Formation and Transport of Secondary Air Pollutants:
Ozone and Aerosols in the St. Louis Urban Plume

Abstract. Emissions from metropolitan St. Louis caused reduced visibilities and
concentrations of ozone in excess of the federal ambient standard (0.08 part per
million) 160 kilometers or more downwind of the city on 18 July 1975. Atmospheric
production of ozone and visibility-reducing aerosols continues long after their prima-
ry precursors have been diluted to low concentrations.

Metropolitan St. Louis is a major ur-
ban-industrial center, encompassing
coal-fired power plants with a combined
capacity of 4600 Mw, oil refineries with a
combined capacity of 4.4 X 10° barrel/
day (1 barrel = 160 liters), various other
industries, and a population of about 2
million. It is surrounded by flat, pre-
dominantly agricultural terrain, the near-
est neighboring city of 50,000 or more
people being 135 km distant. Because St.
Louis is so isolated, its impact on am-
bient air quality is relatively easy to iden-
tify; air that has been modified by the ag-
gregate emissions of the metropolitan

area forms an ‘‘urban plume’ down-
wind. The Fate of Atmospheric Pollu-
tants Study (FAPS) (/-3) has shown that
this plume is often identifiable 80 or 120
km from the city.

As part of Project MISTT (Midwest
Interstate Sulfur Transformation and
Transport) @, 5), pilot balloons and in-
strumented aircraft were used during the
summer of 1975 to quantify the three-di-
mensional flow of aerosols and trace
gases in the St. Louis urban plume. The
plume was successfully tracked out to
240 km and was mapped in detail out to
160 km (distances are measured from the

Gateway Arch). At these distances the
plume was still well defined and on the
order of 50 km wide. Our observations in-
dicate that much of the pollutant back-
ground in the eastern United States may
be due to the combined emissions of met-
ropolitan areas far upwind.

During the summer sampling period,
0O, was a conspicuous indicator of the St.
Louis urban plume. Daytime O, concen-
trations within the plume generally ex-
ceeded the federal ambient standard
[0.08 part per million (ppm)], even in
the most distant samplings. Peak concen-
trations in the plume were typically
twice those in the unmodified back-
ground air and exceeded 0.15 ppm on
most sampling days. It is estimated that
one to two parts of O; were produced for
each part (as carbon) of nonmethane hy-
drocarbons emitted by the city.

Reduced visibilities were a second
characteristic of the St. Louis urban
plume. Most of the light-scattering aero-
sol responsible for this reduction was of
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Eig. 1. Conceptrations of O; and by, values downwind of St. Louis on 18 July 1975. Data are taken from horizontal traverses by instrumented
aircraft, at altitudes indicated in Fig. 2A. Graph base lines show sampling paths; base-line concentrations are not zero.
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secondary origin, and its production was
observed farther downwind and later in
the day than that of O,. At 100 km or
more downwind, the average light-scat-
tering coefficient (by.,) (6) within the
plume was typically 50 percent above the
background values on either side, with
sulfate compounds accounting for most
of the excess.

The results reported here generally
corroborate those of FAPS on the identi-
fiability and geometry of the St. Louis ur-
ban plume. The primary contribution of
Project MISTT was to quantify the flow
of material at increasing downwind dis-
tances so as to study the transformations
that pollutants undergo in the atmo-
sphere, at dilutions and time scales that
are difficult to simulate in the laboratory.

Figure 1 shows O, and b, profiles re-
corded by the sampling aircraft (7) dur-
ing selected crosswind traverses down-
wind of St. Louis on 18 July 1975. Each
traverse path was flown at three different
altitudes, as indicated in Fig. 2A, starting
just downwind of St. Louis at 0900
C.D.T. and finishing near Decatur, Illi-
nois, at 1900 C.D.T. These horizontal tra-
verses, together with vertical soundings
from 1500 m above mean sea level
(MSL) to near ground level, documented
a broad, shallow pollutant plume extend-
ing from St. Louis out past Decatur, 170
km to the northeast. The polluted air-
mass was about 50 km wide and deep-
ened during the day, the mixing depth ex-
ceeding 1 km in the afternoon.

The concentrations of O, and light-
scattering aerosols were the most promi-
nent indicators of the aged plume 50 km
or more downwind of St. Louis. Outside
the plume, background concentrations of
these contaminants were fairly uniform
on 18 July, although some large-scale gra-
dients were noted; O, concentrations
were generally below 0.08 ppm, by
values were below 2.8 X 107* m™', and
particulate sulfur (S,) concentrations
were below 3.6 ug/m? in the few passes
made completely outside the plume.
Within the plume, the measured O, con-
centration peaked at 0.17 ppm at 66 km,
the measured value of b, reached
49 x 107" m~"at 125 km, and S, aver-
aged over an entire traverse, measured
as high as 7.5 pug/m?* at 125 km, corre-
sponding to an estimated average in-
plume concentration of about 15 ug/m®.
In contrast, SO, and NO,. (oxides of ni-
trogen) concentrations fell rapidly to
within 0.03 ppm of background, away
from major point sources.

The 18 July plume was mapped under
hazy skies, with some scattered thunder-
showers appearing toward evening. The
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Fig. 2. Traverse altitudes and pollutant flow
rates in the St. Louis urban plume on 18 July
1975. Data are plotted against distance down-
wind of the St. Louis Gateway Arch. (A)
Location of horizontal traverses; closed circles
correspond to traverses shown in Fig. 1. Mix-
ing heights were determined from aircraft
soundings. Approximate time (C.D.T.) of
sampling is shown at the bottom. (B) Flow
rates (in excess of background) of Oy, byea,
and S,,.

continued presence of a low-pressure
trough over the western plains produced
decreasing stability and strong south-
westerly flow over the Missouri and up-
per Mississippi valleys, which was docu-
mented in the sampling area by a total of
36 pilot balloon observations carried out
as part of Project MISTT. The mean
transport vector lay between 230° and
243° during the middle of the day, at
speeds of 20 to 36 km/hour. At these
speeds, among the highest encountered
during the program, emissions from the
city would have aged roughly 5 to 7 hours
by the time they were sampled in the
farthest passes.

The general direction of the airflow
was corroborated by the alignment of
power plant plumes in successive tra-
verses. All of the major (greater than
1000 Mw capacity) power plants lying in
and immediately upwind of the sampling
area are noted in Fig. 1. The plumes from
some of these plants can be identified
(Fig. 1) by their O, ‘‘deficits,”” which re-
sult from the scavenging of ambient O,
by plume NO. The Coffeen plant, 85 km
west-northwest of St. Louis, is the only
major downwind source that we know of
that lay within the 18 July urban plume.

The MISTT plume mapping program
was designed to characterize pollutant
concentrations and winds over cross sec-
tions of the plume at discrete distances
downwind from the sources. From these
measurements, the horizontal mass flow
rates F' of pollutants at each distance can
be calculated directly (4):

F = [u,xz)[[Ckyz)—
Co(x,2)] dy dz

where x is the distance downwind, y and
7 are, respectively, crosswind and verti-
cal coordinates, u, is the wind speed
(from pilot balloon observations), C is
the pollutant concentration (from aircraft
measurements), and C, is the average
pollutant concentration outside the
plume (from aircraft measurements). Fig-
ure 2B shows the flow rates of Oy, by,
and S, on 18 July. These flow rates repre-
sent the contribution of metropolitan St.
Louis (augmented slightly by the Cof-
feen power plant) to atmospheric load-
ings and are unaffected by cross-plume
and vertical dispersion.

The flow rates of Oy, by, and S, all
increased with distance downwind of St.
Louis on 18 July, reflecting the second-
ary origin of all of the O; and most of the
light-scattering aerosol. The O, flow rate
leveled off at about 125 metric ton/hour,
which can be interpreted as the rate at
which O; was produced within the urban
plume. The estimated annual emissions
of nonmethane hydrocarbons in metro-
politan St. Louis are about 1.6 X 10° ton/
year (8); this value corresponds to 18 to
36 ton/hour, depending on whether emis-
sions are spread out through the day or
are concentrated in the daylight hours.
Comparison of these two figures shows
that a net one to two parts of O, was pro-
duced in the urban plume for each part
(as carbon) of hydrocarbons emitted in
the metropolitan area (9), much more
efficient production than is found in most
laboratory studies (I0) which are con-
ducted at higher reactant concentrations.

Most of the increase in the by, flow
rate was observed downwind of the ma-
jor increase in the O, flow rate, which is
consistent with the finding in the labora-
tory studies (/0) that aerosol production
lags behind O; production. The calcu-
lated S, flow rates are less accurate than
those for O, and b, particularly at the
last two sampling distances, because of
the more limited data available on back-
ground concentrations. The ratio of the
flow rate of by, to the flow rate of S, in-
dicates (/1) that sulfate compounds ac-
counted for most of the new aerosol.

The St. Louis urban plume was
mapped on a total of 8 days during the {5
July-15 August 1975 MISTT experiment.
The object of Project MISTT was not to
develop a climatology of the urban
plume but to measure the plume in detail
under favorable conditions, and sam-
pling days were chosen according to this
criterion. A plume of polluted air was al-
ways found downwind of the city, regard-
less of wind direction, confirming our at-
tribution here of the excess concentra-
tions to emissions from metropolitan St.
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Louis rather than some upwind source.
On 11 August, the plume again stretched
out toward the northeast and was mapped
in detail out to 145 km and tracked out
to 240 km. Winds on this date were lighter
than on 18 July but the plume was as well
defined, and concentrations and flow
rates were similar.
W. H. WHITE, J. A. ANDERSON
D. L. BLUMENTHAL
Meteorology Research, Inc.,
Altadena, California 91001
R. B. HusAr, N. V. GILLANI
J. D. HusARr
Washington University,
St. Louis, Missouri 63130
W. E. WILSON, JR.
U.S. Environmental Protection Agency,
Research Triangle Park,
North Carolina 27711

References and Notes

1. P. L. Haagenson and A. L. Morris, J. Appl.
Meteorol. 13, 901 (1974).

2. J. F. Stampfer, Jr., and J. A. Anderson, Atmos.
Environ. 9, 301 (1975).

3. R. J. Breeding, P. L. Haagenson, J. A. Ander-
son, J. P. Lodge, Jr., J. F. Stampfer, Jr., J.
Appl. Meteorol. 14, 204 (1975); R. J. Breeding,
H. B. Klonis, J. P. Lodge, Jr., J. B. Pate, D. C.
Sheesley, T. R. Englert, D. R. Sears, Atmos.
Environ. 10, 181 (1976).

4. R. B. Husar, J. D. Husar, N. V. Gillani, S. B.
Fuller, W. H. White, W. M. Vaughan, W. E.
Wilson, Jr., paper presented as part of the pro-
ceedmgs of the Division of Environmental
Chemistry, 171st national meeting of the Ameri-
can Chemical Society, New York, April 1976.

5. K. T. Whitby, B. K. Cantrell, R. B. Husar, N.
V. Gillani, J. A. Anderson, D. L. Blumenthal,
W. E. Wilson, Jr., ibid; W. E. Wilson, Jr., R. J.
Charlson, R. B. Husar, K. T. Whitby, D. L.
Blumenthal, paper 76-30-06 presented as part of
the proceedmgs of the 69th annual meeting of
the Air Pollution Control Association, Portland,
Ore., June 1976.

6. The quantity b, gives the rate (fraction per
distance) at which a beam of light is scattered in
all directions and is the main determinant of
visual range in the atmosphere. In polluted ur-
ban air, by, is roughly proportional to the mass
concentration of aerosol particles in the diame-
ter range from 0.2 to 2.0 um, those inhaled most
deeply into the lungs [see R. J. Charlson, N. C.
Ahlquist, H. Selvidge, P. B. MacCready, Jr., J.
Air Pollut. Control Assoc. 19, 937 (1969)].

7. The sampling aircraft was instrumented to mea-
sure O3, NO, NO,, and SO, concentrations,
aerosol size distribution, b, electrical charge
acceptance and condensation nuclei count, tem-
perature, relative humidity, dew point, and tur-
bulent dissipation, as described by W. H. White,
J. A. Anderson, W. R. Knuth, D. L. Blumen-
thal, J. C. Hsiung, and R. B. Husar [Final Re-
port No. MRI176-FR-1414, Meteorology Re-
search, Inc., Altadena, Calif., 1976]. Submi-
crometer aerosol samples were collected for sul-
fate analysis as described by J. D. Husar, R. B.
Husar, and P. K. Stubits [Anal. Chem. 47, 2062
( l975)].

8. Data supplied by the U.S. Environmental Pro-
tection Agency and the Illinois Environmental
Protection Agency.

9. H. M. Walker, paper presented as part of the
proceedings of the Conference on Ozone/Oxi-
dants, Air Pollution Control Association, Dal-
las, Tex., March 1976.

10. W. E. Wilson, Jr., D. F. Miller, A. Levy, R. K.
Stone, J. Air Pollut. Control Assoc. 23, 949
(1973).

11. A. P. Waggoner, A. J. Vanderpol, R. J. Charl-
son, S. Larsen, L. Granat, C. Trigdrdh, Nature
(London) 261, 120 (1976); W. H. White, P. T.
Roberts, S. K. Friedlander, in preparation.

12. This research was supported by the U.S. Envi-
ronmental Protection Agency, Environmental
Sciences Research Laboratory, Aerosol Re-
search Branch. This report is MISTT Report 4.

4 February 1976; revised 28 June 1976
8 OCTOBER 1976

Electrochemical Growth of Highly Conducting

Inorganic Complexes

Abstract. The formation of single crystals of highly conducting inorganic com-

plexes, for example, KyPt(CN), X, 5

-3H,0 (X = Cl, Br), K, ;

sPI(CN), - 1.5H,0, or

K, 6.P1(0,C,0,)s - 2H,0, has been effected via electrochemical growth from concen-
trated aqueous solutions of potassium tetracyanoplatinate(Il) and potassium

bis(oxalato)platinate(Il).

In recent years there has been a great
interest (/) in the chemical and physical
properties of highly conducting molecu-
lar complexes. This interest has resulted
from observation of a number of unusual
anisotropic physical phenomena (for ex-
ample, high conductivity, metallic state,
metal-insulator transition, charge den-
sity wave, superconductivity) and chem-
ical properties (for example, novel struc-
tures containing infinite chains with
short interplanar spacings, mixed va-
lency, and homogeneous nonstoi-
chiometric compositions) directly as-
sociated with numerous one-dimensional
systems (2, 3). In order to measure the in-
trinsic physical properties of such com-
plexes, it is necessary to have high-quali-
ty single crystals suitable for various
measurements. Typically, various highly
conducting materials containing a transi-
tion metal form fibrous needles that are
difficult to analyze by single-crystal tech-
niques. Furthermore, because of the
pseudo one-dimensionality of such sys-
tems, impurities or defects, or both, will
strongly influence various physical prop-
erties and, in particular, the electrical
transport (for example, conductivity)
properties of such materials. Thus, be-
cause large single crystals  of
K,Pt(CN),Br,; - 3H,0 (KCP) have been
available, this material has been the most
extensively studied highly conducting
inorganic one-dimensional system to
date.

Single crystals of highly conducting in-
organic complexes have traditionally
been grown by crystallization from solu-
tion (2). However, the electrical proper-
ties of such materials can be utilized to
grow single crystals via electrolysis at an
anode. Upon nucleation at the anode,
growth proceeds primarily along the con-
ducting axis of the crystal such that the
introduction of an impurity or defect will
impede the current flow and crystal for-
mation. However, as a result of micro-
scopic reversibility, defects may be elimi-
nated and growth may proceed, thereby
making possible the fabrication of a
high-quality crystal. Such electrochem-
ical synthesis has been effected with the
use of aqueous ~0.2M solutions of
KyPt(CN), and ~ 0.02M K,Pt(0,C,0,),

in an electrolysis cell comprised of a plat-
inum anode and cathode. Application of
a 1.5-volt potential (¢) causes nuclea-
tion and growth of needle crystals of
K, 7sPt(CN), - 1.5H,0 and gas evolution
at the cathode. This process is consistent
with the following anodic and cathodic
half cell reactions:

1.5H,O + 1.75K* + Pt(CN),*~
K, 7sPt(CN), - 1.5H,O + 0.25¢”
2H,0 + 2¢- — H, + 20H"

H gO

In the presence of halide ions, that is,
Cl" or Br, KCP nucleates by an alter-
nate anodic reaction:

0.3X™ + 2K* + Pt(CN),*> +

H20

HO —55
KP{CN),X,., - 3H,0 + 0.3¢-

In a similar manner, other highly con-
ducting inorganic complexes can be
grown. For example, anodic oxidation of
potassium bis(oxalato)platinate(Il) re-
sults in the formation of the cation-
deficient species K, 4Pt(0,C,0,), - 2H,0
presumably via the anode reaction:

1.64K* + Pt(0,C,0,),* 120,

0.366- + Kl'(;,’;Pt(OngOg)g : 2HZO

A typical electrochemical growth is
shown on the front cover.

Thus, electrochemical growth pro-
vides an attractive alternate technique
for the synthesis of highly conducting
pseudo one-dimensional inorganic com-
plexes. Furthermore, evaluation of the
electrochemical parameters makes it pos-
sible for us to probe for the first time the
stoichiometric, kinetic, and thermody-
namic features of these systems.

JOEL S. MILLER
Webster Research Center,
Xerox Corporation,
Rochester, New York 14644
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