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FOREWORD

The Atmospheric Physics Section investigates the physical behavior of the
lower atmosphere and some of its chemical properties. Scilientific research is
conducted primarily in response to specific needs of sponsors and usually
addresses some overall goal identified by funding agencies. For example,
research pertinent to the "acid rain" igsue comprised the bulk of our work in
1982. In this report we emphasize work for the U. S. Department of Energy
(DOE) and closely related projects. Since in calendar year 1982 the EPA
supported most of our research related to aclid deposition, much of that work
has been reported elsewhere and is not fully represented here. For all phases

of research by this Section, more thorough accounts can be found in the open

sclentific literature.

Work on mean and turbulent flow characteristica in the planetary boundary
layer (PBL) over nonuniform terrain continues to be the major emphasis of our
research for DOE, specifically for the Atmospheric Studies over Complex
Terrain (ASCOT) program of DOE/OHER. The first article in this report,
although dealing with simple terrain, summarizes an effort to obtaln measures
of parameters important In transport and diffusion in the lower atmosphere
solely by use of a Doppler acoustic sounding system. These techniques might
apply to a limited extent to flow over complex terrain, where acquisition of
such data by traditional techniques might be exceedingly difficult. Analyses
carried out in 1982 of data collected by ANL during the large ASCOT experiment
in 1980 on flow over the mountalnous region of the California Geysers area are
not described in this report, but the resgults have been summarized in a
topical report entitled “"Remote Sensing of Winds and Turbulence above Complex
Terrain During ASCOT-1980" (ANL/ER-83-1). The second article describes
participation in a multiagency experiment {(Shoreline Environment Atmospheric
nispersion Experiment, SEADEX) to study the fate of materials released over a
surface with notable surface nonuniformities, specifically at a coastal

nuclear power plant Jurlrg onshore flow conditioms.

The second and third articles in this report address research on the
loczal behaviov of pollutants emitted from diesel engines in urban areas. This
work was done as part of a DOE project in which participation by this Secton
ended in FY 1982. 1In 1982, as in 1981, most effort was directed toward field



studies on circulation patterns 1in street canyons, exchange rates with the
atmosphere above rooftops, and characterization of particles in outdoor urban
microclimates. This work is described in a Ph.D. thesis by Dr. F. T. DePaul.

The remainder of this report is quite diverse and contains multiple
articles on perhaps only one or two types of research. One is numerical
modeling of the behavior of atmospheric pollutants, especially gaseous and
particulate substances associated with acid deposition. The modeling and
theoretical capabilities have been developed in part to consider potential
nonlinear relationships between anthropogenic emissions of sulfur and nitrogen
compounds and the distant deposition of resulting acidifying substances. On
the experimental side, field phases of research designed to compare methods of
analyses of precipitation samples and to study local wurban effects on

precipitation chemistry were completed in FY 1982.

11
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THE VOICE EXPERIMENT--PRELIMINARY RESULTS

R. L. Coulter, T, J. Martin, and K. H. Underwood )

The Vertical Observations Including Convective Exchange (VOICE) experi-
ment was conducted from 18 June 1982 to 30 June 1982 by the Atmospheric
Physics Section 1in conjunction with the Dry Deposition Intercomparison
Experiment (DDIE). The purpose of the VOICE experiment was to make detailed
observations of the convective vertical velocity field of the planetary
boundary layer (PBL) with the Doppler sodar as part of a preliminary effort to
measure vertical wvelocities within and near fair-weather clouds. The DDIE
provided wmeasurements of such crucial surface-layer-boundary conditions as
heat, momentum and water vapor fluxes, radiation balances, and surface-layer
winds and temperatures. Additional activities for VOE{E included monitoring
of clouds through use of a time-lapse camera and raking simultaneous double-
theodolite observations to determine the mixing condensation 1level, cloud
height, and cloud position during times propitious for the measurement of

near—cloud velocities.

A related part of this investigation was use of the sodar to estimate
surface heat flux in order to provide area—averaged estimates that are more
representative of nonhomogeneous conditions, e. g., regions with multiple
crops. The sodar was located near the northern edge of a large grass field
{Figure 1); to the north was a field of soybeans and to the northeast was a
field of corn. Previous 1investigations (Coulter and Wesely, 1980)
demonstrated the feasibility of analyzing sodar signal amplitudes to obtain
estimaces of surface heat flux under a variety of conditions. With the
additional Doppler capability, however, it might be possible to estimate the
heat flux profile within the well-mixed layer under unstable conditions

through measurements of the standard deviation of vertical velocity, o,

Several researchers (e.g., Panofsky and McCormick, 1960; Caughey and
Readings, 1974) have observed that in the surface layer and lower part of the
PBL, 0, can be expressed as:

/3

o fuy ~ (213} (1)



where u, 1s the surface friction velocity and L 1s the Monin-Obukhov length.

This formulation ensures that o is not a function of u,, 1. e., convective

conditions prevail. From the functional relationship for L, the heat flux H

can be expressed as:
3 (2)
H= B(ow /2) ,

where B is constant. Weill et al. (1980) used this approach with sodar data

to successfully evaluate heat flux during the morning. It should be noted,

however, that 9, becomes nearly constant with height in the upper convective

boundary layer. Thus, it 1s necessary to exercise care in selecting the

height interval so as to avoid the nonlinear region located above the reglon

where Eq. (2) 1is valid.
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Fig. 1. Plan view of the position of instruments and nearby crops.



A typlcal profile of cws/z from the VOICE experiment is illustrated in
Figure 2. Nonlinearity of the profile very near the surface 1is possible if
mechanically generated turbulence is sufficient to increase substantially the
value of o, Values derived at high altitudes must be examined with care
because there is often a reduced statistical sample size resulting from
selective signal processing of only the larger signal levels. Extension of
the linear portion of the profile to zero provides an estimate of the height
of zero vertical heat flux, which is estimated to be approximately 70% of the
height of the well-mixed layer (Deardorff, 1974).

Estimates of heat fluxes and heights of zero heat flux from these
methods, as well as mixed-layer heights derived from the sodar amplitude
records, are shown in Figures 3 and 4. Although the values reported here must
be regarded as preliminary, it 1is apparent that the heat flux estimates do not
suffer excessively from the morning overestimates previously noted by Coulter
and Wesely (1979). Inversion height estimates 1in Figure &4 appear to be
generally greater than the height of the well-mixed .layer. “ Further

experimental investigations are necessary to resolve this discrepancy.
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Fig. 2. A typical profile of o 3/2 versus height averaged
over a one-hour period zuring the VOICE experiment.
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Fig. 3. Hourly values of heat flux derived from o, /z profiles during the
VOICE experiment and from eddy correlatlon during DDIE.

PRICSIP S Y
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and bottom (---) of the measured mixed layer height as taken from
sodar records during the VOICE experiment.
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THE SFADEX FEXPERIMENT

R. L. Coulter, R. L. Hart, T. J. Martin, K. H. Underwood, and G. A, Zert

— e —

Mesoscale atmospheric circulations creatzd by sharp temperature differ
ences at land-water interfaces have been studied by the Atmospheric Physic
Section for several years. Large horizontal yradients in temperature, water
vapor content, wind speed and direction, and turbulence intensity nea
shorelines present a challenge for numerical model prediction. Relative f
this problem, the Shoreline Enviromment Atmospheric Dispersion Experimép
(SEADEX), a multilaboratory effort supported principally by the Nuclea
Regulatory Commision (NRC), was conducted to study tne fate of material
released to the atmosphere at coastal nuclear power plants during onshcr
wind-flow conditions. Principal participantse 1in the study were SR
International, the National (Oceanic and Atmospheric Administratio
Environmental Research Laboratories (NOAA-ERL), ai¢ ANL. |

The SEADEX study was centered around the Kewaunee, Wisconsin nuclea
power plant on the western shore of northern Lake Michigan (Figure 1). Th
network included meteorological towers and surface samplers for sulfu
hexafluoride (SFg), which was released 45 m above the surface at the plan
site. Tetroons were released hourly from the surface, and an oil fog wal
released from the same point as the SFg. The oil fog was tracked by airborw
and mobile surface lidar, while the tetroons, set to remain at selected alti

tudes (usually near 150 m), were tracked by NOAA radar. o

Argonne operated at two locations: (1) DAWS, a site about 2 miles inlan
and 3 miles NNW of the plant and (2) at a site due east of DAWS, about 7 nmile
offshore. At DAWS, the Doppler sodar was used to continuously monitor
wind and thermal turbulence structure through the 1lowest 500 m of ¢
atmesphere, and a tethersonde operation was used to obtain wind, temperature
and humidity profiles to near 500 m twice an hour. At the offshore sit
water temperature was measured and a second tethersonde system provid

profilas of wind, temperature, and dewpoint temperature to 500 m.

Throughout the experimental period (20 May 1982 to 10 June 1982), -
shore flow predominated, with heavy natural fog present during the first f
days. Even on days with little fog and strong solar heating, sodar intensi
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displays indicated that conditions at DAWS rarely became convective. It
appears that the air from Lake Michigan wac sufficiently stable to prevent the
development of significant penetrative convection. Indeed, water temperatures
measured at the RV EKOS were quite low, near 4°C throughout the study, with
the exception of the final day, when the water temperature was 9°C, This
warmer temperature was possibly due to advection of warmer surface water. Air
temperature profiles over Lake Michigan indicatad very stable atmospheric
conditicns through the lowest 100 m. Temperature gradients of 10 K/100 m were
not uncommon over the water, although the temperature structure was generally
modified to gradients of 0 to -0.5 K/100 m through the lowest 100 m (cee Fig.
2) by the time the air mass reached DAWS.

A classical lake breeze circulation developed on the final field day of
the study, 8 June 1982 (Fig. 3). Onshore flow from NNE-NE veered to easterly
after 1000 CST, and a return circulation was evidenﬁ at both sites after 1100
CST. Surface conditions at the land site remained slightly .stable; thus, the
lake breeze front was not evident in the sodar intensity record. The return
flow continued to develop and was observed as low as 250 m above the sodar
site near 1400 CST. An elevated return flow was also seen in the oil fog

tracer release, which was tracked returning toward the lake as a well-defined

entity displaced to the north.

These data combined with data from the tracers and meteorological towers
located within the experimental area should permit detailed analyses of on-
shore flow regimes and the conditions necessary for development of return

flows. Such information is of significant value 1in developing pollution-

dispersion models or evacuation plans.
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TRACER STUDIES OF POLLUTANT DISPERSION IN A STREET CANYON

F. T. DePaul and C.~M. Sheih

Pollutant transport and dispersion in an urban street canyon when the

amblent wind direction aloft 1s perpendicular to the canyon have been studied

with m:eftmgas tracer. All measurements were taken in downtown
Chicago at a street canyon 80 m long, 33.5 m high, and 24.5 m wide. Sulfur
hexafluoride (SFG) was chosen to simulate the pollutant source because there
is minimal interference from background sources, SFg can be accurately
measured at concentrations of parts per trillion (PPT), and emission rates can
be easily controlled. The gas concentrations were measured by electron-
capture detection following use of a gas chromatograph equipped with a 20-A

molecular sieve for gas—phase separation.

Meteorological measurements for mean ambient wind speed (Ua)’ wind direc-
tion (8), and local friction velocity (u,) were taken at 3 m above the upwind
rooftop near the building edge. Ten-minute averages for Ua and u; were
obtained from a hot wire anemometer. Alignment problems usually associated
with the hot wire were corrected by analyzing the data with reference to a
plane where the mean vertical wind component w = 0. The wind direction was

measured with a wind vane.

To simulate a pollutant line source within the canyon, the SF6 tracer was
released continuously at ground level from tubing vented by a series of criti-
cal orifices spaced uniformly at 1-m intervals. Ten-minute integrated concen-
trations of the tracer were measured at each location in the sampling array
depicted in Figure 1. These samples were collected by constant-flow pumps and
stored in 5-liter Mylar bags. Concentration decay was determined by tﬁrning
off the source and taking concentration measurements nearly instantaneous at

about 30-s intervals.

Normalized concentration vertical profiles for sampling locations 4-7
during equilibrium conditions are shown in Figure 2. The profiles describe
the relative SF6 concentrations in the canyon and indicate a rapid reduction
in concentration with height. Also shown are the average concentration
srofiles for samplers 10-12. These profiles indicate a significant gradient
near the downwind building edge. Sampling locations 2,3,4, and 8 were used to

12
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Fig. 1. Configuration of the street canyon showing location of sampling
stations as indicated by circles and the controlled volume used
in the analysis as indicated by the dashed lines.
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rig. 2. The normalized vertical concentration profiles for samplers
5-7 and 10~12, The error bars indicate standard deviatioms.
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ensure a two—dimensional profile, i.e., zero concentration gradient in the

downstreet direction.

The measurements of concentration decay were used to parameterize the
flux of pollutant dispersed out of the street canyon. Briefly, the budget

equation of a pollutant can be expressed by:

d(C - Ca)/dt = Q- F , (1)

.
where C and Ca are bulk average pollutant concentrations inside and outside
the street canyon, respectively, t is time, Q is emission rate, and F is the
pollutant flux out of the street canyon. Since the emission rate is often
known, the pollutant concentration can be predicted with Eq. (1) if the flux

can be parameterized.

Following the concept of deposition velocity commonly used in studies of
surface deposition, one can introduce a bulk average ventilation velocity V,

and represent the flux term by:
F=(V /B (C-cC), (2)

where H 1s the height of the bullding. The ventilation velocity can be mea-
sured by turning off the emission source and studying the evolution of the
conceuniration as a function of time. Setting Q = O and substituting Eq. (2)
into Eq. (1) and then integrating the equation, one obtains the following:

[c(t) - C1/[C(0) - C] = exp [-(V /H) t], (3

where C(t) and C(0) are concentrations at times t and O, and T = H VV‘1 is a
retention time or a decay time constant. The experimental results show that
Eq. (3) describes very well the time evolution of the pollutant concen-
tration. Our previous theoretical studies suggest that an approximate repre-

sentation of the ventilation velocity can be:

Vv/“* ~ a1+ @, Re , (4)

14



where a,; and a, are constants and Re = U, L/v is a Reynolds number based upon
ambient mean wind velocity Ua’ street canyon width L, and an arbitrary
constant diffusivity, here taken to be the kinematic viscosity v. The results

in Figure 3 can be approximated by:
U fu, = 0.34 + 2.03x107 Re . 4 (5)

The generality of the result givemn by Eq. (5) 1s greatly limited for
several reasons. First, u, 1s measured locally above an upwind rooftop 2nd
thus has values that are probably not highly representative of the mixing and
flow region in the overall area upwind of the canyon. Second, the use of v
for diffusivity representative of the mixing created in the wake of the upper
edge of the upwind building is clearly incorrect (because viscous mixing is
insignificant in comparison to turbulent mixing above the street canyon).
Finally, a different aspect ratio (L/H) wmight produce a vortex flow structure
quite different from that in the canyon studied and thus possibly grearly
alter the ventilation veleccity V.. Nevertheless, these studies give a real-
istic appraisal of exchange between a certain type of street canyon and the
atmosphere above, and hence provide a benchmark for evaluation of the results

of various physical and numerical simulationms.

o Fig. 3. The mweasured normalized
ventilation velocity
V,/ux as a function of a
Reynolds number Re for

’,//”"/’C) the canyon.

Vv v /u,
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O
@]
G
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XPERIMENTAL STUDIES OF AEROSOL SIZE DISTRIBUTION IN A STREET CANYON

F- To DePﬂul and C.-M- Sheih

Aerosol size distributions have been measured in a city street canyon
with moderate traffic density in order to characterize the local aerosol and
to determine the size fraction of aerosol transported from local sources
within the canyon to the flow region aloft. The street canyon examined was
one block (80 m) 1long, and each side was ten stories (~ 34 m) high.
Instrumentation consisted of two electrical aerosol analyzers (EAA) for count-
ing particles with diameters of 0.006 to 1 um and an optical particle counter
(oPC) for diameters of approximately (.3 to 20 pm. The EAAs were coupled to
operate simultaneously at staggered size classifications in order to avoid
errors that could result 1f one were to assume no temporal variation in

conicentration between successive channels.,

Typical volume-weighted particle size spectra observed 1in the street
canyon have double modes peaked at around 0.2 ym and 10 pm. 7Tt appears that
particles in the size range of 0.1-0.5 pm are the dominant submicron aerosol
generated in the canyon. This is illustrated in Figure 1, which shows plots
of the size spectra of average aerosol concentrations in (1) samples taken at
street level within the canyon, in (2) samples taken at the upwind roof level,
and (3) the difference between the two sampling levels. Averaged vertical
profiles of aerosol concentration in the canyon that were obtained with the
OPC exhibit a constant size distribution for particles with diameters larger

than 1 ym at heights greater than 5 m.

To estimate the time required for submicron aerosol of specified size
ranges to be transﬁorted from street level to roof level, simultaneous mea-
surements of particle concentration were taken 3 m from the leeward edge of
the building at both street and roof levels. The EAAs were operated at the
same size classification channel and the cross—correlation coefficients of the
two signals were computed for wvarious time 1lags. The transport times for
various particle sizes were estimated from the peaks of the correlation coef-
ficients shown in Figure 2. The transport times for the submicron particles
were found to be 12-24 s for wind speeds between 1-4 m s™1, implying 1.3-

2.5 m 8~! vertical transport winds.
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Fig. 1. Submicron aerosol size distribution for (a) spatial average concen-
tration within the canyon, (b) upwind roof-level concentration, and
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OBSERVATIONS OF FINE PARTICLE BEHAVIOR AFFECTED BY PRECIPITATION EVENTS

S. A, Johnson*, D. L. Sisterson, and R. Kumar™

In an effort to examine the relationships between local atmospheric
aerosol properties and precipitation scavenging, a modified Lundgen cascade
impactor was used to sample ambient aerosols before, during, and after
precipitation events. The precipitation was sampled using a standard wet/dry
collector at ANL's deposition monitoring site (e.g., Sisterson and Wurfel,
1980). The chemical composition and mass loading (dry weight) of ambient
submicron aerosol particles (0.3-1,0 ym aerodynamic diameter) were determined
during 25 individual precipitation events over a 12-month period. Chemical
analyses were carried out with Fourier-transform 1infrared absorption
spectroscopy for the fine-particle aerosols and with established wet-chemical
analyses (e.g., Sisterson and Wagner, 1980) for the precipitation samples.
The meteorological and 1limited air-quality data collected for each
precipitation event were examined to investigate the factors responsible for
the observed behavior of the aerosol particles. In this report, only the
variations in aerosol mass and chemistry in relation to specific precipitation

events are discussed.

In several cases where the precipltation was not accompanied by a frontal
passage or other means of change in type of air mass, two cases of fine-
particle aerosol behavior were observed. In one, the concentration of aerosol
particles ,was reduced during rain, but the concentration recovered quickly
after the event. In the other, the aerosol particle concentrations increased
during the rain. While the ammonium sulfate content of the aerosols was also
affected by the prgcipitation, the changes were not always similar to those

observed in the total particle mass loading.

The first case is a decrease in aerosol mass loading during precipita-
tion, followed by recovery. In almost every occurrence of this nature, the
decrease in mass loading could be attributed to precipitation scavenging of

local particles, and subsequent recovery due to advection of non-scavenged air

*Envi ronmental Chemistry Group, Chemical Technology Division.
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within the same air mass to the sampling location. Scattered thunderstorm

activity, for example, would usually produce behavior of this nature.

Examples of the second case, an increase in the particle concentration
during the precipitation, are czhown in Figure 1. Of the various factors that
could be correlated with such behavior (local plume being swept in and out of
the sampling site during precipitation, etc.), one that was very often foupd
was an increase of relative humidity from less than 50% to greater than 80%
(usually near 100%). Such a change in humidity can lead to the growth of
particles smaller than 0.3 ym to a size between 0.3 and 1.0 um (Radke et al.,
1980). Thus, the apparent increases in particle mass loading were probably

LIGHT THUNDERSTORMS
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not due to an increase in the number of particles, but rather were due to a
shift in the particle-size distribution. It should be noted that humidities
remained essentially conatant before, during, and after precipitation for the
first case of particle behavior; i.e., 2 decrease in aerosol mass loading
during precipitation accompanied by recovery. Thus, in many cases relative

humidity apparently can affect particle loading more strongly than precipita-~

tion scavenging.

Finally, in some cases, a decrease in ammonium sulfate particles simulta-
neous with an increase in particle mass loading was observed. The reasons for
such behavior are not fully understood. A possible explanation is that the
observed changes were caused by a combination of particle scavenging and
advection of new particles from local sources due to sli_ht changes in wind
direction that occured during the rain. ‘The meteorological data, although
showing a gradual shift in the wind direction during precipitation, do not

conclusively support this argument.
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DETERMINATION OF OUTLIERS IN THE WEEKLY-VERSUS-EVENT PRECIPITATION CHEMISTRY
STUDY

D. L. Sisterson

An objective method for the determination and eliwnation of outilers in -
the weekly-versus—-event precipitation chemistry study 1s necessary to ensure
that the quality of data used is high. The experimental procedvres for the
collection and chemical analysis of weekly precipitation-weighted sums of
event samples by Argonne National Laboratory (ANL) for comparison over a two-
year period with weekly precipitation samples analyzed by the National. -
Atmospheric Deposition Program (NADP) have been discussed elsewhere (Sisterson
and Wurfel, 1980). Samples affected by collector malfunction or obvions
contamination (bird excrement, eitc.) were not included :in the data set.
Outliers were ‘found by scrutinizing the data with regard to 1ion balance,
sample cowmpleteness, and statistical determination of ANL/NADP pairs that

showed wunusually 1large difference in chemical concentrations of 1onic

species.

When the ion balance (expressed in percent as 100 x ([A] - [C1)/([A] +
{C]), where [A] and [C] are the sums of all anion and cation concentrations,
respectively) of an ANL sample exceeded *14%, the sample was reanalyzed. This ;
limit of 14% 1s similar to that used in application of quality assurance
procedures by the National Atmospheric Deposition Program, which results in !
10%Z of their samples being reanalyzed. Rarely were the ion balances of the |
ANL event samples worse than 20% and. on several occasions, the weanalysis ;

chowed no significant change in ion balance. Analytical procedure did not ¥

appear to be the cause of the large ilon balances in those cases, so it was’ |
assumed initially that other specles, most likey organic, were present. Since |
only Inorganic specles were investigated, samples that still had larger 1on';,
balan.es after reanalysis were included in the data base. For samples with;“
acceptable jon balances after reanalysis, the reanaiyzed ion-concentration

values were included in the data base.

The ANL samples collected during the two-year period usually consisted of
several single event samples, some of which had liquid volumes less than the

amount required for complete field and chemical analyses. Since chemiczal
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analysis of all event samples contributing to an ANL sample was occasionally
incomplete, pseudoconcentrations of the small-volume event sample were
computed (but not used in the final averaging) by assuming that for each ion
the NADP sample and the ANL precipitation-weighted concentrations were
equal. If any one of the computed ion pseudocoacentrations of the small-
volume sample was more than 10 times greater the highest concentrations found
for that ion during the two-year period (which included laboratory analysis of
some samples of 20 ml), the ANL sample was eliminated from the data base.
This was a conservative procedure because the trend throughout the two-year
intercomparison study was for NADP ion concentrations (except [H+], [K+], and
[NH4+]) to be greater than ANL ion concentrations. Five of the 12 incomplete

ANL samples over the two-year study period were eliminated in this manner.

It was noticed that acceptable incomplete ANL samples occurred when the
precipitation amount of the unanalyzed event sample was less than about 2.5%
of the weekly total sample amount. In other words, the screening method used
apparently results in incomplete ANL samples being classed as acceptable when
only very small sample amouﬁts are missing. Since ion concentration tends to
be related inversely to precipitation amount, the events with very small
liquid amounts may have large ion corcentrations. To a first approximation,
however, an ion concentration of an event sample with a volume of only 2.5% or
less of the total for the week would have to be larger than 10 times the
highest 1individual ion concentration observed to make a significant
contribution to the weekly total ion concentration. Hence, from the few cases
of incomplete ANL samples studied, it appears appropriate to reject ANL
samples from the data base if an unanalyzed event sample represents more than

2.5% of total precipitation amount for that week. This 1s not expected to be

universally true.

A least squares regression (Prahl, 1981a,b) was used on the surviv' _ ANL
and NADP individual ion-concentration pairs to detemine a best-fit 1. .2 and
standard deviation. The pairs were plotted (see, for example, Fig. 1) and any
pair that fell outside of 130 was considered an outlier. The pair was care-
fully reviewed for individual event or weekly samples with poor ion balances
(greater than *147), for incompleteness in ANL samples (although initially
accepted), and field notes that might indicate a problem in analysis or

storage that was not severe enough to initally eliminate the sample from the
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data base. If one of more of these problems were found, the the outller pair
for a particular ion was eliminated from the data base. If the sample pair
was an outlier for a significant number of ioms, it was eliminated from the

data base. Outlier pairs were not eliminated from the data set if no

reasonable cause could be found to warrant removal.

Fig. 1. Weekly (NADP) 150 r = i
versus €Z§E§- ] A j
summed , s A o
sulfate ilon 130 - 7 g
concentrations .
for samples .
collected from
April 1980 to
March 1981.

The heavy
dashed 1line
represents a
slope of 1, the
solid line is
the least
squares regres-— . 1 ! 1 \
sion, and the 10 30 50 v 90 110 130 150

dotted line
represents 13a. ANL SULFATE

NADP SULFATE
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URBAN INFLUENCES ON LOCAL PRECIPITATION CHEMISTRY DURING WINTER AND SPRING

D. L. Sisterson

Precipitation samples collected at Chicago's lakefront and at Argonne
National Laboratory ( ~ 40 km SW) during the period June 1981 through May 1982
were analyzed to investigate wurban influences on local precipitation
chemistry. The Argonne (ANL) and Chicago (CHI) sample pairs were stratified
according to wind direction, and wet deposition values normalized by
precipitation amount were used 1in the comparison to minimize some of the
potential effects of spatial variability of convective and stratiform
storms. Experimental procedures and the results of the first half, or summer
and fall (June-November 1981) of the study period are discussed elsewhere
(Sisterson, 198la). This report characterizes the 16 pairs of weekly samples
that were collected thfough ‘the second half, or winter and spring (December

1981 - May 1982) of the study period.

Most of the winter and spring precipitation amounts were atypically
small; therefore weekly sampling procedures were employed instead of the event
sampling procedures used during the summer and spring. Thus, at boch sites a
number of events could usually provide a precipitation amount sufficient for
chemical analysis. There may be some differences in comparing the winter and
spring weekly concentrations to the summer and fall summed event values
(Sisterson and Wurfel, 1981), but the differences are considered

inconsequential in comparison to urban influences.

As before (Sisterson, 1981a), the ANL and CHI sample pairs were strati-
fied according to the wind direction that existed prior to each of the
events. Only weekly samples for which wind directions prior to all precipita-
tion events were from the same quadrant were used in the comparison; just one

weekly sample was eliminated by application of this criterion.

Normalized total wet deposition values (actually concentration averages
wzighted by precipitation amount for each wind quadrant) of ANL and CHI
2znoles are shown sorted by wind direction quadrant in Table 1. There were no
1z2mzles collected for the northwest quadraat. Differences between the ANL and
7 anrnalized wet deposition values are shown in Table 2. The variations and

4 Ffaesmsza Iin thege tablea might not accurately quantify the influence of
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Table 1. Normalized total wet deposition values for chemical species analyzed
In Argonne (ANL) and Chicago (CHI) rain samples stratified by wind quad-
rants. All values are peq/L except where indicated.

Quadrant ANL CHI ANL CHI ANL CHI
H' (lab pH) Rain, g x 103 cat?
s (5" 87.4 31.5 1.34 0.40 19.4 63.7
SE (8) 82.8 77.2 7.20 7.63 18.5 26.1
NE (3) 82.1 79.6 3.08 3.50 20. 0 25.2
!! +2 Na+ NH +
W (5) 8.9 19.2 4.0 12.0 50.6 55.6
SE (8) 8.9 9.0 6.3 7.7 41.4 42.8
NE (3) 6.3 7.3 10.6 11.1 58.9 72.9
NO,~ 1" -2
04 c 50,
st (5) 42.8 49.4 3.2 13.3 61.4 83.4
SE (8) 28.0 33,2 3.8 8.3 61.2 67.5
NE (3) 40.0 51.4 8.2 9.7 68.3 81.0

* The number of weekly samples collected for each quadrant is given in
parenthesis.

local emissions in Chicago on precipitation chemistry, but the trends are

probably representative of an urban influence.

Generally, CHI &samples for \the winter-spring period have higher
normalized total wet deposition valﬁes for each chemical species except H+,
regardless of wind direction. A similar result was found in the summer-fall
half of the study. The normalized total wet deposition values for nearly all
chemical species analyzed, however, do not show significant variation by wind
direction as before. Precipitation collected during the winter-spring period
was nearly all from stratiform clouds, not convective as during the summer-
fall half of the study, and would reflect more exclusively the 1local
scavenging of pollutants. However, precipitation periods are much longer for
stratiform systems, with varylng wind direction, and this condition tends to
obscure the effects of local emissions with regard to wind direction.




Table 2. Percent difference [(CHI-ANL)/mean] x 100% between Argomne (ANL)
and Chicago (CHI) normalized total wet deposition values in Table 1 according

to wind quadrant.

Quadrant H+(1ab pH) Rain Ca+2
sw (5)* -94.0 ~106.7 +106.7
SE (8) -7.1 +5.8 +34.0
NE (3) -3.0 +12.7 +23.1

!! +2 Na+ NH +
W (5) +100.0 +101.1 +9.3
SE (8) +1.0 +20.1 +3.3
NE (3) +14.8 +4.5 +21.3

NO4~ c1” 50,2

=23 M Pked W
W (5) +14.5 +121.8 +30. 4
<z (8) +16.8 +75.1 +9.8
NE (3) +24.8 416.7 +17.0

* The number of weekly samples collected for each quadrant is given in
parenthesis.

+2 +2

The soil-derived components (Ca “, Mg
at both sites during the winter-spring half of the study. The samples were

» etc.) are significantly larger

collected during seasons that have 1Increased synoptic winds; in this case,
unusually little snow cover and rainfall occurred. The greater strength of
winds and lack of snow cover on soils would 1likely contribute to increased
wintertime soil-particle 1loading. The increased winter-spring Na+ and C1~
values might be a result of salting for icy road conditions, even though both

collection sites are far removed from busy roadways.

The 804'2, NO3™, and NH&+ concentrations at both sites are also greater
during the winter-spring period, which is somewhat surprising because the
prevelant stratiform systems can be characterized by the less efficient sub-
cloud scavenging processes of pollutants in comparison to convective
aystems. Nevertheless, stratiform systems are usually associated with lesser

precipitation intensity than convective storms, and concentrations of pollu-

tants 1in precipitation generally incr~ease with decreasing precipitation’

intensity.
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Regardless of season or wind direction, the CHI samples generally have
larger concentrations of all ions except of H. While Chicago precipitation
samples may well reflect the higher urban conccntrations of airborne pollu-
tants, the pH of that precipitation 1s higher than suburban—-rural Argonne.
Apparently, there 1s a disproportional increase of Ca+2, Mg+2, and NH4+ that
offsets acidifying species (Sisterson, 1981b), resulting in lower acidities in

the urban area.
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INDICATIONS OF NONLINEARITIES IN PROCESSES OF WET DEPOSITION

I.-Y. Lee and J. D. Shannon

The relationship between man-made pollutant emissions and the deposition
of acidic or acidifying pollutants is not well understood. The evaluation of
trends in precipitation chemistry frequently gives ambiguous results because
of 1irregular sampling procedures, meteorological variations from one st.dy
period to the next, and changes in laboratory analysis procedures. An example
of this is that the observed sulfate deposition trend in western Europe does
not clearly reflect a known increase in sulfur emissions (Granat, 1978). This
nonlinear response has been attributed by OGranat to factors other than
sampling or chemical analysis procedures,—-—namely, to increased deposition in
areas east of the network in association with a change 1in the prevailing
circulation pattern. An alternative explanation for this may be found in
clear-air and in-cloud chemistry, since the conversions of S0, and NO, gases
to sulfate and nitrate can compete 1if oxidants, e.g., OH radical, are
limited. In this respect, the European data, which show increasing deposition
of nitrate, could be interpreted to indicate that NO, 1is more effectively

oxidized and deposited by wet processes near the source regions than S0, -

To examine North American data, the profiles of concentration of relevant
chemlical species 1n precipitation at MAP3S sites along a cross section
connecting locations at 45°N, 75°W and at 40°N, 85°W are presented in Figure 1
(MAP3S/RAINE Research Community, 1982). The orientation of the cross section
was chosen on the basis that the wet deposition of pollutants (and water) over
the northeastern United States 1s mainly associated with flow from the
southwest (Wilson et al., 1982). The data points from the coastal MAP3S sites
at Lewes, Delaware, and Brookhaven, New York, indicated in I Igure 1 are
excluded from the present analysis. Here we see that the sulfate/nitrate
ratio is greater than 1 over the major source regions, and this approximately
reflects the ratio of SOx to NOx from anthropogenic emissions on a molar
basis. This seems to contradict preferential oxidation and wet deposition of
NOx. Numerical simulations hava been carried out with a model consisting of
clear-air chemistry (Lee, 1983a) and in-cloud chemical reactions (Lee, 1983b)

in order to examine chemical factors (e.g., the molar ratio of sulfate to
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nitrate in precipitation) that can be used as indicators of the extent of
nonlinear processes.

Nonlinear processes 1in precipitation scavenging are most likely to be
important close to sources where sulfur and nitrogen oxides exist at
relatively high concentrations. With high concentrations, the processes of
conversion to sulfate and nitrate in precipitation might be self-limiting or

limited by insufficient amounts of reactive substances in the environment.

Computer model runs I, II, III and IV were designed to study the
relationship betweedf ambient concentrations of 80, and NO2 and concentrations
of SOZ and N0§ in the cloud water. For these runs, the liquid water mixing
ratios were specified. The 1initial concentrations of S04 and NO,,
respectively, in clear air were 5 and 10 ppb for Run I, both 10 ppb for
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Run II, 15 and 10 ppb for Run III, and 20 and 10 ppd for Run IV. With these
different initial values, the clear-air chemistry model was used to compute
the temporal variations of gaseous concentrations of precursor species and

sulfate mixing “atios in aerosols for input to in-cloud chemical processes.

Aerosols serve as condensation nuclei during the cloud formation. The
monthly variat.ons of sulfate content in air and of SOZ and NOS concentrations
in precipitation obtained from Canadian précipitation chemistry data in the
Toronto area in Figure 2 (Niemann, 1982) are presented. The sulfate concen-
trations 1In precipitation do not appear to be well correlated with the atmos-
pheric concentration of sulfate. Th!s may result in part from the fact that
the monthly average atmospheric concentration of sulfate may not accurately

represent the concentration during the episodic precipitation events,
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Fig. 2. Monthly variatione of sulfate content in ambient
aerosol and of sulfate and nitrate concentrations
in precipitation near Toronto.
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Although the production of sulfate particles increases during the summer
months, only particles with diameters greater than about 0.1 um can be
activated to form cloud droplets, because as smaller particles, which form
mainly from 302 by physical and chemical transformation processes (Lee,
1983a), are not activated. In this respect, sensitivity studies have been
carried out for cases when all the sulfates serve as cloud condensation nuclei
(Model A) and for cases when the total mass density of active aerosol
particles is invariant (Model B). For the latter cases, the sulfate aerosol
properties\are assumed to have the same values as in the case of Run II. We
also assume in all cases that the nitrate content in aerosols is one order of
magnitude smaller than the sulfate content. Observations of chemical
composition of aerosols show that the nitrate content in aerosols is, in fact,

quite small (Ohta et al., 1981; Hobbs and Hegg, 1982).

Results from the four runs and annual mean values of <Canadian
precipitation chemistry data in the Toronto area are summarized in Table 1.
As described above, Runs I through IV were designed to examine the
relationships between pollutant precursors and corresponding acidic species in
wet deposition. In general, both simulations and precipitation chemistry data
show that the molar ratio SOZ/NOS is approximately 1. The initial values for
302/N02 vary between 0.5 and 2.0; the corresponding ratios obtained after 16
hours of real time simulation with the clear-air chemistry model (conducted to
obtain a steady state spectrum of aerosol particles) vary between 0.6 and
2.7. This indicates that the mean clear-air traunsformation rate of 80, is
smaller than that of Noz, and that the SOZ/NOZ ratio becomes larger far
downwind from the source, 1f dry and wet removal rates are similar for the two
species. The simulation also indicates that the molar ratio SOZ/NOS in cloud
water increases as the ratio SOZ/NO2 increases. However, we see clearly that
the relationship between the increase of precursor 802/N02 and the increase of
SOZ/NOS in cloud water 1s nonlinear on the scale examined, and that the degree
of this nonlinear response becomes more significant for cases when the total
mass density of the cloud condensation nuclel in air 1s assumed to be
invariant (Model B). This nonlinear response can also be seen in the pH
values. The cloud water pH decreases slowly with increasing input ratio
SOZ/NOZ for a given value Q of liquid water mixing ratio, and increases slowly

with increasing Q when the ratio SOZ/NO2 is fixed.
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Table 1.

Comparison of annual mean precipitation chemistry data with computed values.

Initial

Precursor Model A Model B

so, NO, 50,/NO, so, No, S0,/NO, Q S0,  SO0,/N03  pH S0,  S0,/N03 pH
(ppb) (ppb) (ppb) (ppb) (g kg~1) (umo1171) (umo11™1)
RUN I 5 10 0.5 4.7 7.4 0.6 0.5 66.7 0.73 3.97 78.5 0.86 3.92
1.0 34.4 0.75 4.25 40.3 0.88 4.21
1.5 24.0 0.79 4.42 27.9 0.91 4.37
2.0 19.0 0.83 4.52 21.9 0.96 4.48
RUN II 10 10 1.0 9.7 7.3 1,3 0.5 79.0 0.86 3.87
1.0 41.1 0.90 4.16
1.5 29.1 0.95 4.32
2.0 23.4 1.02  4.42
RUN IIT 15 10 1.5 14.4 7.2 2.0 0.5 90.9 0.99 3.79 79.3  0.87 3.82
1.0 47.5 1.04 4.08 41.7 0.91 4.11
1.5 33.8 1.11  4.24 29.9 0.98 4,27
2.0 27.4 1.20 4.34 24.4 1.07 4,37
RUN 1V 20 10 2.0 19.1 7.0 2.7 0.5 102.7 1.12  3.73 79.5 . 0.87 3.79
1.0 54.0 1.18  4.02 42,2 0.92 4.08
1.5 38.5 1.26 4.18 30.6 1.00 4.23
2.0 31.1 1.36 4.28 25.2 1.10 4.33
Observed 47.7 0.99 4,29
0.9 30.24 10.23

Th itas ed sk




References

Granat, L. 1978: Sulfate 1in precipitation as otserved by the European

atmosphere chemistry network, Atmos. Environ. 12, 413-424,

Hobbs, P. V. and D. A. Hegg, 1982: Sulfate and nitrate mass distributiocn in

the near filelds of some coai-fired power plants, Atmos. Environ. 16,

2657-2662.

Lee, I.-Y., 1983a: Formation of sulfate in cloud-free environment, J. Appl.

Meteorol. 22, 163-170.

Lee, I.-Y. 1983b: Effects of cloud dynamics on cloud-water acidification,

This report.

MAP3S/RAINE kesearch Community, 1982: The MAP3S/RAINE precipitation chemistry

network: Statistical overview for the period 1976-192f, Atmos. Environ.

16, 1603-1631.

Niemann, B. L., 1982: The 1980 data set for further evaluation of regional
air quality/acid deposition simulation models, Unpublished Report, U. S.

Environmental Protection Agency, 31 pp.

Ohta, S., T. Okita, and C. Kato, 1981: A numerical model of acidification of
cloud water, J. Meteorol. Soc. Japan 59 892-901.

Wilson, J. W., V. A. Mohnen, and J. A. Kadlecek, 1982: Wet deposition
variability as observed by MAP3S, Atmos. Environ. 16, 1667-1676.
. =2

33



EFFECTS OF CLOUD DYNAMICS ON CLOUD-WATER ACIDIFICATION

Io ‘Yc Lee

Numerical simulations have been carried out with a model that simulates
in-cloud chemical reactions and dynamic and microphysical processes of cumulus
cloud development. The in-cloud chemical processes are constructed under the
assumptions that (1) the cloud droplets form on condensation nuclei whose
water-soluble portion is composed of H,S0,, (NH,),50,, and NH,NO,, and (2) the
cloud water is in equilibrium with gas-phase chemical species of 80,, NH,,
€0,, and HNO5. The aqueous chemical reactions used in this study are listed
in Table 1. The chemistry set is a modified version of a model used for cloud

acidification studies by Ohta et al. (1981) over Kanto, Japan.

In the present study, the production of SOZ by so; oxidation is included
(Miller and dePena, 1972), but HCl gas is excluded from the gas-liquid phase
reactions because of 1its 1insignificant effect on the acidification of
continental clouds. The model simulations show that the amount of so;
produced in the cloud water by dissolution of S0, is approximately one order
of magnitude smaller than the SOZ produced from sulfates during the typical
lifetime of a cumulus ( ~ 30 minutes) for pH values ranging from 3 to 5. At
electro—-neutrality, the hydrogen 1ion concentration in cloud water may be

computed from the equation:

Ke&s

+.3 = 42 1
a+ =L o - 2rso) (w'] (Rp+ RKyPoo + RgKoPeo
1 3 W w 2 2
+ K,.K,.P )[H+]—-—2——( K P.. + K,.P..)=20
11512 o, 2 KKK, s0, KKK co, ’ (D

4+ =

where K denotes the equilibrium constant, P the partial pressure of a corre-
sponding gas in ailr, w the activity coefficient, and [SOZ]a the SOZ concentra-
tion resulting from dissolved zerosols. Since P, as well as w, varies with
the hydrogen ion concentration in the cloud water, the calculation of [H'] is

computed with © initially equal to unity; thereafter, the computation 1is
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repeated with new valves of P and @ until the relative adjustment with respect

to the hydrogen ion concentration beccmes less than 0.0l per iteration.

Table 1. Aqueous chemical reactions. '

Reaction
Reactions Constants Source
Hy0 = H' + OH k, Orel and Seinfield (1977)
(805)g + HyO = 50,+H,0 K, Orel and Seinfield (1977)
S0,+H,0 = H' + HSO4 kg Orel and Seinfield (1977)
HSO3 = H' + 503 k, Orel and Seinfield (1977)
S03 = S0, ks Miller and dePena (1972)
(NHB)g + H20 - NH3-H20 k6 Hales and Drewers (1979)
NHy*H,0 = NH} + OH_ kg orel and Seinfield (1977)
(COp)y + HyO = CO,eHyO kg Orel and Seinfield (1977)
€O, *Hy0 = H" + HCO5™ kg orel and Seinfield (1977)
HCO3 = H' + CO3 ki Orel and Seinfield (1977)
(HN03)g + HZO - HNOB-HZO kll Davis and deBruin (1964)
HNO4*H,0 = H' + HO3 k)9 Davis and deBruin (1964)

The 1in-cloud chemistry model is coupled with a cloud model. The cloud
model represents cloudy and clear regions by two concentric air columns--an
inner cylindrical column corresponding to the cloud region and an outer
annular column corresponding to the surrounding clear region. Both 1lateral
eddy mixing and dynamic entrainment of air variables are included to study the
influence of changes in the environment on cloud development and vice versa
(Asai and Kasahara, 1967). The combined model computes tempo.al changes in

dynamic variables such as vertical velocity, temperature, water vapor and

liquid water mixing ratios, chemical species concentrations, and aqueous
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chemical variables such as pH values in the cloud water and ionic concentra-~
tions of species involved in the cloud acidification processes, The cloud
model conserves the integral properties of the system of cloud plus environ-

ment such as total water substance and moist static energy.

A simple initial thermal and moisture structure is assumed in the model
computations. In the subcloud layer, 0 to 1000 m, the temperature decreases
dry adiabatically, reaching 20°C at 1000 m, and the mixing racio decreases at
a rate of approximately 1 g kg~! km™!, reaching 16 g kg~! (957 relative
humidity) at the cloud base. A dry inversion layer is aésumed near the top of
the model in order to inhibit extensive cloud develonment. As expected, the
cloud formation and dissipation processes occur in the region between subcloud
and inversion layer. 1In this region, the temperature in both the éloudy and
clear areas decreases initially with a lapse rate of approximately 6°7 km‘l;
the relative humidity dec~eases by 1% per 100 m. To iritiate the cloud
development, a layer between 1100 and 1900 m is assumed to be saturated and to
have a vertical velocity profile of the form: w = sin [7(z-1000)/1000]) in
m s-l, with z in meters. The effect of the initial vertical velocity field

becomes insignficant after a few minutes of cloud development.

The initial concentrations of 50, , HNO3, NH3 and €0, are set at 8 ppb, S5

prb, 2ppb, and 330 ppm, respectively. It 1s also assumed that the aerosol

3

sulfate and nitrate concentrations are 10 and 1 ug m -, respactively, with a

molar density ratio for (NH,),SO, vo H,S0, of 0.68:0.32.

Simulations of the vertical velocity w and the liquid water mixing ratio
Q show the typlcal dynamic characteristics associated with a failr weather
cumulus. The maximum values of both w and Q are located in the upper part of
the cloud, with w less than 3 m sl and Q less than 1 g kg_l. The temporal
and spatial variations of ambient 50,, in-cloud 50, , and cloud water pH are
presented in Figures 1-3. The in-cloud decrease in S0, concentration occurs
mainly 1in the upper part of the cloud, with a maximum of approximately 38%;
while the corresponding maximum So2 loss in the ambient air is about 10%., The
pH field shows a pattern similar to that of cloud water content and r:-:ges
between' 3.1 and 4.2, The S0, evolution during cloud development shows quite
interesting features assoclated with entraining and detraining air currents
and with in-cloud chemical processes. One can clearly identify the reduction

in the SO0, concentration in the upper part of the cloud environment resulting
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from the modification of air characteristics by detraining air currents from
the cloud. Alternately, the reduction of ambient S0, can be understood by
examining the in-cloud profile of S0, associated with the cloud-acidification
processes. The amount of in-cloud reduction of S50, varies with the 1liquid
water mixing ratio Q. However, the numerical study shows that the response
between the variations of dissolved SO, and of Q is nonlinear and that the
dilution by Q overcompensates the increase of cloud water acidity. Therefore,

low acidity (high pH) corresponds to high Q values and vice versa, as shown in

Figure 3.
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RELATIVE CONTRIBUTION TO SULFUR ATMOSPHERTC CONCENTRATIONS AND DEPOSITION FROM
LONG-RANGE TRANSPORT

J. D. Shannon

Assessment of the long-range contribution to sulfur deposition is compli-
cated by, first of all, the lack of a common definition of "long-range”. If
defined on a temporal scale, such as one day's travel from the source, the
assoclated distance can vary widely, depending upon synoptic conditions, If
u “ined on a geopolitical basis, such as the effect of the sources within one
state or province upon another state or province, the separation can range

from near zero to more than 1000 km.

Typical definitions of long-range transport have lower bounds of 200-500
km. The ASTRAP model (Shannon, 1981) can be modified to include or exciude
sources depending on range of source/receptor separation distances. Figures 1
through 5 1illustrate pollutant sulfur air concentrations and deposition
resulting from sources within 200 km of receptors, sources 200-500 km away,
sources 500-1000 km away, and sources beyond 1000 kn, respectiveiy, for
January and February 1981. Concentrations of S0, (Fig. 1) are dominated by
sources within 500 km because SO2 is a primary pollutant that is continuously
diminished by transformation and deposition. Dry deposition  of SOZ has
similar patterns (Fig. 2). Sulfate, on the other hand, is mainly produced by
atmospheric transformation of 50, and shows (Fig. 3) significant mid-range and
long-range components, as does sulfate dry deposition (Fig. 4). Dry
deposition 1is a continuous process, although at varying rates. Wet
denrositiun, on the other hand, is episodic, and the plume can experience
considerable transport before precipitation 1I1s encountered. The wet
deposition fields (Fig. 5) thus exhibit a relatively greater long-range
component than do the dry deposition fields, particularly for the major dry
deposited pollutant, SOZ'

Reference

Shannon, J. D., 1981: A model of regional long-term average sulfur
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AN EVALUATION OF WIND FIELD INTERPOLATION SCHEMES USED IN STUDIES OF REGIONAL-
SCALE POLLUTANT TRANSPORT

C."Mo Sheih

A study has been conducted to evaluate the numerical schemes most
commonly used by modelers for spatial interpolation of wind data from few
observation stations. National Weather Service rawinsonde observation
stations over the United States (Figure 1) typically are about 450 km apart
while numerical models normally require data at about 50 to 100 km
intervals. The most common 1interpolation schemes used 1in regional-scale

simulation to obtain such resolution are:

(A) inverse distance welghting,

(B) inverse distance-~squared weighting,

(¢) inverse distance-squared and directional welghting (e.g., Heffter,
1980),

(D) using data at the nearest station.

Fig. 1. Location of National Weather Service
rawisonde observation statiomns.
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To test these interpolation sechemes, we assume that the wind velocity

fleld is a large cyclonic eddy superposed on a uniform wind. The wind

velocity components can be expressed by:
u=u - ur exp(-(r/R)z) sin O (1)
N2
V=V, +ur exp(-(r/x)") cos O , (2)

where u and v are easterly and northerly total wind velocity components, u,
and v, are the uniform velocity components, w is the angular velocity of the
cyclone, r and 6 are the radial and angular coordinates of the polar
coordinate system with reference to the center of the cyclone for radial
distance and to the east for the azimuth angle, and R 1is a length scale
characterizing the size of the cyclone.

For the present study, the parameters are set at u, = v, = 5 m s"l,

w= 2.8 uaR_l, R = 800 km, and the cyclone 1s located near the center of the
United States. The theoretical values of the wind velocity components at the
observation stations in Figure 1 are computed from Eqs. (1) and (2). These
values are then used in the four numerical scnemes to obtain the interpolated
values at the grid points of an 80-km grid mesh covering the entire United
States. These results are compared with the theoretical values computed from
Egqs. (1) and (2) for these grid points. The standard deviation errors of wind
speed, wind direction, and divergence (3u/3x + 9v/dy) for the entire grid
network {s shown Iin Table 1, where x and y are positive eastward and

northward, respectively. For this test the best scheme is B, followed by A,
C, and D.

To test the effect upon trajectory calculations, we assume that a
simulated particle 1s released atL a distance 0.25R west of the cycloune
center. The coordinntes of the theoretical trajectory are obtalned by using
7 = wt and integrating Eqs. (1) and (2) with respect to time t, which yilelds:

xp(t) = xp(O) +ut - rp exp(--(rp/R)2 (coswt - 1) (3)

2
yp(t) = yp(O) +v ot rp exp(—(rp/R) ) sinwr , (&)
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Table 1. Comprison of various interpolatiocn schemes

Standard deviation errors with respect to theoretical values

Wind speed Direction Divergence Cumulated
Interpolation scheme % of speed maximum Rank degree  Rank s-'1 Rank Rank
(A) Inverse distance 3.6 2 16.4 2 2.1x107% 1 5
(B) Inverse distance-squared 3.3 1 14.9 1 2.1x107% 1 3
(C) 1Inverse distance~squared 18.8 3 32.1 3 6.51\:10_6 2 8
and directional weighting
(D) Nearest station 22.3 4 38.1 4 1.3x107° 3 11
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where p indicates particle and rp = 0.25 R. The simulated trajectories ar
computed with the velocity fields produced by the four interpolation schemes
with the time increment set to 0.5(8x/Uy,.) to maintain consistency wit
numerical requirements, where Ax = 80 km is the grid mesh length and U . 1
the theoretical maximum wind speed of the entire field. The simulate
trajectories with u, = v, = 0 are shown in Figure 2. All the trajectories ar
terminated at the sare time after release. The theoretical trajectory (no
cshown here) is simply a closed circle. Thus, the smaller the radius of th
trajectory of an interpolation scheme the better 1t approximates th
theoretical one. As indicated in Figure 2, for thies criterion the rank o
interpolation schemes in trajectory accuracy is A, B, C, and D. The rankin
of the schemes, however, depends upon wind-field conditions and the locatio
of particle release. For example, the results of a more realistic wind-flo

pattern with u_ = v_ = S n s-l and with a particle released at 0.25R west o

the center of 2 cycf;ne located near the border of Texas and Mexico are show
in Figure 3. The theoretical trajectory exhibits three small loops, whil
only one large loop appears for each of the interpolation schemes. Althoug
none of the schemes gives a satisfactory prediction of the trajectory
interpolation scheme D seems to give the poorest prediction in the loopin
region but becomes the best predictor at the end of the trajectory
Interpolation scheme C, which 1ncludes directional weighting, would b
expected to give best relative results in a wind field containing wind spee
"jets”, but the definition and analytical solution of such wind fields

considerably more difficult.
Reference
Heffter, J. L., 1980: Atmospheric transport and dispersion model, National

Oceanic and Atmospheric Administration Technical Memorandum. Memo. E
ARL-81, 24 pp.
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SIMULATIONS OF MESOSCALE MOTIONS OVER LAKE MICHIGAN WITH A PLANETARY BCUNDARY
LAYER MODEL '

I.~-Y. Lee

Numerical simulations have been conducted to investigate the effects of
Lake Michigan on mesoscale motions. A two-layer planetary boundary layer
(PBL) model (Lee and Swan, 1977) has been expanded to include three layers:
the conventional PBL, a convective layer on top of the PBL, and the free
atmosphere above. The dynamic parameters within the convective layer and the
free atmosphere are computed according to synoptic conditions. The depth of
the PBL and the average values of the fields within it are determined by
numerically integrating the pertinent vertically averaged conservation equa-
tions. The horizontal distribution of the convective layer wind, temperature,
and moisture content, plus associated vertical gradients, are required for
boundary conditions at the top of the PBL, and the surface topography and
physical parameters of the surface are necessary for lower boundary condi-
tions. The fluxes of variables at the surface and at the interface are calcu-
lated using parameterizatiomns such as given by Deardorff (1972), and a prog-
nostic equation for surface temperature variation 13 solved that takes 1into
account solar and terrestial radiation, sensible heat flux, and latent heat

flux of evaporation.

) A test was carried out for the gridded target area as shown in Figure 1,
‘with a topographic resolution of 1/3 degree. Initial and boundary values were
determined from soundings at Green Bay, Wisconsin; Peoria and Salem, Illinois;
Dayton, Ohio; and Flint, Michigan. The soundings on July 1, 1978, indicated
that the prevailing wind was southeasterly in the PBL and northwesterly in the
free atmosphere throughout the day, and that the moisture convergence occurred
over the northern and eastern part of the target area during the afternoon.
The fields of simulated PBL wind, PBL depth, and PBL-surface potential
temperature difference at 1800 CST on July 1, 1978, ave presented in Figures
2, 3 and 4, respectively, These fields were obtained after 12 hours of real
time simulation.

The effects of the lake on the behavior of the PBL motions are evident.
The prevailing southeasterly wind in the PBL evolves during the daytime to
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exhibit some intereating mesoscale patterns in the simulated field. These
patterns result from the differential surface heating over land and water.
Light winds are from near the southern and eastern shores of the lake as a
result of lake breezc working against the southeasterly wind. On the other
hand, strong winds are observed near the western shore as the prevailing
gsoutheasterly wind ic augmented by the lake breeze 1nduced by strong convec-—
tive 1instability occurring during the daytime over land. In terms of the
potential temperature difference between the surface and the bulk PBL, the
field of vertical sensible heat transfer shuws a cold tongue extending north
to south along the western coastline of the Lake Michigan. The horizontal
gradient of the sensible heat 1s greater over the eastern regions of the
trough line than over the western regions. This pattern of temperature dif-
ference 1s clearly reflected in the field of PBL depth, since the associlated
sensible heat flux modulates convective instability. As warm alr enters the
PBL from the eastern and southern boundary, the strong mixing caused by con-
vective 1instability deepens the PBL. On the other hand, the cooling by the
lake breeze seems to be 1important in producing a more shallow boundary layer

near the western side of Lake Michigan.

Fig. 1. Map of the Lake Michigan
area showing locations of
sounding stations. Data
for the present simulation
was obfained from the five
stations within and nearest
the target gridded area.




v
ANAARRNANRNRNRAY
NERNEREEERRKR R RN
AN S SRR
NSO N S AN
ANNRNNNNN SRR
SRR RN
ANNONA S S S A
‘KSKSKS\Sgﬁ\*\!kxgizkzk
NEERER KK K K RN
BURCRK, \\‘\\{ ~’€...§ v % ¥
NERRREE® ® ® % &

%V\\\\\\\«»k

AN Y %
EEEEERNNN

(«— si10mel)

Fig. 2. The PBL wind field computed
for 1800 CST, 1 July 1978.

Fig. 4. Computed field of

potentional temperature
deviation between the bulk
»3L, and surface at 1800
CST, 1 July 1978.

References

D(m)

- f-:éjj

1600
1700

Fig. 3. Computed field of PBL depth

D above ground level at
1800 CST, 1 July 1978,

T,'c - Tdr (deg)

. ‘2///
7

7

Deardorff, J. W., 1972: Parameterization of the planetary boundary layer

for use in general circulation models, Mon. Wea. Rev. 100, 93-106.

Lee, I.-Y. and P. R. Swan, 1977:

boundary layer, Preprints,
Poliution Meteorology, American

392- 399.

Transport of contaminants in the planetary
Joint Conference on Applications of Air
Meteorological Society, Boston, MA




EFFECTS OF SURFACE WETNESS ON THE BEHAVIOR OF AIRBORNE PARTICLES

I.-Y. Lee and M. L. Wesely

Observations of vertica. particle fluxes measured by eddy correlation at
a height of 8 m over Lake Michigan (Wesely and Williams, 1981) and at heights
of 5-6 m over wet surfaces (Wesely and Hicks, 1979) suow somewhat enigmatic
features. Over Lake Michigan, particle fluxes measured by a sensor called the
“charger" that detects particles smaller than about 0.05 pm 1in radius are
directed upward, away from the surface, and fluxes measured by a nephelometer
that detects particles greater than about 0.2 um 1n radius are directed
downward, toward the surface. The charger fluxes are directed upward in the
high relative humidities ‘ound in the morning over some land surfaces and over
snow, but are directed downward over many drier surfaces. These features are
somewhat unexpected in light of other field experimental information, such as
that provided by Davidson and Frieldlander (1978) on submicron particles or by
Wesely et al. (1983) on submicron sulfur. One question 1s whether these
fluxes are representative of fluxes much closer to the surface or if there is

a significant change of flux with height.

Preliminary computations have been carried out to simulate the spectral
evolution of fine particles near wet surfaces with an aerosol numerical model
(Lee, 1983) that describes homogeneous gas kinetics, nucleation, and growth by
heteromolecular diffusion and coagulation. To simplify the situation, we have
assumed that a sterdy-state and stratified atmosphtiere surface layer exists
with respect to the moisture contents. The nature of this condition is such
that the air is saturated within the quasilaminar sublayer, and thereafter the
relative humidity undergoes a logarithmic decrease with height. 1Initially,
all the gaseous and particulate species were assumed to have concentrations
appropriate for a clean continental background. The assumption of steady
state undoubtedly overemphasizes the change of particle characteristics with
height because in many cases the vertical mixing that usually occurs in the
atmospheric surface layer is too rapid to allow particles to be in total

ecuilibrium with local ambient conditions.

The calculated equilibrium vapor pressures for free sulfuric acid mole-

cules (anv) and for sulfuric acid (Pdrop) found in particles of 0.01 ym in
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radius are shown in Figure 1 for various relative humidities. The pressure
drop between Ponv and Pdrop clearly 1increases with 1increasing relative
humidity, largely because more small particles are produced with greater
relative humidity. The slow increase of Ponv @t low relative humidity lis
considerably less than the sharp increase of Pdrop at corresponding relative
humidities, This increase of Pdrop is mainly due to the increase of weight,
by percencage, of HZSO4 in droplets at low relative humidity. On the other
hand, the increase of Pdrop with decreasing relative humidity is insignificant
for large particles (not shown here, but the variation of Pﬁrop with relative
humidity is nearly zero). Therefore, for this size range, the slow increase

of Penv seers to affect the spectral evolution such that more nephelomater

particles are produced at low relative humidity,

50 - ..
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"he temporal evolution and the steady state profiles of charger and
nephelometer particle concentrations are presented in Figures 2 and 3, respec-
tively. As expected, more charger particles are produced at high relative
huidity and conversely for nephelometer particles. The steady state concen-—
tration profiles indicate clearly that the phenomena of psuedofluxes may occur
over wet surfaces, namely, upward fluxes of charger particles and downward
fluxes of nephelometer particles, 1f the eddy fluxes are directed in accor-
dance with normal flux/gradient relationships. However, the question of
whether thase gradients caused by humidity gradients can persist in a

turbulent field such as normally found in the atmospheric surface 1layer

repains unanswered at present.
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ON THE TRANSPORT OF GASES AND PARTICLES THROUGH POORLY MIXED INTERFACIAL
SUBLAYERS

M. L. Wesely

Direct measurements in the field of the vertical exchange rates of gases
other than water vapor above water surfaces are very few. Some of the most
well known data are from the radon evasion experiments (e.g., Peng et al.,
1979). Although there is a considerable amount of scatter in those data, they
roughly agree with predictions based on surface remewal theory for the aqueous
interfacial sublayer in which the Schmidt number has an exponential wvalue of
0.5 and empirilcal constants are derived from heat transfer measurements
(Wwesely et al., 1982). A great deal of theoretical and laboratory research
has been conducted on the rate of gas transfer through the uppermost skin of
water in oceans and lakes, but the importance of transfer aided by bubbles has
only recently been systematically studied in wind-water tunnels (e.g.,
Merlivat and Memery, 1983). It is possible that a transfer mechanism associ-
ated with bubbles partially short-circuits the rather high resistance to
vertical transport of nonreactive pgases through the water skin, so that a
traditional Schmidt-number scaling might not always be appropriate. Clearly,
better explanations are needed to account for the very large values of 002

transfer above ocean in moderate wind speeds (Wesely et al., 1982).

The transfer of submicron particulate sulfate :n the surface of the earth
is often assumed to be quite small, and the theoretical arguments for this
case are based on the aoffects of a very small molecular (Brownian) diffusivity
in limiting transfer of submicron particles through the quasilaminar layer of
air enveloping surface elements. As In the case of gas transfer through
poorly mixed interfacial water sublayers, however, any means by which the high
resistance of the sublayer could be short circuited would serve the purpose of
substantially increasing the transport to the surface. For example, there
seems to be some process that accomplishes this enchanced transport of air-
borne submicron particulate sulfur to aerodynamically rough surfaces (Wesely
et al., 1983). The transfer velocity at moderate wind speeds in atmospheri-
cally unstable conditions seems to be enhanced by more than an order of magni-

tude, but the extent of enhancement in near-neutral and stable atmospheric



conditions 1s usually much smaller. The fact that the extent of this increase
of transfer velocity for unstable conditions 1s near that assoclated with C02
evasion from the ocean in moderate wind speeds might be fortuituous because
the mechanisms increasing the transfer could be much different in the two

situations.
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PARAMETERIZATIONS CF EVAPOTRANSPIRATION AND SENSIBLE HEAT FLUX FROM FIELD
GRASS

D. R. Cook

A simple model that parameterizes evapotranspiration was tested and
reported previously (Cook, 1981). The same model is used here with data from
the June 1982 Dry Deposition Intércomparison Experiment near Champaign,
Illinois, to develop parameterizations of both evapotranspiration and sensible
heat flux. The equilibrium model of Priestley and Tayler (1972) takes the

form:

LE = a'(—s-%y-)(kn-c) , (1)

or as modified by Barton (1979),

LE = ;:—E-:? (Rn-G) , (2)
where LE is actual evapotranspiration, s is the slope of the saturation vapor
pressure-temperature curve, Y 1s the psychrometric coefficient, Rn 1s the net
radiation, G 1s the surface soil heat flux, a' is the ‘ratio of actual to
equilibrium evapotranspliration, a is a quantity that 1s dependent upon surface
type, and o is a measure of surface moisture availability. The quantity a'
varies with both surface type and surface moisture availability., The radia-
tion energy budget (in W m %) and soil moisture (in % water b volume) were
measured and averaged to give the dally budget for the period of positive
evapotrénspiration. Meteorological ccnditions on 7 of 13 days were suitable

for anlaysis.

Since Eq. (2) has certain computational advantages over Eq. (1), it has
been used for the present parameterizations. The term o is derived as a func-

tion of soil moisture (sm):

1.10 sm
g = 0.28 + sm ° (3)

with all other quantities in Eq. (2) being determined as previously outlined
hy Cook {1981). Since it 1s desirable to apply the paramecterization of
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Eq. (2) witb a minimum of measured quantities in order to predict LE and
sensible heat flux (H), only Rn, sm and o are needed. The quantity s is
easily computed from the air temperature (T) at a few meters and Eq. (4),
which was derived from Eq. (8) in Buck (1981):

8 = €.14 exp ( 75097 + T (240.97 + 15 ), (4)

for atmospheric station pressure near 1000 mb, The term Yy is 0.67 + 0.01,
while a good estimate of G is 0.25 x Rn. The quantity a computed from the
present data would seem to indicate that far less than potential evapotranspi-
ratioﬁ conditions prevailed, even though soil moistures were sufficient at all
times to support potential evapotranspiration, The smaller than expected
measurements of LE during the experiment seen to indicate that evapotranspi-
ration was being hindered or suppressed by some factor. Heavy matting, near
the soil surface, of grass mowed a wmonth before the experiment and the
apparently quasi-senescent state of the grass during the experiment may have
resulted in a condition of less than free transpiration. This is suggested by
the relative insensitivity of the model to a wide range of soil moisture.
Therefore, it 1s suggested that atypical cbnditions existed during the experi-
ment, resulting in an a value less than would likely occur hal *he grass been

left to grow naturally, unmowed. The parameterizations below may, as a

resuit, be atypilcal.

De Bruin and Holtslag (1979) suggest that Eq. (2) underestimates LE by a
constant factor. For the present data this 1s unfortunately too simple an
approach. It is not intuitively or physically obvious that Eq. (2) needs be
an underestimate, even under potential conditions. In fact, for the present
data, Eq. (2) is generally an overestimate for 89 W a2 < 1R <123 W2 and an
underestimate otherwise, resulting In the expression below, derived from the

equation for an axis-shifted hyperbola:

-10942.48 + 84.48 LEC (s)
LEC-127.52 i

LEM =
where LEC is the evapotranspiration calculated with Eq. (2) and LEM is the

measured evapotranspiration. Equations (2) and (5), when combined, provide a

model that adesquately predicts LE for the conditions of the experiment.
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Sensible heat flux can be predicied as well by finding the calculated
value HC as the residual of the energy budget,

HC = Rn - G - LEC , (6)

and then applying a linear regression that describes the measured sensible

heat flux (HM) as a tfunction of HC,
HM = 0.8C04C + 33.95 . o))

Because of the limited amount of data presented, it is necessary for more
measurements to be made before the mpdel can be realiably used. Even so, the

specificity of surface conditions in| this sridv nrecludes general use of the

model results.
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