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Abstract— An air-quality monitoring network
properly designed is a key component of any air
quality control programme. This paper presents an
objective procedure to determine the minimum
number of monitoring sites needed to detect the oc-
currence of background air pollutant concentrations
greater than a reference concentration level (C.) in
an urban area. We propose an air quality monitor-
ing network design based on the analysis of the re-
sults of atmospheric dispersion models, in order to
identify the grid cells (in which the city is divided)
where the air pollutant concentration exceeds C,_. At
present, Buenos Aires city has not an air quality
monitoring network. This paper also describes the
application of the proposed methodology to design a
monitoring network to control PMy, levels in Buenos
Aires. Results show that four monitoring stations are
required to detect the occurrence of PMy, 24h-
concentrations greater than C,=0.150 mg m".

Keywords— Urban Air Quality, Air Quality
Management, PMj, Monitoring Network.

I. INTRODUCTION

Cities are by nature concentrations of humans, materials
and activities. They therefore exhibit both the highest
levels of pollution and the largest targets of impact. Air
pollution is, however enacted on all geographical and
temporal scales, ranging from strictly “here and now”
problems related to human health and material damage,
over regional phenomena like acidification and forest
die back with a time horizon of decades, to global phe-
nomena, which over the next centuries can change the
conditions for man and nature over entire globe. In this
respect the cities act as sources.

Urban areas with high population densities are often
exposed to poor air quality. While in the past the major
source of poor air quality was industrial activity, be-
cause of the rapid increase in mobility the major current
urban air pollutants are particulate matter, nitrogen ox-
ides and ozone. The best example of this can be found
in the poor air quality of Los Angeles area (USA), Mex-
ico City, Santiago (Chile) and Sao Paulo (Brazil). Mo-
torized traffic is responsible for a considerable part of
nitrogen oxides emissions and emissions of ozone pre-
CUTSOTS.

The monitoring of pollution levels in the atmos-
phere is of fundamental importance because it enables
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us to measure the extent to which pollution is actually
occurring, it provides us a guide as to how effective our
controls are proving and it indicates where greater effort
is needed. The design of an air pollution monitoring
network depends on the purpose for which the informa-
tion concerning pollution levels is to be used, the degree
of accuracy required and the economics of establishing
and operating a network. In previous studies, various
statistical and optimisation models have been applied
for designing representative air quality monitoring sys-
tems. Most of them have been developed for point
sources (Noll et al., 1977, Noll and Mitsutomi, 1983,
Mazzeo and Venegas, 2000) and some of them for ur-
ban area sources (Elsom, 1978, 1979, Venegas and
Mazzeo, 2003c). Among these procedures, spatial corre-
lation (Elsom, 1979, Handscombe and Elsom, 1982),
Monte-Carlo variance reduction approach (Nakamori et
al., 1979), population dosage product and statistical
technique based on Fisher’s information measures
(Husain and Khan, 1983), have commonly been applied
in the past. Other procedures have been presented in
Shindo et al. (1990) and Wu and Chan (1997). Different
authors have presented methodologies for designing an
air pollution-monitoring network using atmospheric
dispersion models (Seinfeld, 1972, Noll et al., 1977,
Noll and Mitsutomi, 1983, Mazzeo and Venegas, 2000,
Tseng and Chang, 2001, Venegas and Mazzeo, 2003c).

Buenos Aires City and surroundings is one of the
three largest megalopolises in Latin America. The popu-
lation of the city state is about three million inhabitants
and the population of the entire area is about fourteen
million. Buenos Aires City is located on a flat terrain
close to the de la Plata River. This river is a shallow
large-scale coastal plain estuary that covers an approxi-
mate area of 35000 km” and has a width of approxi-
mately 42 km in front of the city.

At present, Buenos Aires City has no air-quality
monitoring network. However, several studies on air
pollution in the city and air-quality monitoring cam-
paigns have been carried out (Bogo et al., 1999, 2001,
2003; Venegas and Mazzeo, 2000, 2003a; Mazzeo and
Venegas, 2002, 2004, Mazzeo et al., 2005). Another
studies of the air quality conditions in Buenos Aires
include the development of the first version of an emis-
sion inventory of CO and NOx (Mazzeo and Venegas,
2003) for the city and the application of urban atmos-
pheric dispersion models (Venegas and Mazzeo, 2003b;
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2005) to estimate background concentration distribu-
tions of these pollutants in Buenos Aires.

This paper presents an objective procedure to deter-
mine the minimum number of monitoring sites (and
their locations) needed to detect the occurrence of back-
ground air pollutant concentrations greater than a refer-
ence concentration value in an urban area. We propose
an air pollution monitoring network design based on the
analysis of the results of atmospheric dispersion models
to identify the grid cells (in which the urban area is di-
vided) where the background air pollutant concentration
may exceed the reference value. Unlike previous stud-
ies, the developed system is compound by the
DAUMODAISCST3 atmospheric dispersion models and
an iterative method to select the minimum number of
grid cells where to locate the monitoring stations. The
proposed methodology is particularly useful to identify
the locations of a minimum number of monitoring sites
if the resources available are limited. Therefore, it can
be a useful tool either to start with a new air quality net-
work or to prioritise site relocation in an existing moni-
toring network. Furthermore, another contribution of
this study is the application of the proposed methodol-
ogy to design, for the first time, a monitoring network to
control PM levels in Buenos Aires City.

1. AIR QUALITY MONITORING NETWORK

The first step in designing any monitoring system is to
define its overall objectives. There are many rationales
for air quality monitoring. These may include statutory
requirement, policy and strategy development, local and
national planning, measurement against standards, iden-
tification of risk and public awareness. Some air quality
monitoring objectives may be:

- Identifying threats to natural ecosystems or population
health

- Informing the public about air quality and raising
awareness

- Determining compliance with state, national or inter-
national standards

- Providing objective inputs to air quality management,
traffic and land-use planning

- Policy development and prioritisation of management
actions

- Development/validation of management tools

- Assessing point or area source impacts

- Trend qualifications, to identify future problems or
progress against management/control targets.

Although monitoring systems can have just a single,
specific objective, it is more common for them to have
several targeted programme functions. There are no
hard and fast rules for network design, since any deci-
sions made will be determined ultimately by the overall
monitoring objectives and resource availability.

In practice, the number and location of air quality
monitoring stations required in any extended network
depend on the area to be covered, the spatial variability
of the air pollutant being measured and the required data
usage.
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There are a number of approaches to network design
and site selection. Source-orientated monitoring often
targets worst-case “hot-spot” environments, while back-
ground or baseline studies are usually optimised for
assessing general population or ecosystem exposure to
pollutants of concern. Although the overall requirement
is to maximize spatial coverage and representativeness,
in practice this goal is only approached by grid-based
monitoring strategies: these can be optimised to provide
detailed information on spatial variability and exposure
patterns for priority pollutants. However, this approach
is highly resource-intensive. To reduce resource re-
quirements, a grid approach can be utilized in conjunc-
tion with intermittent or mobile sampling. However, use
of this technique is not consistent with the need to
maximize temporal representativeness as well as spatial
coverage. A more flexible approach to network design,
appropriate over city-wide or national scale, involves
placing monitoring stations or sampling points at care-
fully selected representative locations, chosen on the
basis of required data usages and known emis-
sion/dispersion patterns of the pollutants under study.
This approach to network design requires fewer sites
than grid strategies and it is, in consequence, cheaper to
implement. However, sites must be carefully selected.
Microscale location considerations are also important in
ensuring that meaningful and representative measure-
ments are made. If background concentrations are to be
assessed, then monitoring sites should be adequately
separated from local pollutant sources or sinks.

I11. DESCRIPTION OF THE PROPOSED SITE
SELECTION PROCEDURE

Assuming a limitation on the number of sites, as deter-
mined by resource availability, the objective of the pro-
posed network design procedure is to determine the
minimum number of monitoring stations and their loca-
tions, needed to detect the occurrence of cases (C >Cy)
with background air pollutant concentration (C) greater
than a reference concentration (C;) in the area.

In the first step we need to set the reference concen-
tration level (C;). Then, the second step is to compute
the horizontal distribution of hourly background air pol-
lutant concentrations in the urban area for at least one
year. This can be done running urban atmospheric dis-
persion models.

The next step is to identify the cases and the grid
cells with estimated concentrations greater than C;. The
locations of the monitors will be selected among the
grid cells identified at this stage. The pre-selected grid
cells are ranked according to the number of exceedances
(C>C}). The first monitoring site will be located at the
grid cell with the highest score. All the cases with C>C},
at the selected grid cell are discarded, so they are not
included in the further analysis.

Considering the remaining cases, in the next step the
grid cells are ranked again in order to select the next site
location. Once the second monitoring site location is
determined, all remaining cases with C>Cy at this grid-

242



L. E. VENEGAS, N.A. MAZZEO

cell are discarded. The procedure continues until the last
case has been eliminated and the site locations needed
to “detect” the occurrence of C>C; in the area, are de-
termined.

Fig. 1 shows a scheme of the site selection proce-
dure.

’ Select air pollutant and C, ‘

[

Compute spatial distributions (cases) of air
pollutant concentration, C(l,J,case)

<
<
<>(§ Count number of
4 Is C(l,J,case)>C,? exceedances at
& @@ each grid cell
© NO ne(l,J)=ne(l,J)+1

Identify the grid cell (Im,Jm) with
maximum ne - Monitor location

l

Eliminate the complete spatial distribution
C(l,J,case), of all cases with C(Im,Jm,case) > C_

Is there any
case left?

Figure 1. Scheme of the site selection procedure

The efficiency of this network design procedure de-
pends on the accuracy of model predictions and it is also
related to the quality of the registration of emissions.

Once the network is operating, the measurements
can be applied to “calibrate” the network design. This
“feedback” procedure is beyond the scope of this paper.

IV. MONITORING NETWORK DESIGN TO
CONTROL PM;o IN BUENOS AIRES CITY

We include the application of the site selection method-
ology described above to determine the minimum num-
ber of sensors and their location to identify the occur-
rence of daily PM, concentrations greater than a given
value in Buenos Aires. We consider the reference con-
centration level (Cr,4.,) for daily concentrations equal to
the Air Quality Standard value for PM;, valid in Buenos
Aires City: 0.150 mg m™.

For Buenos Aires City, emission data (Venegas and
Martin, 2004) include the following activities as area
sources of PM,: residential, commercial, small indus-
tries, road traffic and aircraft operations at the Domestic
Airport located in the city. This inventory is divided into
a grid net with a resolution of 1km x lkm that covers
the entire city and has a typical diurnal variation. There
are also three power plants located at the side of the
river. The stacks of these power plants are the only
point sources to be considered because there is no other
large industry in the city. We use the hourly meteoro-
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logical data registered at a weather station of the Argen-
tine Meteorological Service located at the Domestic
Airport. We apply the urban atmospheric dispersion
model DAUMOD (Mazzeo and Venegas, 1991) to area
source emissions and the Industrial Source Complex
ISCST3 (USEPA, 1995) dispersion model to point
source emissions to estimate hourly concentrations. We
run the atmospheric dispersion models considering one
year of hourly information.

A. The Urban Atmospheric Dispersion Model
(DAUMOD)

In the development of the DAUMOD model
(Mazzeo and Venegas, 1991), a semi-infinite volume of
air, bounded by the planes z=0 and x=0 is considered.
According with Gifford (1970), for steady-state condi-
tions, with the x-axis in the direction of the mean wind
and the z-axis vertical, the concentration [C(x,z)] of pol-
lutants emitted from an area source at the surface, satis-
fies the bidimensional diffusion equation:

u() 262 0 W} (1)

ox oz [K(Z) 0z

because only the vertical diffusion contributes signifi-
cantly to the process. In Eq.(1), u(z) is the mean wind
speed and K(z) is the vertical eddy diffusivity for con-
taminants.If the effluents are emitted continuously from
the surface, the lower boundary condition is:

octs) %

K(z)
9z ;=0

where Q is the source strength, in units of mass per unit
area per unit time. Other basic assumption is that at a
given distance, the vertical extension of the plume of
contaminants is /(x), where C(x,h(x)) = 0. Then, there is
no transport of mass through the upper limit of the
plume, and this can be expressed as:

0C(x,z)
oz

-0 (3)
z=h

K(z)

The boundary condition C(x,h(x)) = 0, can also be
satisfied assuming that the solution of Eq.(1) is given by
the following polynomial form:

6 i
C(x,z)=C(x,0) X A_(Z] “4)
i=0 '\

The coefficients A; have been computed fitting
Eq.(4) to the following expression (Pasquill and Smith,
1983):

C(x,2) = C(x,0) exp[— 4.605(2] ] )
Zm

where s is a shape factor which depends on atmospheric
stability and surface roughness (Gryning et al., 1987)
and z, is the height at which C(z,) = 0.01 C(0).The
height z,, is usually considered to be the upper limit of
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the plume, so we assumed % = z,,. Considering different
atmospheric stability conditions, we obtained the coeffi-
cients (Ag, A;....A¢) of the polynomial of grade 6 for
each fitting. We obtained excellent fittings to the poly-
nomial form given by Eq.(4) to the Eq.(5) with coeffi-
cients of determination of ~ 1.0 (the reader can find
details of these results in Mazzeo and Venegas, 1991).

The following expressions are considered for the
wind speed and the eddy diffusivity (Arya, 1988):

u(z) =(u./k) [In(z/z,) + w(z/L)]  (6)
K(z)=ku.(z +z,)/ §(z/L) (7)

where u+ is the friction velocity, & is the von Karman'’s
constant (=0.41), z, is the surface roughness length, L is
the Monin-Obukhov’s length, ¢z/L) is the dimen-
sionless wind shear and w(z/L) functions determine sta-
bility correction due to stratification (Gryning et al.,
1987, Arya, 1988):

Hel D) 1+69z/L z/L>0
Z,
(1-222/D)"* z/L<0

69z/L z/L>0
Wz/L) .
1-¢(z/L) z/L< O

Substituting Eqs.(4) and (7) into Eq.(2), we obtain the
following expression:

C(x,0)=Q h(x) / (|4 k u. z,) (®)

C(x,0) can be obtained from Eq.(8) knowing the form of
h(x). Therefore, considering the equation of pollutant
mass continuity expressed by Gifford (1970), Pasquill
and Smith (1983):

IQ dx = }u(z) C(x,z)dz )

Zo

and Eqgs.(4), (6) and (8) along with the boundary condi-
tion C(h)=0 the following expression can be obtained
when Q= constant:

x/zy =(hlz))* | (|4]k*) F(z,/h;h/L) (10)

The form of F(z, /h; h/L) is not simple (the complete
expression is included in Mazzeo and Venegas, 1991),
however the values of (%/zy) computed from Eq.(10) can
be fitted with great accuracy to potential functions (see
Mazzeo and Venegas, 1991) given by:

hlzy=a(x/z,)" (11)
a and b depend on atmospheric stability.
Substituting Eq.(11) in Eq. (8), we obtain:
C(x,0)=a Q (vz,)" /(|4 ]ku.)  (12)
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which is the expression for a semi-infinite area source
emitting continuously with a uniform strength (Q). The
expression for a finite and continuous source located
between x= 0 and x= x, with strength O, can be derived
from Eq.(12). Subtracting the concentration due to a
continuous semi-infinite source with strength Q lying
through x > x;, from Eq.(12):

aQ[xb —(x—xl)b}
(‘Al‘k ze u*)

In an urban area, we may assume horizontal distribu-
tion of area sources with strength varying according to a
typical square grid pattern. Each grid square has a uni-
form strength Q; (i =0, 1, 2, ..., N). The variation of the
concentration with x, forx > x; i =0, 1, 2, ..., N) is
given by:

C(x,0) = (13)

N
a|:Q0 xb + X2 (Ql _Qi_l)(x_xl-)b
i=1

(‘Al‘ k oz u*)

The expressions of a(zy/L), b(zy/L) and |4,|(zy /L) con-
sidered in calculations are (Venegas and Mazzeo, 2002,
2005):
-Forz,/L < -10™,
a=3.618833 +0.2369076 * In(| zy /L|)
b=0.5356147 +0.0234187 *In [(| z,/L|) + 0.01]
|4, | = 9.254667 + 0.8043134 * In(| z, /L|)
-For-10*<z,/L <10
a=-384.73 (zy /L) + 1.4
=-130.0 (zy /L) + 0.415
|[4; | =-3853.31 (z, /L) + 1.461

C(x,0) = } (14)

-For 10™< z, /L

a=0.6224632 + 7.37387x10° / In [(zy /L) + 1]
b=10.5065736 - 1.196137 / In [2802.315 + 9 / (z, /L)]
|4, | = 0.05478233 + 0.0001021171 / In[(zy/L)+1]

A constant wind direction is required for application
of Eq.(14). It has been noted from the applications of
Eq. (14) that estimated concentration at any receptor is
mainly originated from the emission in the grid square
in which the receptor is located. This is because area
source distributions in a city are generally fairly smooth
and, the contribution of upstream grid squares (from
Eq.(14)) rapidly reduces with distance to the receptor.
The simplification of assuming that the uniform area
source strength Q; only varies with x (in the wind direc-
tion), suppose to consider a “narrow plume” hypothesis.
This assumption has also been included in other simple
urban dispersion models (Gifford, 1970, Gifford and
Hanna, 1973). The performance of DAUMOD model in
estimating background concentrations has been evalu-
ated comparing estimated and observed concentration
data from several cities. Results for Bremen (Germany),
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Frankfurt (Germany) and Nashville (USA) have been
reported in Mazzeo and Venegas (1991) and for Copen-
hagen (Denmark) can be found in Venegas and Mazzeo
(2002). The validation of the application of DAUMOD
to Buenos Aires has been reported in several papers.
The comparison of estimations of CO and NO with
observations can be found in Mazzeo and Venegas
(2004) and Venegas and Mazzeo (2005). The results of
DAUMOD in estimating particulate matter in Buenos
Aires are reported in Venegas and Martin (2004). The
results show that the performance of the model in esti-
mating short-term concentrations (hourly and daily) is
good and it improves when estimating long averaging
time values (monthly and annual). The bias of
DAUMOD predictions is: £50% for hourly concentra-
tions and £20% for daily concentrations.

B. The Industrial Source Complex Dispersion Model
(ISCST3)

The three Thermal Power Plants burn natural gas during
most part of the year except for a few days (the coldest)
during winter when they burn gas-oil. Their contribution
to PM, concentrations in the city is very small. How-
ever, we estimated their contribution by running the
ISCST3 model to the emissions from the stacks, accord-
ing to the Argentine regulations.

The ISCST3 model is a bi-Gaussian plume model
developed by the United States Environmental Protec-
tion Agency (USEPA, 1995) widely used. This model
uses the Gaussian equation to estimate the concentration
at a particular location. A detailed description of the
model and references on the evaluation of its perform-
ance can be found in USEPA (1995). The ISCST3
model accepts hourly meteorological data to define de
conditions of plume rise, transport and dispersion. The
model estimates the concentration value for each source
and receptor combination for each hour of input mete-
orology. The hourly concentrations calculated for each
source at each receptor are summed to obtain the total
concentration produced at each receptor by the com-
bined source emissions.

C. Results

We obtained daily PM,, concentrations on the basis of
the hourly PM;, concentrations estimated by the
DAUMOD + ISCST3 model system for each grid cell
(1km? of resolution) for one year.

After the application of the network design method-
ology described in Section III, we obtain the minimum
number of monitoring sites and their location to identify
the occurrence of daily background PM;, concentrations
greater than C,4., =0.150 mg m™ in the city. The objec-
tive selection procedure suggests that four monitors of
PM,, are needed to detect 100% of the cases with
C>Cpo4. in the city. Monitoring site locations are shown
in Fig.2. Table 1 summarises the percentage (%) of
cases with estimated daily background concentrations
greater than 0.150 mg m™ that different monitoring net-
work configurations would be able to detect.

/"%~\___
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/ \
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Figure 2. Site locations of PM,y monitoring stations.
Shadowed area indicates the city of Buenos Aires.
(The grid resolution is 1km x 1km).

Table 1. Percentage of annual cases with daily concentrations
C > Cpy4. that different network configurations would be able
to detect. (see Fig. 2 for site locations)

Monitoring sites

1,2,3,4
100%

1,2,3 1,2 1
97.9% 95.7% 80.9%

V. CONCLUSIONS

This paper presents an objective method for designing
an urban air-quality monitoring network to identify the
occurrence of background concentrations greater than a
given value (reference concentration) in an urban area
using atmospheric dispersion models. The developed
system includes the DAUMOD+ISCST3 atmospheric
dispersion models and an iterative method to select the
minimum number of grid cells where to locate the
monitoring stations. The proposed procedure can be
summarised as follows:

- the selection of a reference concentration value
(Co),

- the use of an urban atmospheric dispersion model
to calculate background concentration (C) distribu-
tion over the urban area,

- the identification of the cases (date and time) and
the grid cells with C > Cp,
- the selection of monitoring sites to ‘detect’ the oc-
currence of C > Cy in the urban area
This methodology was applied to design a PM;,
background monitoring network for Buenos Aires city,
for the first time. A typical diurnal variation of PM;,
emissions for the city and one year of hourly meteoro-
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logical data were considered. The network obtained
comprised four stations with 100% of efficiency.

If the resources available are limited, this method
can help in the selection of a minimum number of moni-
toring stations and their locations. It can be a useful tool
either to start with a new air quality network or to pri-
oritise site relocation in an existing monitoring network.
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