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a review of results

Prefatory note. The accompanying series of articles is a
review of the Metropolitan Meteorological Experiment
(METROMEX) being performed at St. Louis under the
sponsorship of the Weather Modification Program,
RANN, National Science Foundation; the Division of
Biomedical and Environmental Research, Atomic Energy
Commission; the Illinois State Water Survey, State of
Illinois; and the Division of Meteorology, Environmental
Protection Agency. METROMEX is unique among weather modification experiments in its design, which links
urban land use with the overlying distributions of wind,

heat, moisture, and aerosol; the formation and development of clouds; and thence with precipitation and the
associated aerosol removal. METROMEX is a base for
future experiments involving inadvertent hail, flood, tornado, and drought intensification that may result from
any major land use alteration, i.e., large megapolitan,
agricultural, grazing, or strip mining corridors, as well as
a base for the development of evaluation tools and techniques for weather modification activities of all kinds.—
Edwin X Berry, National Science Foundation, and Robert W. Beadle, Atomic Energy Commission
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Project M E T R O M E X : Its History, Status, and Future

William P. Lowry
of Geography, University of Illinois,
1

Department
1. Context and purposes

The following collection of papers on Project METROMEX provides the meteorological community with both
a status report on the scientific content of the project
and some insights to the effort as a case study in the
history of atmospheric science. The purposes of this brief
overview are 1) to summarize and reference several basic
documents, 2) to comment on what this collection represents, and 3) to speculate broadly about the expected
utility of the results of the METROMEX program as
a whole.
2. History, characteristics, and goals

Studies suggesting urban effects on local atmospheric behavior have been familiar for decades to climatologists
(e.g., A.M.S., 1972; Brooks, 1952; Chandler, 1970; Kratzer, 1937; Landsberg, 1956), but studies indicating effects
on a regional scale are much more recent. The work of
Changnon (1963, 1968) was probably the direct impetus
for the inception of METROMEX, raising as it did
several questions regarding both the reality and the
causal mechanisms of so-called "downwind urban anomalies" in the fields of various measures of precipitation and related phenomena.
These regional studies evoked tentative assertions that
urban effects on precipitation patterns would operate
through the mechanisms of 1) changes in the characteristics of aerosol burdens, and thus in the cloud microphysical processes; 2) changes in the kinematics of air
flow produced by urban roughness; and 3) changes in
thermodynamics of the boundary layer traceable to alterations in the heat budget of the earth-atmosphere interface by the city.
METROMEX is a response to the well-recognized
need for both observational and theoretical information
with which to begin answers to the questions raised by
LaPorte and related studies (Changnon, 1968, 1970). It is
a loose federation of individual scientists with diverse
sources of funding but complementary research objectives. The federation grew out of a series of informal
meetings held in the summer of 1969 among scientists
from four agencies. With the realization of funding, the
program began with preparations for the first field season
in the summer of 1971 in the greater St. Louis region of
Illinois-Missouri. The development of its structure and
management may be traced through several documents,
of which the present articles are the latest addition
2

1 At the time of writing, the author was Research Coordinating Scientist for the NSF-supported programs in
METROMEX, his contributions made possible through
grant GI 34797.
2 Argonne National Laboratory, University of Chicago,
Illinois State Water Survey, and University of Wyoming.

Urbana, 111. 61801

(Changnon, Huff, and Semonin, 1971; Changnon, 1971;
Changnon, Semonin, and Lowry, 1972; Lowry, 1973a;
Lowry, 1973b). There have been three summer field
seasons and two winter field seasons between June 1971
and August 1973. The last field season is scheduled to
end in August 1975, and the final accountings are
scheduled for mid-1976.
The stated goals of METROMEX have changed
slightly since its inception, but the most recent version
consists of these: 1) to identify the effects of urbanization on the frequency, intensity, and duration of various aspects of atmospheric behavior, among them precipitation production and related severe weather; 2) to
identify the physical processes of the atmosphere through
which the observed effects are produced; 3) to identify
the factors of urbanization which are causative agents of
the observed effects, with a view to the possibilities for
purposeful manipulation of these factors in the future;
and 4) to begin assessment of the present-day nature and
magnitude of the impact of these modifications of atmospheric behavior on the wider environment-related issues
of society.
3

3. Research programs

The research programs of METROMEX may be appreciated best by viewing them from three standpoints:
(a) sites, (b) field arrays, and (c) tasks.
a) Sites. In addition to the highly visible field program in greater St. Louis, there are substantial laboratory
programs and modeling programs within METROMEX.
The laboratory work provides both the massive support
required for chemical analyses and the development of
specialized instrumentation.
b) Arrays. Field equipment is deployed in three arrays:
1) "passive" instrumentation sensing various properties
and phenomena as they are manifested at ground level;
2) "active" instrumentation based on the ground but
probing the atmospheric boundary layer; and 3) airborne
instrumentation aboard four aircraft.
c) Tasks. Efforts are partially separable into five general research task areas: 1) heat budgets of urban and
rural interfaces; 2) boundary layer flow and transfer
processes during non-convective periods; 3) climatological studies of weather elements; 4) physics of clouds
4

3 In all three summers, Battelle Northwest Laboratories
and Stanford Research Institute have participated, in addition to the original four agencies. During winters, the Water Survey's "passive" networks and the Chicago airplane
program have constituted the observational base.
4 The four aircraft operated as parts of the programs of
Battelle, Chicago, Illinois Water Survey, and Wyoming
have been supplemented in 1971 by one from the University
of California at San Diego and in 1973 by one from the University of Missouri at Rolla.
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and cloud systems; and 5) chemical studies of natural and
tracer aerosols in dry and wet deposition.
4. Scientific status

"The status" of such a program as METROMEX is, of
course, a highly subjective judgment. Nonetheless, several generalities appear to be useful and tenable. In the
matter of the interaction between METROMEX and the
Regional Air Pollution Studies (RAPS) of the EPA in
greater St. Louis, the overall appreciation of complementarity between the two is shared in a healthy and
improving way by individual scientists in these programs. RAPS's principal concerns are with aerosol transport and modification during "dry" periods, but it depends upon METROMEX for part of its information
about wet removal. METROMEX's principal concerns
are for urban effects on regional dynamics and cloud
physics during "wet" periods, but it depends upon RAPS
for part of its information about the boundary layer
during pre-precipitation periods, and about source inventories of anthropogenic aerosol materials.
Two outstanding examples of cooperation within
METROMEX are the weather central at Pere Marquette
Park, producing both operational forecasts and radarbased guidance of research aircraft, and the program of
balloon-borne probings of the boundary layer, which is
producing a wealth of observational data relatively dense
in both time and space.
This group of articles represents the emergence of a
genuine recognition of the complementarity of results
and tentative conclusions among the scientists within
METROMEX. Where results agree and where they extend the scope of understanding, these scientists are
beginning to "look up from their own work" and see it.
Where results are in apparent conflict, the scientists are
beginning to reassess the analyses and tentative conclusions, and where reassessment discloses no flaw, to explore the implications of the apparent conflict. It is of
such continuing review that scientific progress is made.
Furthermore, such review tends to generate new analyses
and syntheses, of both observational data and of theoretical ideas. The excitement of this generation is beginning to be felt within METROMEX as more observations and insights become available.
5. Expected utility of results

Potential utility of the results of METROMEX may be
grouped into three areas. The first is physical meteorology. Beside the possibilities for better understanding
cloud physics and the options available to man for
modifications of the processes, there is also the potential

for a better understanding of the interactions of aerosols
and radiant heat exchange and of the role of these interactions in regional and global climate modification.
The second area is that of air pollution meteorology.
It now seems quite likely that METROMEX will make
significant contributions to the methodology of remote
monitoring of the boundary layer, a necessity for any
program of adaptive management and control of pollutants. In addition, METROMEX is likely to enhance
general understanding of the role of deep convection in
injecting pollutants into regional and global circulations.
The third area is that of regional planning and urban
design. With the likelihood that new urban areas to
house a doubling population will have to be innovative
in regard to the receipt and processing of energy, any
additional knowledge on the atmosphere's role in processing would appear beneficial. In addition, if it turns
out to be true that cities do indeed affect the climate
beyond their borders, then this information will have
to be infused into the process whereby the locations of
new cities are determined.
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M E T R O M E X : A n Overview of Illinois State Water Survey Projects

Atmospheric

Staff

Sciences Section, Illinois State Water Survey, Urbana, III. 61801

The overall goal of the Water Survey's research effort in
METROMEX is to define, understand, and evaluate
urban-induced precipitation alterations in the St. Louis
area and elsewhere in Illinois and their potential effects
on the quality and quantity of the state's water resources.
The Survey's interest in inadvertent precipitation modification is reflected in 15 years of research and more than
20 published scientific papers on the subject (Changnon
et al., 1971).
The Survey's METROMEX effort includes nine projects involving field operations, analysis, and translation
of the results to users. The five field-oriented activities
include: 1) study of surface rainfall and severe weather
to define their time and space distributions; 2) measurement of basic surface weather conditions for spatial and
temporal studies; 3) investigation of the low-level airflow and turbulence to define circulation patterns; 4)

FIG. 1. M E T R O M E X

study of the aerosol budgets and rainfall scavenging of
pollutants and tracer materials; and 5) investigation of
the effects of polluted rainfall surface and groundwater
quality. The three analytical projects include 1) study
of the atmospheric and mesoscale weather conditions to
define those conditions when rain alterations occur; 2)
definition of the causes for the observed anomalies; and
3) definition of the critical measurements needed for
other cities, largely through cloud and mesoscale modeling. An equally important project is the translation of
results to a variety of users which include hydrologists,
farmers, city planners, crop-hail insurance companies,
forecasters, and weather modification meteorologists. The
influence of the observed changes in hail losses, runoff,
and water pollution at St. Louis have been identified as
significant (Changnon, 1972).
The effort involved in these nine projects is sizeable

networks and facilities of Illinois State Water Survey, summer

1973.
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and has been continuous since early 1971. Primary field
operations have been in the summers (June-August) of
1971-73, although the rain and surface weather networks have been operated continuously. The summer
field effort has involved 50 employees including 20 fulltime staff and 30 students. The supporting field facilities
include nearly 500 individual instruments, a radar site,
and the METROMEX operational center. The 1973 instrumentation array is shown in Fig. 1. The 250 sites
each with a recording raingage and a hail sensor comprise the largest dense rain-hail network (3800 mi ) in
the world. The research circle (50-mi radius) with 225
sites was designed to allow for target-control studies of
rainfall entities regardless of their motion. The 24 recording (temperature-humidity) weather stations and
seven wind stations were located to envelop the urban
area. Severe weather studies have involved the use of six
audio-thunder recorders plus observations from four
standard weather stations. The airflow program has involved pibal operations at 11 sites and three radiosondes.
The atmospheric chemistry studies involved sophisticated
instruments at seven sites plus total storm rainwater
samplers at 81 sites in a rectangular network (Fig. 1).
Storm and cloud physic studies include data from two
radar systems (3-cm RHI and 10-cm PPI) located northwest of St. Louis (Fig. 1), and from seven raindrop
spectrometers. The project has involved a leased aircraft
used to 1) release unique tracers into convective storms,
2) measure cloud characteristics in the urban and rural
areas, and 3) measure urban-rural patterns of standard
meteorological conditions and nuclei concentrations.
The analysis of the data generated by these facilities
has been conducted at the Survey's research center at
the University of Illinois where the data are largely
digitized and stored. Rapid data processing and preliminary analysis have allowed us to continually redesign our
METROMEX projects from year-to-year.
2

Since METROMEX was designed as a 5-year project,
comprehensive results cannot be defined at this time.
However, papers briefly summarizing some of the key
findings to date appear herein. The Survey staff has
generated 5 reports and 18 scientific papers on
METROMEX.
The accomplishment of the aforementioned extensive field projects and analytical efforts, and the derivation of many preliminary results are a credit to many
staff members and other organizations. The Water Survey projects have been supported from three sources:
the State of Illinois, the National Science Foundation
(grants GA-28189X, GI-33371, GI-38317, GI-39213, and
GK-38329), and the Atomic Energy Commission (contract
AT(11-1)-1199). The principal investigators of these
grants and contracts include S. A. Changnon, R. G.
Semonin, F. A. Huff, and H. T. Ochs, and other senior
staff members who have made significant contributions
include B. Ackerman, R. Cataneo, D. F. Gatz, D. M. A.
Jones, G. M. Morgan, P. T. Schickedanz, D. W. Staggs,
and J. Vogel. Mr. T. J. Henderson and D. Duckering of
Atmospherics Incorporated have made important contributions, and the assistance of the Environmental Protection Agency and the Air Weather Service in supplying
both man-power and facilities has been noteworthy. The
contributions to project planning, field coordination, and
collection and exchange of data by the 6 other
METROMEX participants cannot be underestimated.
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M E T R O M E X : Rainfall Analyses

F. A. Huff and P. T. Schickedanz

Illinois State Water Survey, Urbana, 111. 61801
the network was studied to help separate natural and
1. Introduction
urban-related effects between upwind and downwind
Studies of 5-minute, hourly, storm, daily, monthly, and
seasonal distributions of rainfall have been completed areas. Weekday-weekend differences in rainfall outfor the summers of 1971 and 1972. The objectives were put, indicative of aerosol involvement in the urban
to establish accurately the location and intensity of po- effect, were investigated also. A major research task has
tential urban effects identified in earlier climatic studies concerned the study of individual raincells.
(Huff and Changnon, 1972), and to ascertain whether
apparent effects in the frequency and intensity of storm 2. Daily and seasonal rainfall studies
events were related to differences in low-level wind flow Summer rainfall in 1971 (Fig. la), a very dry season (63%
prior to the onset of rain and variations in synoptic wea- of the area long-term normal), shows maximum amounts
east of Edwardsville (EDV) in a region that surface wind
ther conditions. The diurnal distribution of rainfall in
potential effect and no-effect storms (based upon wind analyses indicated was frequently downwind of the
Alton-Wood River industrial complex. Winds were most
analyses) was analyzed to identify any preferred time of
frequently from the NW quadrant prior to rain in 1971,
urban-effect maximization and the natural variability on
90
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FIG. 1. Summer rainfall patterns.
and over 50% of the summer rainfall in the EDV area
occurred with this situation. Other analyses showed that
heavy rainstorms with amounts of 1 inch or more occurred most frequently in the EDV region also, but
there was no evidence of significant differences in the
frequency of total rain events in this region. Diurnally,
the heaviest rainfall occurred in the 1200-1500 CDT
period with a pronounced peak near EDV. Synoptically,
squall-line systems were the major contributor to the
maximum at EDV.
Network rainfall averaged 69% of normal in 1972 with
major peaks in the Edwardsville-Collinsville (COL) area
(Fig. lb). This region was downwind of the city with the
predominating SW winds in 1972, and over 70% of the
rainfall in the EDV-COL centers occurred with these
winds. Similar to 1971, the most frequent occurrence of
1-inch rains was in the EDV area (Changnon and Huff,
1973), and no significant differences appeared in the
total rain event frequencies in the rainfall maximum.
Diurnally, the heaviest rainfall occurred in the 15001800 period with maximization in the STL-EDV-COL
area. As in 1971, squall systems were the major rain
producer.
Weekday-weekend comparisons for the 2-summer
period were inconclusive, since the percentage of total
network rainfall on weekdays (66%) was less than expected from a random distribution (71%), but the frequency of rainy days on weekdays (84%) was considerably greater than expected. Percentages in the EDV-COL
highs were similar to the network distribution.
Integrating all aspects of the various rainfall analyses
performed, it is estimated that the urban effect may have
resulted in a 20-30% increase in the 2-summer rainfall in the EDV-COL region, associated primarily with

intensification of ongoing rain systems of moderate
to heavy intensity.
3. Rainfall studies

One of the most important methods used to evaluate the
effect of the urban-industrial complex on rainfall involves analysis of individual surface raincells. Each convective entity, as defined in a semi-objective way (Schickedanz, 1972), is mapped using 5-minute rainfall amounts
to derive the rainfall and to evaluate its characteristics.
The raingage network (see Fig. 1, p. 89) is sufficiently
large to study many cells for their entire lifetime. Raincells exposed to hills and bottomlands (heat-moisture
source) effects are also analyzed, along with "control"
cells which do not develop in or cross any of the potential initiation or enhancement areas. Analyses are performed to evaluate urban-industrial, hill, and bottomland effects upon various raincell parameters, such as
duration, areal extent, volume, mean rainfall, rainfall
intensity, movement, and path length. Comparison of
625 potential effect cells with 854 control cells during the
1971-72 summers has led to the preliminary results, and
implications summarized below.
1) For cells exposed to the urban-industrial region of
St. Louis, the average rainfall volume was 216% greater
than for cells in the control sample. The parameter
with the next greatest percentage increase was areal extent. The increase in volume was present in both moving and quasi-stationary cells and was greatest with
squall-line systems.
2) For cells that occurred in the industrial region of
Alton-Wood River, the rainfall volume averaged 289%
greater than for control cells. The parameters with the
next greatest percentage increase were mean rainfall and
areal extent, but with no apparent increase in cell width.
91
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The volume increase was present in both quasi-stationary
and moving cells. The volume increase in 1971 was
greatest with squall-line systems, but the 2-year total volumes were greatest with cold fronts.
3) For cells that occurred in the hill region SW of
St. Louis the rainfall volume was 70% greater than for
cells in the control sample. Thus, the increase in volume
was less than 1/3 of the increase in the urban and industrial cells. For cells that occurred in the bottomlands
region, the increase in volume was very small, averaging
only 10%.
4) There are strong indications that the physical processes involved in the modification of cell parameters in
the St. Louis region were different from those acting in
the Alton-Wood River region. The primary urban effect
noted in St. Louis cells is a major increase in areal
extent, brought about by growth in both the width and
length of the cells. The primary effect on the AltonWood River cells has been on rainfall intensity, as indicated by increases in mean rainfall, with practically no
increase in cell width and duration.
5) There is some indication that the urban and industrial areas have an effect on the initiation of raincells.
During 1971-72, the most frequent initiation area was in

and just SE of the largest industries in the St. Louis
area. The other prominent initiation zone was located in
the Alton-Wood River area.
6) Overall, there is strong evidence that the cell
parameters have been altered by the urban-industrial environment. In some analyses, the differences between
hypothesized "effect" and "non-effect" cells are so great,
and the sample sizes so large, as to leave little doubt as
to the reality of these differences. However, additional
data must be collected to verify the 2-summer results
and permit more numerous stratifications of the data to
help identify physical causes of the observed differences.
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M E T R O M E X : Air and Rain Chemistry Analyses

1

Donald F. Gatz

Illinois State Water Survey, Urbana, III 61801
1. Introduction

A minimum requirement in searching for causes of inadvertent precipitation modification at St. Louis is to
provide information on the interactions between pollutants and precipitation processes. If pollutants contribute
to the observed St. Louis rainfall anomalies, it is necessary that they reach cloud levels soon enough to participate in the deposition of anomalous rainfall at the
time and distance scales where it is observed. An early
involvement in the precipitation process, perhaps
through serving as a condensation or ice nucleus, would
afford a pollutant particle the best chance of influencing
precipitation development.
Our chemical studies in METROMEX include 1)
using tracers to measure particle removal efficiencies and
to follow particles ingested in convective storm updrafts,
and 2) measuring trace element concentrations in rain
and air sampled upwind and downwind of the city
to determine where and when urban pollutants appear
in downwind precipitation. This work uses the 81-station
rainwater network and special atmospheric chemistry
sites (see Fig. 1, p. 89). These measurements are complemented by the extensive measurements of airflow,
cloud physics, and precipitation parameters described
elsewhere in this issue.
Portions of this work began at Argonne National Laboratory, while the author was employed there.
1

2. Experimental procedures

Our tracer experiments use both indium and lithium as
tracers. An In aerosol comprised of sub-micron particles
is produced via pyrotechnic flares carried by aircraft
while Li having a mean particle diameter of 0.4 /mi is
generated from either ground-based or airborne liquid
fuel burners. The size and chemical composition of the
two aerosols are such that the Li is expected to act as a
cloud condensation nucleus, while the In is not.
The ground releases are timed to put the tracer material into the warm, moist, converging air ahead of the
thunderstorm gust front. The release of tracers from
aircraft was described by Semonin (1972).
The rain is filtered to separate its soluble from its insoluble contents and both fractions are subsequently
analyzed by atomic absorption spectrophometry (AAS).
The various analytical techniques for processing the
aerosol samples were described previously by Gatz (1972).
2

3. Selected results

Tracers have been released from various surface locations on 9 days to investigate whether urban aerosols
can reach cloud level in time to influence near-downwind precipitation. One example of such a release oc2 Private communication from Dr. W. Finnegan of the
Naval Weapons Center, China Lake, Calif., who loaned the
ground generator to the project.
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curred on 14 July 1971. Lithium (746 gm) was released
from an industrial stack into continuous light rain.
Fig. 1 shows the resulting deposition pattern, for which
the total integrated Li deposition is 188 gm. This yields
an approximate removal efficiency of 25%.
Particle scavenging by impaction below cloud base was
expected to be negligible because impaction collection
efficiencies are very small for sub-micron particles. This
expectation is confirmed in the deposition pattern by the
lack of a large deposit near the release point. Thus, the
deposition shown in Fig. 1 must be attributed to incloud scavenging processes.
This and other similar deposition patterns show that
materials released near the ground can enter convective clouds and be deposited in rain within short times
and distances from the release point. The distances from
the release point to the several deposition maxima on
14 July are approximately the same as that from St.
Louis to the downwind rainfall anomalies.
Some preliminary results of our trace element measurements have already been reported (Gatz, 1972). A

Ratios of downwind to upwind mean concentrations
of trace elements in air and rain at St. Louis.

TABLE 1.

Concentration ratio
(downwind/upwind)
Air
Rain

Mg
Mn
Fe
Cu
Zn
Pb

1.8
2.0
1.5
4.4
2.3
1.5

3.3
2.0
2.9
4.6
2.7
5.5

brief summary in Table 1, where the ratios of downwind to upwind mean concentrations in both air and
rain are listed for 6 elements. Each air sample was designated downwind or upwind based on wind direction
and station location with respect to source areas. Rain
samples were similarly classified, but cell movement
was also considered. The table shows that mean concentrations in both air and rain increased by at least
50% from upwind to downwind of the city. For each element the relative concentration increase in the rain
matched or exceeded that in the air. This confirms the
result of the tracer experiment, namely that urban aerosols are quickly incorporated into and deposited by
rain. Furthermore, at least one of the trace metals (Pb)
is known (Lee et al., 1972) to reside primarily on submicron particles, a size range where below-cloud impaction scavenging is known to be very inefficient. Thus,
in-cloud processes must have scavenged the Pb, which
shows again that urban effluents can reach and enter
clouds in sufficient time to cause or to contribute to
downwind rainfall anomalies.
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M E T R O M E X : Wind Fields over St. Louis in Undisturbed Weather

Bernice Ackerman

Illinois Stale Water Survey, Urbana, III. 61801
1. Introduction

The airflow program in METROMEX has addressed
several goals and, as a consequence, the field effort has
changed between summers to meet different objectives.
In 1971-72 the program centered on special field experiments designed to investigate the extent and nature of

urban induced changes, if any, in the structure of the
planetary boundary layer. In 1973 it emphasized routine
daily observations designed to delineate representative
summertime flow fields and thermodynamic structure
over the metropolitan area and its surroundings.
Briefly described below are a few major findings from
93
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four experimental periods. The experiments involved
the simultaneous release of pilot balloons from 8 or 9
sites strategically located around the metropolitan area
so as to best serve the principle experimental objective.
Balloons were launched every 20 minutes for 3 to 4
hours and were tracked to 2 km by pairs of theodolites.
The cases discussed herein were instances of undisturbed weather, with light ambient winds (5-6 mps).
Such conditions offer the best opportunity to identify
and study urban-induced perturbations in airflow which,
during convective rains, may be masked by the local
circulations associated with the individual storm clouds.
One of the principal goals of this program is to relate
the urban modification in airflow to the precipitation
anomalies. A separate study of two convective storm
days (Grosh and Semonin, 1973) has investigated urban
effects on inflow into convective storms.
Two of the field experiments described herein were
carried out at night during synoptic periods with very
flat pressure gradients to 500 mb. The other two were
during afternoons on days following passage of a cold
front. On both such days the planetary boundary layer
was capped by a subsidence inversion, which was associated with strong vertical wind shear.
2. Results

In every instance the airflow over the metropolitan area
was unquestionably perturbed although in not precisely
the same way in all cases. The perturbations extended to
a kilometer and usually more, decreasing in magnitude
and changing in form with height. The resultant flow
over the city was usually convergent.
In both afternoon cases the wind speed varied by 20 to

30%. Below 200 m the speed was higher over the central
city, but above 200 m it was slightly lower in a band
across the city and parallel to the streamflow. The wind
directions changed by as much as 25° across the network.
The streamlines for 150 m AGL shown in Fig. la are
typical of the afternoon flow below 500 m. The perturbation component in the flow (perturbation wind) is illustrated by the wind barbs (Fig. la and b) which represent
the deviation of the wind at the observation point from
the average of the winds measured at all stations for
the experimental period. The airflow on 10 August took
on anticyclonic curvature as it approached the main
commercial-industrial areas and curved cyclonically as
it moved out of this area. Cyclonic inflow over the downwind sections of the city is clearly indicated.
The afternoon flow fields resulted in convergence over
the downwind (north) parts of the city, when compared
to the divergence calculated for the rural background
area (Fig. 2). This relative convergence was of the order
of 5 to 10 x 10" sec" in the first 200 m AGL. It decreased with height but the flow was still less divergent
than over the country up to 500 to 700 m AGL. Flow upwind (south) of the main high-rise and industrial areas
tended to have values of net divergence approximating
those of the rural area close to the ground, but the upwind city flow was relatively convergent above the first
200-300 m. For the urban area as a whole, the wind field
was relatively convergent throughout the planetary
boundary layer.
The two nocturnal cases were not as similar as the
afternoon ones. From 2120 to 2240 CDT on 17 August
1971, with ambient winds of only 3 mps, the flow in the
lowest layers was severely deformed with anticyclonic
5

1

FIG. 1. Mean streamlines in the lower boundary layer on a) the afternoon of 10 August 1972 and b) the evening of 17
August 1971. The streamlines are based on the time-averaged winds at each site. The wind barbs give the vector deviation
of this time-averaged wind at the site from the average of the wind velocities at all sites in the network.
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FIG. 3. Net divergence on 17 August 1971 for a rural area
and the inner city area. Divergence was calculated by the
Bellamy (1949) method.
rather suddenly around 2245 CDT. In both nocturnal
cases, the flow from about 2100 to 2240 CDT was convergent, relative to rural background, up to 400 or 500
m AGL and divergent above (Fig. 3a). After the shift
in wind the flow became divergent or neutral in the
lower layers and convergent above (Fig. 3b).
3. Outlook

FIG. 2. Net divergence on 10 August 1972 for a rural
area and urban areas downwind (city north) and upwind
(city south) of the main built-up and industrial regions.
Divergence was calculated by the Bellamy (1949) method.
flow over the city itself and cyclonic flow over the western
suburbs (see Fig. lb). Inflow into the city is definitely
indicated by the perturbation winds. The winds then
changed quite suddenly and the flow field from 2300 to
0030 C D T (not shown) was cyclonic over the city. In
the second nocturnal case, with ambient winds about
5 or 6 mps, the low levels were dominated by the early
formation of a "jetlet" with peak speeds of about 9 mps.
The wind field was similar to that observed in the afternoons with streamlines curving anticyclonically upwind
of the city and turning cyclonically as the air passed
over the city. On this night, also, the winds shifted

Modification of the airflow may occur over a city because
of changes in the vertical exchange of momentum,
mechanical and convective, and/or thermally-induced
local pressure gradients. It is not yet possible to separate
the causes for the observed perturbations—or for that
matter to state unequivocally that they are urban induced. These studies are continuing and as they and
models of the boundary layer develop, it should become
possible to sort out the effects of the various urban—
and regional—factors.
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M E T R O M E X : Summary of 1971-1972 Results
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ducted by the Water Survey during the METROMEX
This paper integrates and interprets the preliminary field project in 1971 and 1972. These preliminary reresults from the field observations and experiments con- suits address two central problem areas within the
1. Introduction
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METROMEX project, that is, 1) to define the reality and
placement of local precipitation and severe weather
anomalies, and 2) to establish, in concert with the other
groups, the causes of these anomalies. Preliminary results
from some specific research tasks within these generalized
problem areas are described in this issue in other papers
by Survey scientists.
2. Preliminary results on anomaly delineation

Huff and Changnon (1972) showed that an anomaly in
precipitation existed downwind of St. Louis. The limited
historical data indicated that the center of the urbaninduced precipitation high was only 8-10 miles ESE of
the city. The same climatic study revealed that the frequency of thunderstorm days increased in and immediately downwind of the city where hail-day occurrences also showed a high. These anomalies were most
prevalent in the summer months, and the METROMEX
field research program was designed to obtain observational data during June, July, and August of the 1971-75
period.
The first question to be resolved by the METROMEX
research was whether the climatic rain and severe weather anomaly existed during the field observational
period. Huff and Schickedanz (1974) have shown that
the areal distributions of the summer rainfall in 1971
and 1972 were similar to that described by the longterm climatic records. These and other rain results have
helped in the determination of the reality and the
actual placement of the precipitation anomaly.
Further evidence of the hypothesized urban-induced
effects on convective storm systems is found by examination of the thunder-day patterns of the first two years of
the METROMEX project (Fig. 1). The 2 stations
downwind of St. Louis (where 95% of the storms crossing or developing over the two urban-industrial areas
eventually traverse) have had 48 and 42 thunder days in
1971-72, as compared to values of 38, 36, and 32 upwind of the city. The difference in the averages of the
upwind values (35) and that for the city-downwind area
(43 days) suggests a city-related increase of 20%, a
value which compares favorably with the long-term
climatic values (Huff and Changnon, 1972).

FIG. 1. The thunder-day occurrences during June, July,
and August 1971-72. The data are obtained from three
electronic devices and from three weather observing stations.

Supporting evidence of the urban effect on thunderstorms is seen in the 1971-72 observations of hail and its
characteristics. Data from the dense METROMEX hail
network (see Fig. 1, p. 89) delineated a maximum
in the hail frequency ENE of St. Louis in the same
location shown in climatic studies (Huff and Changnon,
1972). However, the METROMEX field project data
have permitted a more detailed study of the urbaneffected hailstorms and selected results are shown in
Table 1.
An "urban-effect" hailstreak was defined to occur from
a convective rain cell after the cell either developed or
passed over the St. Louis or the Alton-Wood River
urban-industrial areas. All of the effect hailstreaks occurred downwind (NE, E, or SE) of these two areas and
fell within 30% of the research circle (see Fig. 1, p. 89).
The resulting sampling area bias in favor of nonurban effect hailstreaks is 2:1, yet there were 40% more
in the downwind area. In fact, all of the associated characteristics of the hailstreaks and hailfalls during 1971
and 1972 show a distinct increase in the effect storms.
These results also corroborate the local enhancement of
the severity of urban-effect thunderstorms and heavy
rainstorms in 1971-72 (Changnon and Huff, 1973).
An analysis was made of the summer rainfall in
1971-72 which occurred during periods when the mixing
depth equalled or exceeded 2000 m, as determined by
atmospheric soundings obtained near city center. This
analysis was undertaken to establish further the reality
and placement of the urban effect on summer precipitation since cloud bases are generally lower than 2000
m. One result of this analysis is shown in Fig. 2. More
than 50% of the summer rainfall in the downwind
region occurred when the urban-modified lower atmosphere (that is by heating, aerosols, etc.) was available to
TABLE 1. Comparison of hailstreaks and hailfalls in

METROMEX
study area during summers of 1971 and 1972.

Number of hailstreaks
Average hailstreak duration
(minutes)
Average hailstreak area, mi
Median hail energy, ft lbs/ft
Average point number of
hailstones by sizes
(diameters)
i48 2it/
1 3//
>i"
Total
Average point rainfall
(inches) with hail
Average point hailfall
duration, minutes

Urban
effect*

2

2

73
15.1
6.6
0.0551

No urban P atio,
effect* E/NE

52
12.7
5.7
0.0091

1.4
1.2
1.2
6.1

43
12
6
1

30
4
3
0.5

1.4
3.0
2.0
2.0

62
0.70
3.6

37.5
0.63
3.6

1.7
1.1
1.0

* To be classed as effect, the hail had to be produced from a rain cell that
developed or passed over St. Louis or the Alton-Wood River urbanindustrial areas.
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the cloud processes as storms traversed the area, coming
from the SW, W, or NW. While these results do not
determine causative factors, they do serve to show that
when the rain was increased locally, the cloud processes were open to an atmosphere disturbed by the
urban-industrial processes of metropolitan St. Louis.
3. Preliminary results on causes of anomalies

The preliminary results thus far have established the
reality and placement of the 1971-72 rain and severe
weather anomalies. However, these results only indirectly
address those factors which may be responsible for the
observed anomalies. The following results more directly reveal the interaction between urban-induced
perturbations on the modification of convective storms.
Aircraft observations of temperature, aerosols, and
other conditions were obtained on several days along a
flight path from 15 mi NE of city-center to 25 mi SW at
1800 ft. MSL, and the average of the temperature observations is shown in Fig. 3. A distinct perturbation in temperature of 0.8C exists over the highly urbanized area of
St. Louis. These measurements were usually obtained in
the early afternoon during the hours of maximum atmospheric mixing.
These observations established that a temperature
fluctuation directly related to the city is observable at
considerable altitude during or near the time of maximum surface heating. The amount of heating (0.8C) is
sufficient to influence the early development of cloud
elements.
These aircraft flights also provided observations of
condensation nuclei which were grouped into downwind
and upwind categories, relative to the city. These data
were obtained with a Gardner-type counter and concentrations of nuclei were obtained at various expansion
pressures. The results from these observations are shown

FIG. 2. The percentage of total summer rainfall associated
with mixing depths equal to or greater than 2000 m.

FIG. 3. The average temperature profile across the urban area
of St. Louis at 1800 ft MSL during early afternoon.
in Fig. 4, and the top part shows the number concentration of condensation nuclei as a function of expansion pressure for downwind and upwind locales. The
lower portion of Fig. 4 indicates the ratio between the
downwind and upwind measurements and illustrates the
increase of particles as the pressure is increased. As a
consequence, the clouds which develop upwind of St.
Louis would have fewer cloud droplets per unit volume

FIG. 4. The average upwind and downwind condensation
nuclei concentrations at 1800 ft MSL.
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gestion. Ackerman (1974) analyzed the flow during nonrain periods to isolate the degree of horizontal and
vertical disturbance due to mechanical and thermal
effects of the city, and found that the vertical extent
often exceeds 4000 ft AGL, not an untypical regional
cloud base level. Grosh and Semonin (1973) found comparable urban-related deformation in the airflow during
two convective rain days.
An assessment of the combined urban effect on cloud
development is shown in Fig. 5. A total of 82 convective
cloud base measurements were made by aircraft on 19
days during a 6-week period in July and August, 1972.
Isopleths of equal cloud base height, based on cloud
locations, are shown. The observations were randomly
obtained with respect to time and place, but were constrained to flights between 1300 and 1600 CDT.
These data show the presence of higher cloud bases
in the urban area as compared to rural values, the
maximum difference being approximately 2000 ft. A
possible reason for this anomaly may be the heat island
produced by the urban-industrial complex. Assuming
that the moisture content of the atmosphere is not sigFIG. 5. The height of convective cloud bases observed on 19
nificantly
different between rural and urban areas, then
days during July and August 1972.
a 4-5C heat island would support an approximate 2000
ft difference between city cloud bases and similar clouds
than similar clouds which have been exposed to the in unaffected rural areas. The monthly average afternoon
downwind aerosol population described in Fig. 4. Of
temperature patterns (Huff, 1973) reveal 2 to 3C heat
course, not all of these nuclei are active in cloud
islands, but greater differences have occurred on sevprocesses, but the tendency for urban (or downwind)
eral days when sizeable late afternoon storms declouds to contain a greater number concentration of
veloped. Data summarized in Fig. 5 were for cumulus
cloud droplets is evident. The effect of added CCN on
congestus and smaller, individual convective clouds.
precipitation processes is unclear at this time, but, Braham's (1972) results on bases of first echoes over the
in the absence of giant (r > 1 /*m) particles, such modifi- city versus those of non-city echoes indicate a lower
cations to the cloud droplet distribution would have an
average over the city. This coupled with the cloud base
inhibiting effect on precipitation processes.
results indicate a very rapid coalescence process sugThe important question to be resolved concerning gesting that urban generated giant nuclei must be
the sources of condensation nuclei and their possible in- present.
teraction in precipitation processes concerns the ability
Further evidence of an urban effect on precipitation
of the aerosol to be ingested by the clouds as they de- processes is described in this issue (Huff and Schickedanz,
velop over and downwind of the source. Gatz (1974)
1974), particularly with reference to the 1479 individhas shown herein, through the use of chemical tracers,
ual rain cells in 1971-72. There is a distinct difference
that the surface release of aerosol reached cloud base in the precipitation characteristics between those cells
level and was removed by cloud processes. More im- which originate or pass over the St. Louis area and
portantly, the relative position between the release site
those that occurred in the Alton-Wood River indusand the maximum deposition is of the appropriate dis- trial complex. While both of these types of rain cells
tance to show that urban-produced materials can be are significantly different from the control sample of
1) processed by clouds in the production of precipita- cells, it appears that simple causative factors related to
the urbanized atmosphere will not suffice to explain
tion, and 2) returned to the surface in the locale of the
rainfall anomaly partially identified by the climatic the precipitation anomalies. For example, the areal
studies and carefully documented in 1971-72. That is, extent of rain cells affected by the Alton-Wood River inthe deposition of the trace elements released from the dustrial complex is somewhat smaller than St. Louis rain
surface were returned by the precipitation within 10 to cells, but at the same time the rainfall intensity per
cell at Alton-Wood River is significantly larger. These
20 miles of the release point.
types of observations suggest different mechanisms are
Our airflow measurements of 1971-73 have shown
that the city disturbed the circulation, often producing involved in the development of the precipitation in these
two regions.
convergence over and downwind of the city in the
lower atmosphere. This would tend to concentrate aeroAn additional characterization of the precipitation in
sols and potential CCN and ice nuclei for cloud base in- the St. Louis METROMEX project is given by the mea98
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surement of the raindrop size distribution upwind and
downwind from the major urban center. A raindrop
spectrometer was located at the Pere Marquette site
(PMQ) N W of the city and a second located at Centreville ESE of East St. Louis (see Fig. 1, p. 89).
The average distributions for several storms during
the 1972 summer operations are shown in Fig. 6. The
two distributions are very dissimilar with smaller and
more numerous drops present at PMQ yielding an
average rainfall rate of 3.8 mm/hr while less numerous
but considerably larger drops in the Centreville area
result in a rainfall rate of 6.9 mm/hr. Relevant to this
observation, it was observed that on the average, there
have been twice as many large hailstones (]> 1 /2 in diameter) in hailfalls downwind of the city (Table 1). These
data show that an alteration of the precipitation mechanism has quite likely occurred in those storms which
have passed over the urban-industrial area of St. Louis.
4. Summary

The data presented here and in the other papers in
this issue definitely show that the St. Louis urban-industrial complex influences convective storm behavior
in such a way as to increase by 20 to 30% the precipitation and the intensity and frequency of severe weather.
These effects are observed in a rather localized area
within 25 mi of the city center.
These data have also established that various urbanrelated conditions that could effect the precipitation
process do penetrate frequently to levels critical to
cloud behavior. These include the thermal profile over
the city, increased vertical deformation of the airflow,
increased nuclei concentrations, and the observations of
the deposition from ground released tracers. The lowlevel temperature measurement results, the condensation nuclei results, and the airflow results together suggest that there should be an observable effect on convective cloud formation, development, and enhancement
of precipitation.
The clear relationship between high mixing depths
and the downwind increases of precipitation shows that
the urban modified atmosphere becomes available to
the cloud base through relatively deep mixing. However, these observations do not specify a single urban
causative factor but rather illustrate that the clouds are
subject to the full impact of the urban modified atmosphere.
Certain of these preliminary results suggest the distinct alteration of the precipitation process. Included
in this category are marked urban-rural differences in
raindrop sizes, hailstone sizes, rain cell sizes, rain rates,
and cloud base heights.
One can take these results and begin to formulate
conceptual models. For example, the increased condensation nuclei concentrations should increase stability (by
inhibiting coalescence) in the warm part of convective
clouds. A colloidally more stable cloud would permit

FIG. 6. The raindrop number concentration as a function of
size for upwind (Pere Marquette) and downwind (Centreville) locations in the research circle.
additional moisture to be carried aloft and this would
lead to greater hail growth which is supported by the
observed increase in hailstone sizes and frequency.
Furthermore, the observed increases in raindrop sizes
might in part be attributed to melted hail.
While these preliminary results have not completely
distinguished the causative factors of the precipitation
anomaly, they have aided in focusing on the measurements which must be obtained to determine the relative
roles of the various urban factors in precipitation and
severe weather modification. It is hoped that the remaining three years of field observations in project METROMEX will provide the research scientists with the appropriate data to discern the specific factors whereby
urban-industrial activities modify the local and regional
climate.
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Cloud Physics of Urban Weather M o d i f i c a t i o n — A Preliminary Report

University

Roscoe R. Braham, Jr.

of Chicago, Cloud Physics Laboratory,

Abstract

The University of Chicago Cloud Physics Laboratory,
working in Project METROMEX, has found that the
city of St. Louis acts as a source for CCN with an
average production rate of about 10 cm sec . These
nuclei become ingested into convective clouds that
form over and downwind of the city where they cause
increased droplet concentrations and smaller drops in
accord with meteorological theory. The radar data suggest a region of enhanced first echo formation over the
downtown and extending downwind about 40 mi. In
this region precipitation formation is about three times
as frequent as in nearby rural areas. Moreover, these
first echoes seem to occur lower in the atmosphere than
their rural counterparts. At first, this seems to stand in
contradiction to the observation of urban modification
of the cloud base drop spectra. The most likely explanation for this discrepancy is that the urban area also
produces a number of large and giant condensation
nuclei which escape detection in our CCN equipment.
Data on ice nuclei as measured by membrane filters
and the Bigg-Warner expansion chamber are somewhat
confusing but the city seems to act to deactivate ice
nuclei perhaps through adsorption of organic pollutants.
Associated studies of the urban heat island and associated meteorological fields provide data for studies of
diffusion and modeling of the urban boundary layer.
4

-2

-1

1. Introduction

It is well established that urbanization substantially affects the climates of urban areas. However, present
knowledge does not allow one to identify physical
processes responsible for specific urban weather effects
or to isolate the factors of the urban complex which
are causative agents for them. Scientists from the University of Chicago are using the tools and technical
knowledge of cloud physics to study these problems. We
believe that our findings will assist in the development
of an understanding of urban climates, help to assess the
impact of urbanization upon the atmosphere and help
provide base data for alternative strategies for pollution
control, power production, land use, etc. At the same
time it gives us an opportunity to study precipitation
mechanisms under disturbed conditions and to add to

Chicago, III 60637

the natural cloud data-base, both of which are fundamental for successful intentional seeding of clouds.
The University of Chicago Cloud Physics Laboratory
research in METROMEX has four interrelated objectives: 1) establish cause and effect relationships and levels
of response of urban clouds to inadvertent modification,
2) determine source strengths and loss functions for cloud
active nuclei in urban atmospheres, 3) map regions of
urban altered cloud structures, 4) carry out descriptive
studies of urban aerosols, the urban heat island, and
other features of the urban boundary layer.
The major tools for our studies are a Lockheed Lodestar, and an AN/TPS-10 RHI radar. We are based at the
Greenville, Illinois Municipal Airport, about 45 mi NE
of St. Louis, Mo. Thus far we have spent about nine
months in field observations divided between the summers of 1971, 72, and 73, and the two intervening
winters. Details of our program in METROMEX, and
our operations calendars, have been given by Braham
(1971, 1973). This paper is a brief summary of available results as we pass the half-way point in planned
project duration.
2. Radar data analyses

Data from the R H I radar is being used to study
the location of formation and character of first echoes
(FE) as a means for identifying the ways in which the
urban area modifies clouds and precipitation. Preliminary results of this analysis were reported by Dungey
and Morris (1972). More complete data now available
include 1302 FE from 87 hours favorable for precipitation
initiation on 19 days of July and August 1972. A map
of the frequeny of FE formation within the radar
area is given in Fig. 1. We note a distinct plume of FE
formation about 20 mi wide extending 45 mi to the NE
from downtown St. Louis. Inside the plume the FE
frequency is about three times that found in rural areas
east and south of Greenville. We also find a secondary
maximum south of St. Louis across the river from
Festus, Mo. It is tempting to ascribe this plume of FE to
some influence from the city, and the secondary to the
smelting activities found in the Festus area. An obvious
test of such a hypothesis would be to stratify by wind
direction to see whether the plume remains downwind
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FIG. 1. Location of First Echo formations. Units are number
of first echoes that formed in a 10 mi range by 20° azimuth
box during period of 1972 summer data.
of the urban areas. We plan to do this as soon as we
have adequate data. Of 19 days involved in Fig. 1, 11
days with winds between 220 and 255° contributed 935
of the 1302 FE's.
Other data partitions have been studied for indications
of the nature and origin of the FE plume. The data were
divided into 806 FE from 14 weekday days and 496 from
weekend days plus 4 July. FE location maps for these
partitions show the plume almost unchanged on the
weekday map but essentially absent from the weekend
map. This might suggest that the increased number
of FE's in the plume were caused by some urban activity
that occurs predominantly on weekdays—perhaps certain
industrial processes.
The complete sample of 1302 FE's obviously includes
those which formed as showers from middle layer stratified clouds (perhaps starting as snow pellets or rimed
crystals in even higher clouds) as well as those in
cumulus clouds. Of these two possible types of FE's we
expect the urban influence to be more marked in the
latter since cumulus clouds are likely to be more sensitive
to urban-induced dynamical effects and are likely to
ingest considerable amounts of pollution when they
form in the urban area. Two different analyses have
been used to look separately at FE's most likely associated with cumulus clouds growing out of the boundary
layer.
One analysis considers only those FE's with tops that
increased in height after first detection, thus suggesting
formation in an updraft. The second considers only FE's
which formed during periods of convective weather development as determined by surface visual observations.
Both of these partitions show the plume of enhanced
FE formation over and NE of the city with a secondary
maximum to the south. Fig. 2 is the map of growing FE's.

FIG. 2. Location of formation of First Echoes which continued to grow after first detection. Based upon 1972 summer data.
The convective weather FE's were further subdivided
into those which formed over and immediately NE of
the city and those outside this area but at equal radar
range (to reduce any effect of attenuation). This gave us
63 urban FE and 268 rural FE for which the top temperature distributions are shown in Fig. 3. We note that
the urban FE's occur lower in the atmosphere (warmer)
than their rural counterparts.
3. Cloud condensation nuclei

Cloud condensation nuclei (CCN) are soluble aerosol
particles which because of their size and hygroscopicity
have critical supersaturations attainable in updrafts

FIG. 3. Cumulative frequency distributions for temperatures
of tops of urban and rural First Echoes.
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of natural clouds. Usually such supersaturations are less
than 1% with respect to a plane pure water surface.
The concentration of CCN as a function of supersaturation is an important factor in determining the concentration and size distribution of cloud droplets within a
cloud which in turn affects the rate of precipitation
growth through coalescence.
In our initial phase of METROMEX research we have
placed considerable emphasis on the measurements of
CCN, not only because of their central role in cloud
formation but also because of the availability of suitable
devices for their measurement and also because we have
dependable theories connecting the CCN spectra to
cloud base droplet spectra. The latter in turn are directly
measureable thus permitting feedback between the
theory and field data.
In our studies thus far, CCN measurements have been
made using air samples collected with the research airplane and stored in 150 liter metalized mylar bags for
ground analysis in a thermal gradient diffusion chamber.
Details of the sampling technique and the CCN
chamber have been given by Fitzgerald (1972). SpyersDuran (1972a) has given details of the CCN data and
results of inter-comparison studies between our chamber
and the N R L chamber built by Twomey and used for
much of the CCN data in the literature (see Twomey
and Warner, 1967; Squires and Twomey, 1960, 1966;
Twomey and Wojciechowski, 1969).
In order to compute rates of urban production of
CCN, many of our flights emphasized comparison between samples taken upwind, over, and downwind of the
city. A few flights have been used to explore the vertical
distribution of CCN and to study specific industrial
areas as possible sources.
TABLE 1.

Our CCN observations during the first four field expeditions are summarized in Table 1 leading to the
following conclusions: a) The two sets of winter spectra
are surprisingly similar and indicate lower CCN concentrations than any of the summer spectra; b) In every
case the average downwind CCN concentration exceeds
the average upwind CCN concentration at all supersaturations, indicating that the city acts as a source for
CCN; c) The percent of downwind increase is greatest
at the largest supersaturations indicating that relatively
more urban nuclei (or soluble aerosols) occur in the
smaller size ranges; d) The downwind increase at large
supersaturations is more pronounced in winter than
summer indicating that the concentration of nuclei in
the smaller sizes in the urban plume is even more pronounced in winter than in summer.
The somewhat lower concentrations shown by the
summer 1972 data are thought to be due to the sampling
procedure. Whereas the '71 data were taken at a constant level of 610 m (2,000 ft msl), the '72 data were
taken in a uniform spiral descent from the top of the
mixed layer down to a level of 460 m (1,500 ft) msl, thus
probably giving a more representative average value for
the mixed layer concentrations.
The upwind-downwind differences in CCN have
been combined with the mixed layer wind data to give
source strengths for the urban production of CCN. Based
upon preliminary data by Spyers-Duran (1972a), mean
urban production rates are found to be approximately
1-5 X 10* cm sec" in keeping with data reported by
Squires (1966) for Denver, and Kochmond and Mack
(1972) for Buffalo.
The origin of the anthropogenic CCN is still a question. Our measurements during March 1973 suggested
-2
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Summary of CCN spectra obtained during first four University of Chicago M E T R O M E X expeditions.

Dates and
samnlint?
level

July, Aug 1971
610 m msl

Number
days
downwind
Number of CCN
up-down > upwind
wind
CCN at
comparisons S = 0.5%

19

Jan, Feb, Mar 1972
460 m msl

13

July, Aug 1972
Spiral down from
top mixed layer
to 460 m msl
Mar, Apr 1973
460 m msl

25
10

19

12
23
9

Average
spectra

^
.
...
CCN concentrations at various supersaturations
S = 0.35%
0.5%
1.0%
t

up 2210 S dn 3890 S -

0 69
0 75

up 848 S dn 1678 S -

N(d)
N(u)

0 83

0 97

up 1166 S dn 1625 S -

N(d)
N(u)

0 63
0 65

up 977 S dn 1451 S -

N(d)
N(u)

0 96
1 08

N(d)
N(u)

_
Fractional
« ^ ,
1.0% rel.
to 0.35%
i r

a s e

1071
1770
1.65

1370
2313
1.69

2210
3890
1.76

355
606
1.71

477
857
1.80

848
1678
1.98

1.16

602
821
1.36

753
1036
1.38

1166
1625
1.40

1.03

357
467
1.31

502
686
1.37

977
1451
1.49

1.14

1.07
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that the coal burning power stations could be major
sources in which case the nuclei might be sulphatecoated fly-ash. There has been some speculation that
they might be nitrates developed from automobile ex
liaust. As the research proceeds and we are able to
deduce the relationship of production rates to sunshine intensity and duration, to various meteorological
variables, and to make reliable measurements within
various sub-parts of the St. Louis area it may be possible
to be more definitive on this point. It does seem likely
that the CCN do not originate at the earth's surface
but are formed within the mixed layer in which case
production rates would be approximately 10 cm sec .
-1

-3

-1

4. Cloud microstructure

Cloud physics theory tells us that the presence of a
production mechanism for CCN within the urban atmosphere should also be detectable in the sizes and concentrations of cloud drops in urban clouds, at least in
the lower regions of such clouds where drop spectra
are controlled mainly by condensation. We would expect to find that urban clouds contain higher concentrations and proportionately smaller drops when
compared with upwind clouds of similar types. This is
exactly what our flights have shown. Data available thus
far relate primarily to the cloud base region. These data
were obtained with the continuous Formvar replicator
and have been reported by Spyers-Duran (1972b).
An example of the urban effect on cloud drops in
low stratus is given in Fig. 4 which gives spectra measure at nine points along a cross-wind pass over St.
Louis during pre-dawn hours of 3 March 1972. With
winds from the ENE the spectra on the SE end
of the pass are essentially rural in character. As we flew

along the track toward the NW we encountered a gradually increasing drop concentration and narrowing spectra up to the fourth observation which was downwind
of the Fast St. Louis chemical industries. On to the
NW the spectra returns to near rural character at observation seven which corresponds to flow through the
industry-free gap between Alton and Granite City. Still
farther to the NW, downwind of the Alton, 111., industrial area and two major power stations, we again found
high drop concentrations and a narrow spectra. This
figure is a clear example of urban modification of stratus
clouds.
Fig. 5 shows the drop concentrations measured in the
base regions of 21 cumulus clouds over and around St.
Louis during the mid-afternoon of 23 July 1972. Upwind
of the city (south and southwest) concentrations ranged
from 836 to 1072 cm . Over the city they increase to
more than 2900 cm- . Clouds A, B, T, U, and V, which
are about 15 mi from major industrial areas or major
power stations, still show considerable urban effect.
Clouds W and X, about 25 mi downwind of the urban
area, show only slightly higher concentrations than the
upwind clouds.
The increased concentrations of CCN over the urban
area and its reflection in the microstructure of urban
clouds through increased numbers of smaller drops
seems to be incompatible with the radar evidence for
increased formation of coalescence echoes downwind of
the city. At this time the most likely explanation seems
to be that the city also produces considerable numbers
of large and giant cloud nuclei which have escaped
detection because they either collect on the walls of the
sampling bags or fall to the bottom of the CCN chamber before the more numerous nuclei become activated.
Urban spectra of Fig. 5 suggest this possibility.
-3
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5. Ice nuclei

During the March-April, 1973, and July-August, 1973
expeditions, an effort was made to study the ice nuclei
in the urban area. Observations were made with mem-

FIG. 4. Cloud drop spectra showing effect of urban CCN
upon low stratus.

FIG. 5. Cloud drop concentrations (cm ) showing effect of
urban CCN upon cumulus clouds.
-3
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brane filters (MF) exposed in flight and analyzed in the
laboratory in a controlled temperature-humidity chamber
and with the Bigg-Warner (B-W) expansion chamber
using air collected in flight and stored in the 150 liter
bags. Thus far only data from the winter flights are
available.
During March and April, 1973, we flew a series of 10
flights each of which involved cross-wind passes upwind,
over and downwind of the city at 460 m (1,500 ft) msl.
Along these paths membrane filters were exposed sequentially every two minutes for air samples of approximately 70 liters each. A total of 164 filters were used.
With air from the 150 liter air samples (four per flight)
we made 39 measurements with the Bigg-Warner expansion chambers, each measurement consisting of 2 or
more individual observations. Details of the sampling
techniques and the data are presented by Braham and
Spyers-Duran (1974); it is appropriate here only to
summarize the results.
Both MF and BW measurements showed, on average,
fewer ice nuclei downwind than upwind of the urban
area, thus suggesting that the city may poison ice nuclei.
Both MF and BW chambers gave unexplainable high
counts for collections made on the south and southwest
sides of St. Louis, Fig. 6. This suggests local sources of ice
nuclei which were deactivated in the time required
to cross the city but which retained their nucleating
ability while stored in the air sample bags and on the
filters.
The point correlation between simultaneous samples with the MF and BW was essentially zero. Filters
processed at water saturation at — 16.6C showed 1.96
crystals per liter for upwind samples, 1.47 for over the
city, and 1.13 for downwind. Using an expansion temperature of -20.5C the BW gave 1.54, 1.31, and 1.30
crystals per liter for the same passes. If one uses ex-

FIG. 6. Average ice nucleus concentrations as measured by
the filter technique. The number of individual filters contributing to each grid square is shown in parenthesis.

pansion chamber temperature spectra as reported by
Kline (1963) or Bourquard (1963) to "normalize" the
BW counts to the temperature of the filters, they would
be reduced by about an order of magnitude, thus upsetting the apparent similarity in average counts.
The crystal counts usually were less on MF exposed downwind of the petroleum refineries and the
steel mills. However, on six of seven samples the BW
chamber indicated increased counts downwind of the
refineries.
These differences between results with MF and BW
samples are disturbing although not really new—see
the report of the Second International Conference on
Condensation and Ice Nuclei (Grant, 1971). Perhaps
some of the differences result from the totally different
physical principles involved in the two techniques and
the consequent probability that they respond differently
to various types of nuclei. Perhaps some of the differences are attributable to sampling and instrumental
problems. To check these latter possibilities during the
summer of 1973, several flights were flown in formation with airplanes from NCAR, University of Wyoming
and Penn. State University, each with one or more ice
nuclei counting devices. Comparison of resulting nuclei
counts should be interesting, but more important is the
question as to how many ice particles are found in
natural clouds over the urban area. During the summer
of 1973 we penetrated 91 cumulus congestus and cumulonimbus clouds at levels of —5C to —10C for the purpose of measuring the concentration and nature of ice
particles. Analyses of these data are tedious and not
available for this report.

FIG. 7. Infra-red surface temperatures in St. Louis area,
0000-0339 CST, 29 February 1972.
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FIG. 8. Vertical cross-sections over St. Louis showing temperature excess associated with the urban heat island. Cross-section
extends from west (right) to east (left); based upon flight of 23 August 1971, 1303-1354 CDT.
6. Associated studies

The instrumentation on the Lodestar makes it useful
for a number of studies better called atmospheric dynamics than cloud physics. Because of lack of space in
this report we can only give examples of two such
studies. Details of these and similar studies have been
published by Dytch (1972).
During February 1972 we were fortunate to have the
use of NCAR Queenair 304D equipped with a Barnes
PRT-5 precision infrared radiometer which we used to
map the surface temperature field around St. Louis on
29 February 1972, 0000-0339 CST, Fig. 7. The night was
clear with only scattered high clouds. The airplane paths
are shown as dashed lines. Map coordinates are nautical
miles north or south, and west from the Troy Vortac
navigation radio. Surface temperatures are contoured in
°C, the urban areas are outlined and the Mississippi,
Missouri, and Illinois Rivers are shaded. The surface heat
island stands out clearly as a high temperature region

over the downtown St. Louis area. It is probable that
the cold pocket (4C) just west of the temperature maximum is associated with Forest Park although a slight
navigation error is suggested. The cool region along the
river lowland is shown although the sharp signal dip
received in crossing the rivers has been ignored in the
analysis.
On several occasions during the different meteorological situations we have flown a series of passes across the
city at different levels to chart the vertical structure of
the urban heat island and associated meteorological and
aerosol fields. Two examples are given in Figs. 8 and 9
(Dytch, 1972). Generally speaking, the heat island at
flight altitudes is most clearly defined on summer afternoons when adiabatic mixing carries the excess well up
into flight levels. During these conditions a temperature excess up to about 1 deg (C) can be found
600 m or more above ground level. Above the heat island
we frequently find a lid of cold air a few hundred meters

FIG. 9. Vertical cross-section through urban boundary layer over St. Louis. Cross-section extends from northeast (right) to
southwest (left); based upon flight of 3 March 1972, 0000-0430 CST.
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thick as predicted by several of the numerical models
of heat island dynamics. Sometimes when the inversion was at or below minimum flight level (as on winter
night flights) we measured only the upper cold lid. On
days with a very pronounced upper level inversion
the most obvious feature of the temperature structure is
a series of alternating warm and cold pockets representing an undulating inversion surface.
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Contributions to an Urban Meteorological Study: M E T R O M E X

Department

August H. Auer, Jr. and Richard A. Dirks

of Atmospheric Resources, University of Wyoming,
Laramie, Wyo. 82070
as a natural field laboratory, a systematic case study ap1. Introduction
METROMEX participation by the Department of Atmo- proach is being used to delineate and describe the modification of the atmosphere by urban influences and to
spheric Resources, University of Wyoming, has been
centered around field programs conducted during the determine the effect of these parameters on critical atmospheric processes.
months of August 1971-1973. Treating the urban area
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Due to the emphasis on concentrated case studies,
highly mobile field facilities are employed. Facilities
utilized by the University of Wyoming in its study of
urban meteorology include the University's meteorologically instrumented Queen Air aircraft, fixed and portable
radiosondes, winds-aloft measuring systems, mobile meteorological units, and ice and condensation nucleus
counters. Complementary facilities provided by other
participating groups currently involved in Project
METROMEX (e.g., Illinois State Water Survey radar)
were essential to the successful performance of field
operations.
2. Partial summary of results from 1971-1972

Airflow modeling studies. Prior to the initial field operations, modeling studies were undertaken to examine
the role of various individual dynamic influences of the
urban surface to determine typical magnitudes of the
total urban effect under various conditions. Of particular
interest were dynamic influences on convection and convective precipitation. Significant features of a suitable
model include a coupling of the dynamics of a fairly
deep convective mixing layer with the forcing influences
of the surface boundary layer and the inclusion of
horizontal asymmetries which play a significant role in
the 3-dimensional description of the urban influence on
airflow.
The Lavoie (1968) airflow model met these basic requirements and was adapted for study of the airflow over
the St. Louis urban area. T h e model assumes a wellmixed layer capped by a temperature inversion and
stable layer. The airflow within the well-mixed layer
and the height of the capping inversion are altered in
response to forcing from the friction layer produced
by variations in terrain height, frictional drag, and low
level heating. The integrated effects of the urban dynamics at levels in the atmosphere corresponding to
approximate convective cloud base are dynamical influences which could conceivably affect convective precipitation locally. Such influences might be revealed by
the spatial and temporal variations of elevated discontinuity surfaces.
Various wind and thermal profiles were used to determine the role played by each forcing component and
to describe the total perturbation field of the airflow in
the urban area. The combined effects of all forcing influences yielded vertical displacement of the discontinuity surface by up to 200 m. Systematic variation of the
initial conditions pointed to the domination of the
thermal influences. Variations in frictional drag alone
were at best secondary.
Airfloiu observations. On the basis of the modeling results, mean mesoscale variations in the urban wind field
of only —1 mps were anticipated for the mixing layer.
A resolution requirement of this magnitude would preclude verification by standard wind measurement methods. A several-hundred-meter displacement in the height
of elevated discontinuity surfaces did provide a measure-

able feature for verification purposes. Thus, experiments
were designed to incorporate such measurements into
the field program.
Spatial and temporal variations in the height of
elevated discontinuity surfaces were determined through
instrumented aircraft flights, radiosonde launches, and
lidar cross sections (provided by Stanford Research Institute). Details of these observations have been reported
by Spangler and Dirks (1974). In summary, these measurements revealed a pronounced doming of the discontinuity surface over urban-industrial areas, e.g.,
Fig. 1. Distortion of this surface was observed during
both daytime and nighttime cases. The maximum amplitude (>300 m) was reached shortly after mid day with
a minimum in the distortion near sunrise. The diurnal
variability of the doming and its occurrence during light
wind conditions favors explanations based on thermal
mechanisms.
The light wind conditions and emphasis on thermal
influences greatly restrict the applicability of these
data to the initial modeling studies. Theoretical studies
and simulation models will require more sophisticated
thermodynamic formulations. There have been insufficient observations of the elevated discontinuity surfaces
during moderate and strong wind conditions to describe
these situations. In addition to the mesoscale doming
features, smaller scale Kelvin-Helmholz type oscillations
are often evident along the discontinuity surface, even
with light ambient winds.
Heat and moisture fields. Midday and early evening
airborne measurements reveal, both from data cross sections along the mean flow and from plan view data
mapping, significant urban influences on the temperature and moisture fields within the summertime
mixing layer. A typical cross-sectional profile of the
urban anomalies (smoothed to 4 km averages) is shown
in Fig. 1. A downwind plume is evident in the O'Fallon,
Mo., area. Temperature increase of 0.2-2.0C and moisture deficits of 0.5-2.5 gm/kg characterize the urban effect observed in well-mixed layers on ten August days.

FIG. 1. Cross-sectional structure of elevated inversion
(shaded) 1445-1545 CDT, 10 August 1972; temperature (above
lines, °C) and moisture (below lines, gm kg ) anomalies with
respect to upwind values at two flight levels within the mixing layer (1550-1650 CDT). Aircraft flight levels are shown
by arrows.
-1
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FIG. 2. Analysis of urban temperature (°C, solid) and
moisture (gm kg , dashed) anomalies with respect to upwind
values at 1500 ft MSL for 23 August 1971, 1145-1500 C D T . St.
Louis Metropolitan area is shaded.
-1

Fig. 2 shows in plan view the anomalous fields of temperature and moisture at 1000 ft AGL on a given day
with very light winds. In addition to the pronounced
drying and heating over the major commercial-industrial regions, there is the suggestion of a positive moisture anomaly in the confluence region of the MississippiMissouri-Illinois Rivers.
It seems reasonable that daytime evapotranspiration
processes are inhibited over significant portions of the
surface in commercial-industrial regions due to extensive
impervious features. Thus the local energy budget emphasizes the sensible heat exchange compared to the
latent heat exchange in these regions. However, the increased nocturnal heat release of these surfaces and its
effect to moderate the intensity and to abbreviate the
duration of radiation inversions may well reverse the
surface evaporation rates at night. Temperature and
dew point transects made by instrumented trucks at sunrise, indeed, show a reversal of the surface moisture
anomalies. Preliminary analysis of early morning airTABLE 1.
Date

Aug 72
Aug 72
26 Aug 71
27 Aug 71
10 Aug 72
9 Aug 71
12 Aug 71
17 Aug 72
17 Aug 71
22 Aug 72
23 Aug 71
4
14

borne measurements, however, do not reveal the distinct anomalous fields observed after the surface inversion is eliminated and a deep mixing layer is established.
Production rates of cloud and Aitken nuclei. It has
been a goal of some practical interest within Project
METROMEX to determine to what extent human activities contribute to the total production of Aitken
nuclei and particularly of cloud nuclei, that is, those
condensation nuclei that are activated in natural cloud
formation. Aitken nucleus concentrations, as representative of the total aerosol population, have also been mentioned with regard to altering the radiational balance
of the urban atmosphere. For these reasons, then, production rates of cloud and Aitken nuclei by an urban
area are deemed important.
Concentrations of cloud nuclei at activating supersaturations from 0.5% to 3.0% were measured by a
thermal diffusion chamber in airborne samples brought
to the surface. Aitken nucleus concentrations, determined with a Gardner small particle counter (type CN),
were obtained at frequent intervals along the flight path
to insure downwind plume delineation.
For the purpose of this study, the Metropolitan St.
Louis area was designated as that portion which contained the assemblage of industrial and residential
buildup bounded by the outer belt interstate highway
system; that is an area of approximately 700 km with a
population of 1.8 million. The rate of nucleus production, R, may be computed by:
2

HXAN
t
where AN is the increase in representative nucleus content (cm ) of an air column of mixing depth H (cm)
moving over an area in the residence time, t (sec).
The production rate computations for cloud nuclei
from METROMEX 1971-1972 are summarized in Table
K=
D

-3

Summary of cloud nucleus (active at 0 . 5 % ,

1.0% and 3 . 0 %
r a t e s — M E T R O M E X 1971-72.

Time
CDT
1205
1335
0725
0820
1335
0930
0810
1120
1715
1255
1430

'

Source region within metropolitan area

Northwest residential
Northwest residential
Northeast residential & light industry
Northeast residential & light industry
Northeast residential & light industry
Downtown & east residential
Downtown & east residential
Downtown & east residential
Southeast industrial
Southeast industrial
Granite City industry

supersaturation) production
Mean areal production rates
nuclei c m sec
RO.B
Ri.o
Ri.o
0.66
0.95
1.54
0.35
0.47
0.75
-2

-1

0.11
0.50
0.75

0.34
0.90
0.95

1.17
2.07
1.52

0.43
0.12
0.37

0.73
0.37
0.54

1.59
1.16
0.95

2.19
1.17

2.68
1.78

4.28
3.50

2.87

3.49

7.83
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1 for various source regions within the Metropolitan
area. It can be seen that the areal production rates of
cloud nuclei tend to increase with the degree of regional
industrial activity. These results are in general agreement with similar findings from Denver (Squires, 1966)
and Buffalo (Kocmond and Mack, 1972); however, there
is some suggestion that seasonal and degree-of-urbanization variations may exist.
The local production rates for Aitken nuclei in the
Greater St. Louis area obtained during METROMEX
1971-72 are shown in Fig. 3. The regions of higher
Aitken nucleus production rates appear to be correlated
with the industrialized areas, with the one exception of
the oil refinery complex located in Wood River-Roxana,
111. One surprising finding was the effect on Aitken
nucleus production by automobile traffic on the arterial
interstate highway systems in the Metropolitan area,
particularly the heavily traveled interstate highways in
the central and western portions of the Metropolitan
area. The two highest production rates, >2 X 10 nuclei
cm" sec , were found over a small areal extent corresponding to the location of the only two steel smeltering
plants in the Metropolitan area. The lowest Aitken
nucleus production rates were found in the principally
residential areas located in the southwestern and northwestern portions of the Metropolitan area. An integrated
average of the total Aitken nucleus production rates
from the Metropolitan area lies near 5 X 10 nuclei
cm sec" .
Urban influences on convective cloud activity. Investigations of meteorological data show that spatially selected distributions of convective cloud activity over the
St. Louis area are chiefly a function of the differential in
vertical temperature structures and mixing layer depth
through the urban-rural area. The influence of synoptic factors (e.g., advection from outside the St. Louis
area) have been considered and determined to be incapable of producing this anomaly without an urban mesoscale interaction. The presence of an elevated thermally
stable layer has been isolated as the major inhibitor of
convective cloud activity; cloud formation was favored
where the temperature lapse rate was dry adiabatic in a
deep mixing layer which extended from the surface to
cloud base, and there was an absence of an elevated
stable layer capping the mixing layer. In addition, some
case study days have exhibited significant (1-2K) heat
islands extending vertically through the mixing layer
beneath the location of preferential convective cloud
activity (cf. Fig. 2).
The aerosol distribution associated with an early
morning elevated stable layer appears to produce an
asymmetrical heating profile through the vertical when
subjected to solar insolation. A significant portion of the
heating is found in the upper portion of the aerosol
layer just below the elevated stable layer, as suggested
in the numerical model of Atwater (1970). The net observed result of this elevated heating process is then the
enhancement of the thermally stable layer which caps
6

2

-1

5

-2

1

FIG. 3. Local distributions of production rates for Aitken
nuclei in the Greater St. Louis area, August 1971-1972. Production rates are in units of 10 nuclei cm sec .
4

-2

-1

the mixing layer and shrinks its potential depth, thereby
inhibiting convective cloud activity. Since elevated stable
layers and the associated asymmetrical heating are spatially selective processes, they are being examined as a
function of the urban environment. Additional details
concerning this convective cloud modification can be
found in the report by Lawson (1972).
Both airborne and surface observations of meteorological parameters relevant to cumulonimbus development
and growth have been obtained upwind of the urban
area, in the urban area, and downwind of the urban area
for a limited number of case studies in METROMEX
1971-1972. Preliminary results have suggested a weakening of the cumulonimbus updrafts as the thunderstorms move across the St. Louis area; however, these
storms also appeared to re-energize east of St. Louis.
Further substantiation of these findings will provide
valuable insight into causes of the urban precipitation
anomaly.
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Activities of the Battelle-Northwest Laboratory in M E T R O M E X 1

A. J. Alkezweeny, M. Terry Dana, J. M. Hales, T. M. Tanner, C. W. Thomas,
J. M. Thorp, N. A. Wogman, and J. A. Young

Battelle-Northwest,

Battelle Memorial
Richland,

1. Introduction

During the past three years the Atmospheric Sciences
and Radiological Sciences Departments of BattelleNorthwest Laboratory have been performing a variety of
field experiments in conjunction with the METROMEX
program. These have included an investigation of trace
gases and aerosols using airborne monitoring equipment,
a tracer study of convective-storm dynamics and scavenging phenomena, and an investigation of precipitation
scavenging of pollution emitted by the St. Louis metropolitan area source. The first two of these investigations
have been conducted under support of the USAEC Division of Biomedical and Environmental Research, and
the third is supported by the EPA Division of Meteorology. This article presents a brief description of each
of these programs.
2. Trace gases and aerosols

The long-range objective of the USAEC-DBER program
on trace gases and aerosols, conducted by the Battelle
Atmospheric Sciences Department, is to gain information
pertaining to sources, sinks, and metamorphoses of airborne trace constituents as they relate to their fate in
the atmosphere. The phase of this program conducted at
St. Louis under the METROMEX project has involved
airborne assessment of trace constituents using an instrumented Cessna 411 aircraft. Specific instrumentation included a General Electric Aitken Nucleus Counter, a
Mee Ice Nucleus Counter, a REM Chemiluminescence
NO-NOx Monitor, and a Royco Optical System. The
Royco system consisted of a Royco Model 220 optical
sensor, a pulse inverter, a pulse height analyzer, and a
digital printer, capable of simultaneously measuring size
distributions of aerosol particles in the range from 0.3 to
5 fim in about 100 channels. Another two-channel pulse
height analyzer and recorder were connected to the optical sensor to record continuously the concentrations of
particles in two size ranges, 0.3 to 1 ^m. and greater than
1 ^m.
i This paper is based on work performed under U.S.
Atomic Energy Commission Contract No. AT(45-1) 1830.

Institute, Pacific Northwest
Wash. 99352

Laboratories,

During the summer of 1973, nine flights were made
over and downwind of St. Louis. During these flights
potential sources of ice nuclei were investigated, and
size distributions of particulate were measured. Particular emphasis was placed upon effluents from plant stacks
along the Mississippi River, and in tracing the city's
"plume" from its source out to distances as far as 100
miles. Vertical profiles of NO and N 0 were also measured, and were coordinated closely with ground-level
measurements being performed simultaneously near the
St. Louis University campus.
Although the data are in the process of analysis and
interpretation, a few preliminary results and observations can be made. The concentrations of both N O and
NO at 1500 ft MSL were found to be higher than those
at the ground, and to decrease with altitude above that
elevation. The concentrations of Aitken nuclei measured over a 24-hr period appear to maximize around
noon over the city at altitudes of 2000 ft and 4000 ft
MSL. On the other hand, 50 miles downwind of the city,
the concentrations were observed to peak at 7:00 a.m.
and decrease continuously for the remaining period.
Finally, the penetrations of the aircraft with the ice
nucleus counter onboard through selected plumes showed
no drastic increase in the nucleus count above the surroundings. The area along the Mississippi River, however, was observed to have higher concentrations of ice
nuclei, especially near the St. Louis Arch.
2

x

3. Tracer analysis of convective storm dynamics
and scavenging

The tracer analysis program, conducted for the USAECDBER by Battelle's Radiological Sciences Department, is
composed essentially of two parts. The primary experiments of this program involve the sequential release
of six inert tracers at 10 to 15 thousand feet around
the periphery of convective towers in order to determine
the extent to which air is entrained into the towers and
regions of precipitation scavenging. The tracers are released by burning acetone solutions in eight Brad-Patton aerosol generators mounted beneath the wings of the
Battelle Cessna-411. With these generators it is possible
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to release a tracer in about two minutes. Following the
tracer release, samples of precipitation are collected from
a network of samplers, and the precipitation analyzed
for the tracers and other elements by neutron activation.
On 3 August 1972, europium, ruthenium, and tantalum
were released near the upwind edge of one convective
tower, and iridium, rhenium, and gold were released
near the upwind edge of a second tower about ten miles
to the south. Samples of rain were collected following
the tracer release using a 25 by 36-mi network of 122
rain samples. Samples collected more than five to ten
miles downwind of the tracer release generally contained
measurable quantities of the tracers. The tracers apparently spread from cell to cell since tracers added to one
cell appeared in the precipitation of the other. The calculated depositions of the tracers in the network were
comparable to the amounts of tracers released.
The secondary experiments of this program involved
the measurement of trace elements, S0 , CO, and
freons and other organic materials in air upwind, in, and
downwind of St. Louis in order to determine the atmospheric concentrations of these contaminants produced
by the St. Louis metropolitan area and to determine
the rates at which they are removed from the atmosphere downwind of St. Louis by dry deposition and,
in the case of SO , by chemical conversion.
In August 1972, the measured atmospheric concentrations of several trace elements were one or two orders
of magnitude higher in St. Louis than in air upwind of
St. Louis. Samples collected 40 miles downwind of St.
Louis still contained considerably higher concentrations
of these trace elements than did samples collected upwind of St. Louis. The concentrations of trace elements
S0 , CO, Freon 11 and 12, and other organic materials
are now being measured in air samples collected in St.
Louis, upwind of St. Louis, and on arcs 20, 40, 80, and
100 mi downwind of St. Louis during July, 1973. Preliminary results indicate that the concentrations of Freon
11, Pb, and Br were one or two orders of magnitude
higher in St. Louis than upwind of St. Louis, but were
only 10 to 20% lower 80 mi downwind of St. Louis than
20 mi downwind. The decrease was about the same
for the conservative gas freon 11 as for the particulates
Pb and Br, indicating that the concentration decrease
was due primarily to dilution resulting from mixing
processes rather than to deposition on the earth's surface.
The concentrations of S0 , however, averaged 50%
lower 80 mi downwind of St. Louis than would be expected on the basis of the concentrations at the 20-mi
arc and the above dilution factor. Presumably this decrease was due to the conversion of S0 to sulfates. The
sulfur concentrations on the air filters collected 80 mi
downwind of St. Louis were about 50% higher than
would be expected on the basis of the 10-mi concentrations. If the average wind speed was 6 mph the decrease
in S 0 concentration would correspond to a 10-hr half2

a

2

2

2

2

time for the conversion of S 0 to sulfates. Predicted wind
speeds were generally 5 to 10 mph on sampling days.
2

4. Precipitation scavenging of pollution emitted
from the St. Louis area

The primary objective of the pollution-scavenging measurement and modeling program being conducted by
Battelle-Northwest for the EPA Division of Meteorology
is to evaluate the impact of precipitation scavenging
as a sink mechanism for pollution from the St. Louis
area. It is intended that this work will provide the basis
for the scavenging submodel of the St. Louis Air Pollution Study (SLAPS). Thus far two field sessions, held
during the summers of 1972 and 1973, have been conducted under this program. The first of these, involving
precipitation sampling across arcs surrounding the city,
was successful in demonstrating the feasibility of such an
experiment, and showed that precipitation from convective storms is extremely effective in cleansing urban
atmospheres. The second field session, held during July
1973, involved a much more extensive precipitation sampling network than its predecessor. This network consisted of a north-south line of 24 collectors some 15
miles west of the St. Louis Arch; two north-south lines
of about 15 collectors each, two and five miles east of the
Arch; and a grid of collectors—totalling about 60—•
extending from five to 35 miles east of the Arch. This
network was also utilized by the Radiological Sciences
Department for their tracer studies, enabling an economization of manpower for the two projects.
A typical experiment involved the setting out of precipitation collectors, the monitoring of weather radar,
execution of rawinsonde soundings, and the pickup of
collectors subsequent to passage of the storm.
T o help insure against chemical transformation and
desorption of some of the pollutants captured by the
rain, each collector was of a type that would freeze the
rainwater as it was collected. The arrangement was an
8-inch diameter funnel connected to a 500-ml plastic
bottle. The latter was housed in and supported by a
polyurethane foam jug shell, packed with dry ice. Under
normal conditions the precipitation samples were secured in the frozen state in the field; they were then
transported without thawing to Richland, Wash., for
chemical analysis. Sequential samples were collected by a
portable 1 m collector, which was moved to a likely spot
for rain somewhere along the two (eastern) sample lines.
Coordination and direction of field sampling came
from a field director, located at Lambert Field, St. Louis,
who was also responsible for radar and rawinsonde
observations.
During the 1973 session over 400 rain samples were
collected from nine separate storms on the following
July dates: 14, 19, 21, 23 (2), 24, 25 (2), 26. Sequential
rain samples were gathered on two occasions five miles
east of the Arch, and on one occasion 13 miles NE of the
Arch. Radiosonde releases were made on the following
July dates: 19, 20, 21, 23, 24, 25.
2
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The rain samples are currently being examined for
concentrations of H , S0 , SO , NO- NO'a, and NHV
The latter five are being analyzed by wet chemical methods, with lower detectability limits ranging from 0.5 ppm
for SOVto 5 ppb for NO" .
The current data, along with the results of a similar
+

=

2

4

2

2

effort in August 1972 (sampling from 5 storms), promise
to be of value in formulating and testing models of convective precipitation processes as they relate to urban
pollution scavenging. Such a modeling effort is presently
underway.

Argonne Urban-Rural Airflow Program

Radiological

and Environmental
Laboratory,

Harry Moses

1

Research Division, Argonne
Argonne, III. 60439

National

The Argonne National Laboratory participation in
METROMEX involved three separate programs: 1)
rain-scavenging studies directed by Dr. Donald F. Gatz
in 1971, 2) urban-rural airflow studies directed by Dr.
Bernice Ackerman in 1971, and 3) the use of the acoustic
sounder as a tool for planetary boundary-layer investigations directed by Dr. Neil A. Shaw and Edward L.
Miller in 1972 and 1973, respectively. Except for some of
the airflow work discussed in this report, the results of
the Argonne program are discussed elsewhere in this
issue of the BULLETIN.
1. Airflow measurements

The purpose of this program was to study the effect of
the urban complex upon the wind field in the planetary
boundary layer (Albert et al., 1973). Information on the
wind field was obtained by double-theodolite tracking of
pilot balloons launched simultaneously from as many as
nine sites (Fig. 1) within and surrounding St. Louis, Mo.
The run at each site consisted of two groups of four
launches at 20-min intervals, with a break of 20-30 min
between the groups. During each launch, 40 readings
were taken at 20-sec intervals. Daytime runs usually began at 1020 LST and nighttime ones at 2120 LST. The
helium-filled balloons rose at a rate of 200 m/min to a
height of about 2000 m.
Results of the measurements on 761 launches on 7
days and 7 nights have been tabulated and prepared for
publication. This report is available upon request from
the Argonne National Laboratory (Ackerman et al.,
1973).
2. Urban-rural wind profiles

A comparison of wind speed and direction profiles measured over urban and rural areas shows the effect of
the city upon the airflow. Two of the profiles based on
data taken during the night are shown in Fig. 2. Each
point of the profile represents an average over time and
space. For example, if three rural stations were used
for eight launches each, then a point represents the
average of 24 readings.
i Work performed under the auspices of the Atomic Energy
Commission.

FIG. 1. Locations of pilot-balloon sites in the
METROMEX research area.
Salient features of the profiles are: 1) the low-level
wind-speed maximum appears at 200-400 m; 2) rural
wind speeds exceed urban speeds in the lower layers, but
a reversal takes place at a level ranging from 200 to 700
m; and 3) due to greater surface friction and other local
effects, the urban wind is directed toward lower pressure
more so than the undisturbed flow.
3. Urban-rural comparison of the low-level jet

A comparison of features of the low-level jet over the
city and over the country area provides an insight on
how the city affects the airflow of the region. Results of
the analysis based on six series of night experiments (209
soundings) are summarized in Table 1. These data show
that the height at which the average jet maximum occurs
is —150 m higher in the city than in the country, but the
maximum speed (8.22 m/sec in the city versus 8.05 m/sec
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in the country) does not appear to be significantly different. However, the higher average ratio of the maximum
speed to the speed at 100 m over the city indicates
greater vertical shear there. The ratio of the maximum
to the minimum wind speed does not appear to be significantly different in urban and rural areas. Since the
average of ratios (data in Table 1) is normally different
from the ratio of averages (data shown in wind profile
of Fig. 2) the difference in the urban and rural ratios
given in Table 1 is not in complete agreement with the
results shown in Fig. 2.
Further study of the urban-rural differences of the
wind field—especially with respect to wind direction,
water-land effects, and differences arising from synoptic
scale—appears warranted.
4. W i n d variability

Wind speed and direction vary both in time and from
one station to another. It would be most useful to be
able to estimate the wind over an area at a given time
from a measurement at the same time at a site several
kilometers away. From the pilot-balloon data one can
easily determine a measure of the wind variability—namely, the difference between the maximum and minimum values of wind speed or direction at a given time.
The ranges of wind speed and direction at 100-m intervals in altitude over the rural area and over the urban
area were analyzed for each launch. Figure 3 shows the
ranges measured at 100, 300, 500, and 700 m. Since one of
the objectives was an urban-rural comparison, ranges
were calculated only if all stations selected for both the
rural and urban areas had valid measurements. In
other words, if the data from one station were missing at
a given level (e.g., 500 m), then neither the urban nor
TABLE 1.

the rural values were computed for that level for that
launch time.
Wind variability, as measured by the ranges of speed
and direction, was significantly greater over the city
than over the rural areas. Additional analyses show that

Summary of low-lovel jet characteristics, August 1971, METROMEX research area, St. Louis, Mo.
12 August
Rural Urban

Sites used
** Height of absolute
wind-speed max (m)
Absolute wind-speed
max (m/sec)
Average height of
wind-speed max (m)
f Average of maximum
wind speeds (m/sec)
Average ratio of max
wind speed to speed
at 100 m
Average ratio of
maximum to minimum
wind speed
No of launches

FIG. 2. Wind-speed and wind-direction profiles (above and
below respectively) for 23 and 24 August 1971. Each point
represents the average of the readings taken at the indicated
sites during a 3-hr period at night.

13 August
Rural Urban

3, 4

7, 9, 1, 3, 4 7, 9,
25*. 30
25, 30
200
200
300
100
9.45 10.21 10.07 11.21
271
161
200
314

16 August
Rural Urban

17 August
Rural Urban

23 August
Rural Urban

1
7, 30
7, 9,
16*, 25
200
200
900
900
400
300
5.61 5.92
7.14 8.24
12.04 12.16
789
271
481
300
393
467
4

25, 30

2, 3, 4

24 August
Rural Urban
1, 3
200
12.54

Average
Rural Urban

25
300

300

13.06

9.48

215
333
10.73 9.98

271
8.22

8.83

8.25

7.84

8.45

11.57

10.80

4.10

4.31

6.24

6.60

1.1

1.7

1.1

1.8

1.2

2.0

1.3

2.5

1.9

3.1

1.2

2.4

2.6
16

2.5
30

2.8
23

2.4
28

4.3
7

5.6
15

1.5
21

2.9
28

9.6
7

6.6
15

2.5
13

2.5
6

1.3

400
10.13
428
8.06

2.3

3.8
3.9
87
122
Total—209 cases

* Stations 16 and 25 were not urban but intermediate or suburban in character.
** The absolute wind-speed maximum is the largest of the low-level maxima for the day.
t The average wind speed maximum is the average of the low-level maxima for the day.
The maximum wind speed is the highest speed below 1000 m.
The minimum wind speed is the lowest speed of the sounding.
Soundings which failed to reach 1000 m were omitted.
Only sites with six or more soundings during a given day were included.
113
Unauthenticated | Downloaded 01/09/23 02:03 PM UTC

Vol 55, No. 2, February 1974
tion range over the city were generally high, averaging
about 30° at all levels above the city and about 10° for
the rural area.
Wind variability appears to vary inversely with wind
speed. For example, on the day with the lightest wind,
direction ranges w ere greater than the average of the
value for all days. Further, the wind-speed ranges
showed a minimum at the altitude of the maximum in
the low-level jet.
T

Acknowledgment. The assistance of Dr. Bernice Ackerman, Salvador J. Avacato, Paul Hess, Frank C. Kulhanek, and Gunther A. Zerbe is gratefully acknowledged.
References

FIG. 3. Ranges of wind speeds (above) and direction (below)
at rural sites (open circles) and urban sites (closed circles)
for individual nighttime launches.
the influence of the city with respect to wind variability
may extend up to at least 1000 m, although the effect
was diminished above about 600 m. Values of the direc-
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Multiple Site Acoustic Sounding in M E T R O M E X 1

Radiological

Edward L. Miller

and Environmental
Research Division, Argonne
National
Laboratory, Argonne, III. 60439
Acoustic atmospheric sounding techniques (McAllister the Scott Air Force Base MARS radio station, were used.
et al., 1969; Beran et al., 1971) were used by Argonne The multiple soundings obtained provide a means of
National Laboratory during the 1972 and 1973 comparing urban and rural atmospheric structure under
METROMEX programs to study urban influences on the the same synoptic conditions. Several simultaneous recstructure of the planetary boundary layer. The mono- ords also allow one to distinguish between actual changes
static acoustic sounding device used provides a time- in atmospheric structure and those apparent changes obheight cross section of the intensity of small scale tem- served at a single location that are due to horizontal
perature fluctuations up to 1.4 km. These fluctuations movement of the air mass.
are usually associated with certain boundary layer feaFig. 1 illustrates the kind of information that can
tures such as inversions and thermal plumes and serve as be obtained with multiple-site acoustic sounding. The
tracers for their motion.
difference in inversion height recorded over the nearFor five weeks in the summer of 1972 a single urban and rural sites is plotted for the period of transiacoustic sounder was operated at the Granite City Army tion from a nocturnal ground-based inversion to daytime
Installation, 7 km north of the center of St. Louis (Shaw, convection. Each point represents an average of the
1973). During part of that time, simultaneous measure- six mornings in August 1973 when the pattern characterments were made with a lidar from the Stanford Re- istic of inversion lifting was observed at both sites. Alsearch Institute (Uthe and Shaw, 1973). Radiosonde though the limited number of cases makes firm concluflights were also made from the same location for com- sions difficult, the inversion appears to be significantly
parison with the acoustic sounder and lidar records.
higher at the near-urban Granite City site during the
In the 1973 program, three acoustic sounders were de- entire period. With more data to improve statistical sigployed. In addition to the near-urban Granite City site nificance and to allow stratification according to wind
used in 1972, an urban site near the Gateway Arch in direction and other meteorological factors, quantitative
downtown St. Louis and a rural site 30 km southeast, at descriptions of such effects and useful insight into their
Work performed under the auspices of the Atomic Energy causes should be possible.
Vertical profiles of wind and temperature were also
Commission.
3
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mode. Tracking angles are automatically recorded on
magnetic tape as often as once each second with a
resolution of ±0.036°. Balloons tracked for winds carry
transistorized transmitters (based on a circuit developed
by the Atmospheric Environment Service of Canada)
whose continuous temperature signals (±0.02°C) are
recorded on the tape along with the tracking data. Measurements obtained during METROMEX 7 3 are now
being compared with simultaneous acoustic sounder
records. These and future similar comparisons will contribute to the basic understanding of acoustic sounding
and thus improve our ability to utilize this technique
to probe the lower layers of the atmosphere.
References

FIG. 1. The average differences, in inversion heights derived
from acoustic sounder records, between sites 7 km north and
30 km southeast of St. Louis during lifting of nocturnal inversions, August 1973. Bars indicate ± one standard deviation of the measured heights.
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Experimental Study of the Urban Aerosol Structure and its Relation to
Urban Climate Modification

Stanford

Edward E. Uthe and Philip B. Russell
Research

Institute,

Abstract

Observations of the urban aerosol using active and
passive remote sensors, as well as in-situ instruments,
were conducted by SRI during the 1971, 1972, and 1973
METROMEX field programs. Examples of the data and
their interpretation are presented, including 1) a comparison of the urban mixing depth as observed by lidar
and acoustic sounder; 2) mobile lidar studies of urbanrural differences in mixing depth, cloud development,
and temperature; and 3) multiwavelength sunphotometer
studies of particulate optical depth and size distribution. Plans for future research are briefly indicated.

Menlo Park, Calif. 94025
1. Introduction

During the 1971 METROMEX field program, SRI conducted a lidar observational program designed to investigate applications of the lidar technique to studies of
atmospheric processes related to climatic modification by
urban areas. This initial lidar program concentrated on
documenting the spatial and temporal variation of relative aerosol densities over the St. Louis area as an aid
in following dynamic and physical transformations of
the urban air mass. The documentation was achieved by
using a lidar system mounted within an 18-foot van complete with power generating facilities for true mobile
operation. Unique electronics were employed to record,
115
Unauthenticated | Downloaded 01/09/23 02:03 PM UTC

Vol. 55, No. 2, February 1974

FIG. 1. Lidar-observed height/time cross section of the aerosol structure over St. Louis, Mo., on 13 August 1971.
process, and display analog lidar signatures in terms of
two-dimensional views of the vertical aerosol structure
(Allen and Evans, 1972; Johnson, et al., 1973).
The data collected during the summer of 1971 demonstrated that the lidar technique could produce data displays, as shown in Fig. 1 (Uthe, 1972) that provide a
continuous record of the geometry and relative optical
density of major aerosol and cloud layers that characterize an urban atmosphere. Diurnal variations of layers of
dynamic stability and convective activity are easily identifiable by the observed patterns of particulate material.
A detailed description and interpretation of the aerosol
patterns shown in Fig. 1 has been presented elsewhere
(Uthe, 1972). The patterns were shown to be extremely
sensitive to even very subtle features in the temperature and humidity structure that occurs over urban
areas.

The role of particulate pollution in urban climate
modification is twofold: Not only can particulates influence precipitation through their physical properties as
condensation nuclei, but they can alter radiative energy
transfer through their optical properties. In recognition
of this second possibility, several theoretical studies (Atwater, 1971a; Atwater, 1971b; Mitchell, 1971; Braslau
and Dave, 1973; Larson, 1972; Bergstrom and Viskanta,
1973) of the radiative effects of aerosols on climate have
been made. These studies are characteristically limited by
a lack of experimental data. Therefore, SRI extended its
METROMEX study during the 1972 and 1973 field
programs to determine experimentally the physical and
optical properties of urban aerosol layers as well as their
radiative effects. The project includes the coordinated
development and application of indirect sounding techniques (both active and passive) to derive a quantitative
description of atmospheric structure with high spatial
and temporal resolution over extended time periods.
Fig. 2 illustrates the experimental instrumentation used
in the METROMEX 1972 field program. Analysis of the
large body of data collected is not yet complete; however, some results from the study are presented below.
Initial analysis has concentrated on data collected from
the SRI-constructed instruments—the Mark IX lidar and
the sunphotometer.
2. Comparison of lidar and acoustic sounder records

FIG. 2. Instrumentation for the SRI METROMEX 1972
radiation/aerosol experiment. The stationary instruments
are mounted on the roof of a building which houses the
data acquisition system.

Perhaps the most useful geometric parameter to be inferred from lidar displays such as Fig. 1 is the mixing
depth, the height to which pollutants are carried from
their near-surface origin. Because of its determining influence on surface pollutant concentrations, mixing depth
is an important parameter in air quality prediction
models. Most such models estimate mixing depths from
surface meteorological data and from vertical temperature soundings normally taken twice daily from a single
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FIG. 3. Atmospheric time sections obtained by lidar and acoustic sounder, 14 August 1972, St. Louis. Note: The vertical
scale for the lidar data is twice that for the sounder data. Also, the lidar data gray scales have been reversed so that they are
more compatible with the sounder records.
location. The continuous records of mixing depth obtained from METROMEX lidar observations have been
used to evaluate and develop mixing depth subroutines
by various researchers (Ludwig and Dabberdt, 1972;
Spangler and Dirks, 1972; LaPenta, 1973). Afternoon
mixing depths have shown good correlation with the
time and frequency of convective cloud development
(Spangler, 1972) and the precipitation anomaly (Beebe
and Morgan, 1972) and hence are of significance to the
METROMEX program as well as to air pollution
prediction schemes.
The relation of mixing depths inferred from lidar
records (of particulate matter distributions) to mixing
depths inferred from acoustic sounder records (of temperature irregularity distributions) was experimentally
investigated by concurrent observations made by SRI
and Argonne National Laboratory (Miller, 1974) during
the 1972 field study. Fig. 3 presents an example of the
data, processed in a manner that readily allows comparison of atmospheric structure observed with each instrument. Fig. 4 presents the results of mixing depth
analysis for four different days. In general, good agreement was observed during the morning hours that are
characterized by a gradual deepening of the mixing layer.
Later, during times of active convection, the sounder

Comparison of mixing depths interred from cor
current acoustic sounder and lidar observations in St. Louis.

F ] c
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records do not reveal the full vertical extent of thermal
plumes, and mixing depth is not easily inferred. During this time period, the lidar data depict aerosol plumes
throughout their full vertical extent, so that the records
are easily interpreted in terms of mixing depth. However, the sounder normally detects the reestablishment of
the mixing layer before the lidar, since some time is
required for thermally stable stratifications to establish
the particulate gradients which the lidar detects. The
excellent agreement obtained from this study allows the
combining of mobile lidar data with data acquired
by fixed sounders to better define spatial variation
of mixing depths. Another possible application of a
collocated lidar-sounder pair is the study of the transport and diffusion of pollutants across elevated temperature inversions by making detailed and quantitative
comparisons of lidar and sounder data.
3. Mobile lidar records of mixing depth

The Mark IX mobile lidar system can be used to investigate spatial variations of mixing depth as well as
near-surface observed quantities. (Wet and dry thermistors, a nephelometer, and a solar flux radiometer were
van-mounted.) Fig. 5 presents an analysis of a data
sample collected during the 1973 METROMEX field
program. Only a small portion of the observed urban/
rural mixing depth gradient (Fig. 5a) can be explained
by topography along the observational route. Mixing
depths were typically observed to reach a maximum
over the urban area from one to two hours before the
rural maximum. In the example shown, the maximum
mixing depths (with respect to a constant height above
sea level) occur over the rural area after 1300 CDT, although the greatest time variations occur over the urban

area between 0940 and 1020 CDT. A mixing depth contour of 1200 m (Fig. 5a) approximately separates the
area in which clouds develop from the area with no
clouds. Urban clouds are observed almost two hours
before rural clouds.
Several features of the mixing deptli contours show
interesting correlations with features of the near-surface
ambient temperature field (Fig. 5b). During the early
morning hours, there is a fairly constant 4F urban-rural
difference. This temperature difference is evidently maintained by differential surface heating, which results in a
rapid increase in the urban-rural mixing depth difference, especially between 0930 and 1030 CDT. At about
1000 CDT, the temperature difference begins a steady
decline, which is closely followed by a rapid decline in
the mixing depth difference. These declines are in qualitative agreement with the late morning negative differential heating predicted by the model of Bergstrom and
Viskanta (1973) and with the atmospheric response predicted by the model of Vukovich (1973). A possible reason for the negative differential heating is solar energy
depletion by elevated aerosol and cloud layers over the
city. Examination of mobile solar flux observations for
this example showed no apparent urban-rural difference
resulting from aerosol gradients, but did indicate that
the clouds accounted for a 20% reduction in available
solar energy over the urban area. Late-morning cloud
production may be responsible for the stabilization of
urban near-surface temperature at this time, but another
important mechanism is the strong vertical mixing evidenced by a rapid rise in the urban mixing depth
between 0930 and 1020 CDT.

FIG. 5. Spatial and temporal variations of mixing depth and near-surface temperature observed on 3 August 1973. Diagonal
lines represent lidar route in space and time. Cloud returns are represented by increased thickness of route lines.
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4. Aerosol layer properties determined from lidar
and sunphotometer observations

The supporting instrumentation shown in Fig. 2 provides
a variety of data which may be analyzed together with
lidar observations to characterize more completely the
urban aerosol. Foremost among the supporting sensors
is the SRI-constructed sunphotometer, which provides
narrow-band (10 nm FWHM) measurements of direct
solar intensity at the wavelengths listed in Fig. 2. Using
the method of Shaw et al. (1973), we calibrated the sunphotometer on a day of uniform atmospheric turbidity.
With this calibration data, measured solar intensities may
readily be used to compute vertical atmospheric optical
depths r(t,\), as a function of time t and wavelength \,
using the standard Beers-law expression (see, for example, Shaw et al., 1973). From these measured optical
depths, the component due to Raleigh scattering and
absorption by upper atmospheric ozone may be subtracted, leaving the component due to extinction by
atmospheric aerosols and other gases.
To illustrate the use of the resulting optical depths
and other supporting data to obtain aerosol information, the following example is presented. The data used
were obtained on 16 August 1972 and are shown in Fig.
6. On the morning of that day, St. Louis was shrouded
by a dense surface layer of fog, haze and smoke, which
completely obscured the sun and prevented acquisition
of usable sunphotometer signals. The pyreheliometer
(Fig. 2) measured negligible direct solar intensity, and
essentially all of the light measured by the pyranometer
was diffuse (see top of Fig. 6). The strong light-scattering
effect of the aerosol at the surface was recorded by the
integrating nephelometer as large values of the scattering
coefficient (see Fig. 6). At about 1100 CDT, the layer
began to "burn off" as a result of solar heating, permitting the acquisition of useful sunphotometer intensities.
The resulting optical depths, reduced by the Rayleigh
and ozone values, are shown in Fig. 6 for four wavelength channels. (Gaps in the data are caused by clouds.)
Decreasing optical depths are noted between 1130
and 1330, as fog droplets are evaporated by solar heating, and hygroscopic particles become reduced in size
(note the relative humidity scale in Fig. 6). A corresponding decline in the nephelometer-measured surface
scattering coefficient is also shown; however, this decline is somewhat steeper and continues until 1400. The
differences between the vertically-integrated optical
depths and the surface scattering coefficient are explained by the lidar and acoustic sounder records of
Fig. 4, which show increasing depth of the surface
aerosol layer, especially after 1330. From 1415 on, the
lidar and acoustic sounder records reveal a relatively
constant mixing depth; as expected, there is then good
correspondence between local (surface) scattering coefficient and vertically integrated optical depth. This
correspondence indicates that the aerosol layer is wellmixed from the surface to its top, and also that most of
the particulate atmospheric optical depth is concentraed

FIG. 6. Radiative and aerosol data measured and computed for 16 August 1972. Morning fog prevented sunphotometer measurement of optical depths before 1000 CDT.
below the mixing level. This circumstance also results in
a correspondence of some features in the diffuse skylight record with features in scattering coefficient and
optical depth (see Fig. 6). There is also good correspondence among the particulate optical depths measured at different wavelengths. A similar correlation
among scattering coefficients measured by a multiwavelength nephelometer in Los Angeles smog has been
quantitatively studied by Charlson (1972).
As has frequently been noted (see, for example, Shaw
et al., 1972) the wavelength dependence of the optical
depths recorded in Fig. 6 provides information on the
size distribution of the aerosol particles. In particular,
if the vertically-integrated particulate size distribution
n(r,t) is of the form
n(r,t) =
(1)
for all optically significant particle radii r, then it can
easily be shown (see, for example, Junge, 1973) that the
wavelength dependence of a particulate optical depth is
given by
r(X,0 = K(t)\-««\

(2)
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where K(t) and C(t) are both proportional to the total
number of particles, and
a(t) = v{t) - 2.
(3)
For any given time t, the r vs X relationship of Equation (2) produces a straight line with slope — a(t) on a
log-log plot. Therefore, the goodness-of-fit of a straight
line fitted to such a plot of experimental r(\,t) values
may be used as a test of the validity of the particle size
distribution given by Eq. (1). If the fit is good, then the
slope a of the line may be used to obtain the size distribution exponent v through Eq. (3).
This type of analysis was performed for all of the
optical depth records shown in Fig. 6. Since the plotted
values of optical depth have had the Rayleigh scattering
and ozone components removed, they result entirely from
particulate extinction, with the exception of a possible
small contribution from N 0 absorption at the shorter
wavelengths (cf. Charlson et al., 1972; Leighton, 1961).
This possible NO contribution is neglected in this illustrative example (see also below). For each time t at which
a sunphotometer measurement was made, a least-squares
fit was performed to obtain the straight line which
gave the best fit to the four values of log r(\,t) plotted
vs. log X. The goodness-of-fit of the resulting line was
measured by the multiple correlation coefficient squared
(Daniel and Wood, 1971), R 'R
equal to one indicates
a perfect fit, with decreasing values indicating an increasingly poorer fit. Resulting values of R (t) and a(t)
are shown in the bottom of Fig. 6.
During the morning fog, many very low values of R (t)
are obtained—indicating that Eq. (1) is not a good approximation to the vertically-integrated size distribution (this may be caused by the presence of thin clouds,
or may simply result from noisy sunphotometer records at
low incident solar intensities). During the fog, when a
good fit is obtained (R ~ 1), relatively low values of
a(t) (and thus v(t)) occur—indicating a preponderance of
large particles. As the fog dissipates, a(t) increases, indicating a shift in particle size distribution toward smaller
particles. This decrease in mean particle size occurs
when the relative humidity is less than 70%. For the
afternoon of the date shown, very good fits (R ^ 0.99)
were obtained, indicating that n(r,t) was very well described by Eq. (1), and also that neglect of NO absorption was probably justified. Analysis of other dates has
shown that this good a fit is often, but by no means always, obtained. Similar findings were qualitatively reported by Shaw et al, (1973). These results emphasize
the importance of obtaining a measure of goodness-to-fit
(e.g., R \t)) along with a(t). For the five dates that we
have analyzed thus far, values of a(t) for which R (t) was
greater than or equal to 0.95 have ranged between 0.5
and 2.0. This range agrees well with that reported by
Roosen et al (1973), and also with that obtained from
multiwavelength nephelometer measurements by Charlson et al (1972). The resulting values of v(t) [2.5 to 4.0]
are consistent with numerous measurements of tropospheric aerosol size distributions.
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While the example of 16 August 1972 is illustrative, it
is certainly not comprehensive, either from the standpoint of the range of aerosol properties which occurred,
or the types of analysis which were performed. For
times at which R is not close to one [i.e., Eqs. (1) and
(2) are not appropriate], a formal inversion of the type
employed by Yamamoto and Tanaka (1969), Shaw et al
(1973), or Russell and Grams (1973) could be performed
to obtain particulate size distributions. Such an inversion
would require more than four input data points; and
therefore additional wavelength channels are being
added to the sunphotometer (see Section 5 below).
The availability of information on the vertically-integrated particulate size distribution opens the way to
continuity studies of aerosol number and volume (i.e.,
"mass budget" studies)—not only when the mixing depth
is constant, but also when it is rapidly changing (cf. 14
August, Fig. 4). Rapidly changing mixing depth is a
common occurrence which limits the utility of data that
describe only the surface aerosol. Such continuity studies
would provide valuable information on the mechanisms
of particle growth, transport, and removal, especially as
they relate to urban climate modification processes.
y

5. The continuing M E T R O M E X program

The examples presented above illustrate the type of data
being collected and analyses being conducted. Other
ongoing studies using radiation, aerosol and cloud observations (Fig. 2) are providing knowledge of aerosol
and cloud effects on the urban energy budget.
The program is designed around the capabilities of the
Mark IX mobile lidar system. At present, these capabilities are being significantly increased by addition of
digital recording and real-time data-processing and display electronics. The improved data quality and data
handling will greatly extend the analysis of quantitative
inferences of aerosol density profiles. In addition, the
sunphotometer is being modified to increase the number of wavelengths at which solar intensities may be
measured.
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NATO Institutes which will be available for distribution in
February 1973 may be requested from: NATO Travel Grants,
Fellowship and Traineeship Section, Division of Higher
Education in Science, National Science Foundation, Washington, D.C. 20550 (Tel: 202 282-7595).
A S T M forms meteorology committee

N A T O travel grants

The National Science Foundation has announced that it
plans to award international travel grants to about 90
young U.S. scientists to attend some 40 North Atlantic
Treaty Organization Advanced Study Institutes during the
summer of 1974. The institutes provide highly advanced instruction on specific topics in the physical, life, and social
sciences, and in engineering and mathematics. The programs
normally last from two to three weeks and are conducted in
an atmosphere that will further international scientific
fellowship and cooperation. Junior faculty and advanced
graduate and postdoctoral students who are citizens of the
United States are eligible to apply.
Since NSF travel grants are made only upon nomination
by a NATO Institute Director, interest in the grants should
be expressed to the appropriate Director, rather than to
NSF. General information about these grants and a list of

A new Subcommittee on Meteorology (designated D-22.11)
was formed in October 1973 by the American Society for
Testing and Materials (ASTM) at its headquarters in Philadelphia, Pa. The new subcommittee is under the jurisdiction of ASTM Committee D-22 on Methods of Sampling and
Analysis of Atmospheres.
The scope of the subcommittee is to define meteorological
variables and to formulate standard methods for sampling
and analyzing them; and to select acceptable nomenclature
and stimulate the research necessary to accomplish these
aims. The subcommittee has decided to undertake as soon as
possible the development of standard methods for the measurement of atmospheric pressure, wind velocity, and turbidity, since these variables are being measured with increasing
frequency by those who are untrained in meteorological
measurement techniques.
Anyone interested in working on this subcommittee should
contact Robert D. Bauer, 1916 Race St., Philadelphia, Pa
19103 (Tel: 215 569-4200).
(More announcements on page 131)
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