112 .
1800 75 370 426 2145 |
2000 44 338 685 1836 ;
2200 73 422 668 1554 1
7-16 0000 78 389 525 1670 !
0200 68 498 377 1335 ;
0400 42 515 385 1396 i
0600 67 624 389 1673
0800 147 535 186 1955
1000 113 692 161 2461
1200 40 754 77 2385
1400 50 501 132 2331
1600 38 411 262 2213
1800 66 439 244 796
2000 17 591 245 210
2200 118 680 254 230
7-17 0000 133 907 229 116
0200 143 545 175 216
0400 128 660 0 255
0600 147 1029 67 126
0800 108 936 0 234
1000 94 1375 6 202 628
1200 99 756 95 297 595
1400 0 1076 49 504 938
1600 24 1825 9 765 703
1800 88 2133 69 774 779 \
2000 20) 1667 57 1062 1213 3
2200 766 1522 17 1120 1412
7-18 0000 935 1430 0 2957 1318
0200 399 1463 40 2955 1294
0400 243 1625 127 3106 1173
0600 205 1782 90 3014 1170
0800 201 2104 75 651 1040
1000 297 3455 166 492 848
1200 253 4269 361 686 862
1400 239 3618 202 799 1266
1600 266 3749 494 1290 1332
1800 128 3704 642 807 986
2000 169 4252 749 1018 1016
2200 269 4104 1882 804 1100
7-19 0000 424 3609 2019 809 1187
0200 505 5952 1984 640 1147
0400 446 4454 2470 634 1196
0600 380 3381 2551 756 1321
0800 544 4545 3158 1037 1578
1000 606 4321 3984 1402 1042 1478
1200 546 3925 4606 3376 1958 903 1471

1400 431 4046 3840 4908 3420 1025 2095

Sk . NN




SULFUR CONCENTRATION (ng/m?®) -- Continued
STATION NUMBER

DATE HOUR 1 2 4 5 7 9 10

i 7-19 1600 473 4503 3677 3351 5638 1832 2804
1800 569 4655 4264 3235 5008 2092 2517

§ 2000 483 3035 3899 2563 2680 3280 1816
2200 498 2851 2110 2040 2268 2865 1274

¢ 7-20 0000 504 3198 3426 5773 2155 2784 1446
E 0200 631 2772 3493 6632 4436 2822 2113
i 0400 601 2139 5554 6480 4414 2460 2414
l 0600 604 2012 5748 4918 2242 2110 3083
i 0800 474 1821 3107 3784 2427 2068 3739
‘ 1000 382 1377 2425 1914 2857 2390 5344
1200 403 1014 3122 957 2630 2500 5483

1400 374 849 2335 2503 2518 3080 1794

1600 299 990 1702 2483 3050 4186

: 1800 340 928 1414 1800 3683 4276
2000 368 709 1185 1242 4075 3849

2200 290 598 1643 587 3770 5306

7-21 0000 269 564 1941 685 2854 4160

] 0200 377 585 1099 1281 2840 2406
0400 409 592 818 1605 3530 2186

k 0600 413 773 562 1406 2525 2683
0800 302 618 387 1357 2426 2774

1000 276 633 274 2349 2575 2542

1200 260 476 517 2051 2807 2032

1400 196 400 60 2123 2494 1844

1600 300 290 613 1397 2036 2461

1800 310 421 3981 1012 2228 4414

2000 346 893 1904 701 1604 3727

2200 240 973 1077 172 1885 2884

7-22 0000 370 1247 1271 2125 1566 1999

0200 456 0 695 2730 1787 1250

0400 354 0 1636 2519 1837 750

0600 348 949 1672 2119 1533 394

0800 263 1039 1876 1967 1126 157

1000 308 788 2416 2261 1416 314

1200 321 805 2102 2324 2125 527

1400 250 35 1811 2457 2869 1289

1600 295 453 1904 2411 2949 2392

1800 869 1865 2701 2450 3596

2000 764 1454 892 3045 3441

2200 1068 1283 605 2744 4025

7=43 0000 1208 1359 748 2223 4244

0200 1049 1439 300 856 6658

0400 166 1327 1019 947 3385

0600 0 1380 1080 985 1039

0800 764 569 2109 1074 471

1000 1259 766 2091 1215 403

1200 788 1524 2777 1613 400

1400 520 1310 2585 2127 879

1600 1528 1107 2076 1631 3886

1800 1673 1116 1752 1075 5482

40
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DATE
7-23
7-24

HOUR

2000
2200
0000
0200
0400
0600
0800
1000
1200
1400
1600

SULFUR CONCENTRATION (na/m?)

-- Continued

STATION NUMBER

2 5 7 9 10
843 1066 1816 821 5174
130 1491 1700 717 3906

63 992 2080 866 2571

0 600 1671 1195 1216
139 774 1707 1386 609
2750 811 1825 1802 692
2507 829 1253 1632 847
0 702 548 964 547
0 654 4€0 1688 415
0 634 231 1687 485
750 525 193 715




7-21

7-22

7-23

HOUR

0000
0300
0600
0900
1200
1500
1800
2100
0000
0300
0600
0900
1200
1500
1800
2100
0000
0300
0600
0900
1200
1500
1800
2100
0000
0300
0600
0900
1200
1500
1800
2100
0000
0300
0600
0900
1200
1500
1800
2100
0000
0300
0600
0900
1200
1500
1800
2100
0000
0300
0600
0900
1200
1500
1800
2100

APPENDIX B

VISIBILITY IN MILES AND RELATIVE HUMIDITY IN PERCENT FOR THE
PERIOD OF 17 THROUGH 23 JULY 1976

VISIBILITY (miles)

STATION NUMBER
18

5 10 16 19 21 40
15 12 20 15 20 15 10
15 10 15 15 20 15 10
10 8 15 15 4 5 15

7 12 20 12 20 20 15
15 12 20 15 20 20 15
15 12 20 15 20 20 15
15 12 20 15 20 20 15
15 12 15 15 20 20 15
15 12 15 10 20 15 8
15 8 15 10 15 15 8
15 6 15 8 10 7 15
15 12 12 12 20 15 12
15 12 15 12 20 20 15
15 12 20 12 20 20 15
15 12 10 15 20 20 15
15 10 10 15 20 20 10
15 8 12 15 20 20 8
15 ] 15 15 15 20 10
15 6 9 10 8 15 15
15 8 15 10 12 10 12
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