Atmospheric Environment 45 (2011) 2769e2780

Contents lists available at ScienceDirect

Atmospheric Environment
journal homepage: www.elsevier.com/locate/atmosenv

Forecasting urban PM10 and PM2.5 pollution episodes in very stable nocturnal
conditions and complex terrain using WRFeChem CO tracer model
Pablo E. Saide a, *, Gregory R. Carmichael a, Scott N. Spak a, Laura Gallardo b, c, Axel E. Osses c, d,
Marcelo A. Mena-Carrasco e, Mariusz Pagowski f, g
a

Center for Global and Regional Environmental Research, University of Iowa, Iowa City, IA, USA
Departamento de Geofísica, Universidad de Chile, Santiago, Chile
Centro de Modelamiento Matemático, UMI 2807, Universidad de Chile-CNRS, Santiago, Chile
d
Departamento de Ingeniera Matemática, Universidad de Chile, Santiago, Chile
e
Center for Sustainability Research, Universidad Andrés Bello, Santiago, Chile
f
NOAA Earth System Research Laboratory, Boulder, CO, USA
g
Cooperative Institute for Research in the atmosphere, Colorado State University, Fort Collins, CO, USA
b
c

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 10 October 2010
Received in revised form
1 February 2011
Accepted 1 February 2011

This study presents a system to predict high pollution events that develop in connection with enhanced
subsidence due to coastal lows, particularly in winter over Santiago de Chile. An accurate forecast of
these episodes is of interest since the local government is entitled by law to take actions in advance to
prevent public exposure to PM10 concentrations in excess of 150 mg m3 (24 h running averages). The
forecasting system is based on accurately simulating carbon monoxide (CO) as a PM10/PM2.5 surrogate,
since during episodes and within the city there is a high correlation (over 0.95) among these pollutants.
Thus, by accurately forecasting CO, which behaves closely to a tracer on this scale, a PM estimate can be
made without involving aerosol-chemistry modeling. Nevertheless, the very stable nocturnal conditions
over steep topography associated with maxima in concentrations are hard to represent in models. Here
we propose a forecast system based on the WRFeChem model with optimum settings, determined
through extensive testing, that best describe both meteorological and air quality available measurements. Some of the important conﬁgurations choices involve the boundary layer (PBL) scheme, model
grid resolution (both vertical and horizontal), meteorological initial and boundary conditions and spatial
and temporal distribution of the emissions. A forecast for the 2008 winter is performed showing that this
forecasting system is able to perform similarly to the authority decision for PM10 and better than
persistence when forecasting PM10 and PM2.5 high pollution episodes. Problems regarding false alarm
predictions could be related to different uncertainties in the model such as day to day emission variability, inability of the model to completely resolve the complex topography and inaccuracy in meteorological initial and boundary conditions. Finally, according to our simulations, emissions from previous
days dominate episode concentrations, which highlights the need for 48 h forecasts that can be achieved
by the system presented here. This is in fact the largest advantage of the proposed system.
 2011 Elsevier Ltd. All rights reserved.
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1. Introduction
Santiago de Chile (33.5S, 70.5W, 500 m.a.s.l.) is a city with 6
million inhabitants located in a basin by the high central Andes. The
city regularly faces severe air pollution related to particulate matter
(PM) in winter due to emissions of particles and precursor gases,
complex terrain and poor ventilation and vertical mixing (Rutllant
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and Garreaud, 1995, 2004; Garreaud et al., 2002; Gallardo et al.,
2002). These conditions result in high PM concentrations
(>300 mg m3 hourly PM10 sometimes reaching 600 mg m3)
known as “episodes”. Maximum PM concentrations occur mainly
during the night, and in the western parts of the Santiago basin
(e.g., Gramsch et al., 2006).
The ﬁrst air quality attainment plan was implemented in 1997,
and it has been subject to revisions, the latest in 2009. Measures
targeting large sources of emissions due to heating, transportation
and industry resulted in reduced emissions and some improving in
air quality. The plan includes a stipulation that a forecast model
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must be used to predict air pollution episodes in advance
(MINSEGPRES, 2010). Three kinds of PM10 pollution episodes are
deﬁned based on Chile’s 24 h mean PM10 standard of 150 mg m3,
inspired by the former USEPA Air Quality Index for PM10, with the
intention to limit acute exposure to air pollution. Alert is declared
for 24-h average PM10 concentrations between 195 mg m3 (30%
over standard) and 240 mg m3 (60% over standard), for which
wood burning stoves are banned from operating. Pre-emergency is
declared for concentrations between 240 mg m3 and 330 mg m3
(120% over standard) for which emissions are further reduced by
restricting private transport use in the city by up to 40%, alongside
with restricting operation of w500 industries that do not meet
a strict emissions standard of 30 mg m3 of PM; and ﬁnally, an
emergency is declared for concentrations over 330 mg m3 and this
triggers even stricter pollution reduction measures (60% ban on
private transportation, and up to 900 industries are banned from
operating). However, the percentage of compliance with these
regulations and the effective emission reduction during episodes is
unknown. Measures must be announced at 8 pm to be applied from
7:30 am the next day.
The forecast model currently used by the authorities is the socalled “Cassmassi model”, which is a multivariate regression tool
that weight tendencies on PM10 concentrations and 24 h forecasts
of ﬁve discrete meteorological categories associated with synoptical and subsynoptical features linked to atmospheric stability (i.e.,
PMCA, Meteorological Potential of Atmospheric Pollution index)
(Cassmassi, 1999). The decision on declaring episodes is not
completely based on the results from the Casmassi model; it also
involves a decision made by experienced air quality forecasters
followed by a ﬁnal political decision. For the moment, the focus is
on PM10 and there is no prediction or measures taken for PM2.5 or
any other pollutant.
Several approaches have been developed to predict air pollution
episodes in the Santiago basin. Rutllant and Garreaud (1995) ﬁrst
showed that meteorological indexes for the Santiago basin could be
computed using measured variables such as temperatures at
different altitudes that correlate with PM measurements, and these
could be used to predict episodes 12 h in advance. Neural networks,
linear algorithms and clustering algorithms have been developed to
forecast PM10 (Perez and Reyes, 2002, 2006) and PM2.5 (Perez and
Salini, 2008) episodes. These models use measured variables
(Temperature, PM) and prediction factors such as maximum
temperature or the PMCA index for the next day to provide 30 h
forecasts of air pollution episodes. To the knowledge of the authors,
PM forecasts using deterministic air pollution models have not
been performed for the city of Santiago, at least on an operational
basis.
Predicting air quality using deterministic air pollution models is
not an easy task and several initiatives have addressed its challenges (e.g., Baklanov, 2006). These studies point out the importance of an accurate representation of meteorology conditions at
the city scale (e.g., Fay and Neunhäuserer, 2006), the importance of
the meteorological scales (e.g. Palau et al, 2005), the inﬂuences of
terrain resolution on complex topography scenarios (e.g., Schroeder
et al., 2006; Finardi et al., 2008; Shrestha et al., 2009), the PBL
scheme (e.g. Pérez et al., 2006) and urban PBL representation (e.g.,
Hamdi and Schayes, 2007), accurate surface ﬂuxes description (e.g.,
Baklanov et al., 2008), the use of meteorological and chemical data
assimilation (Kim et al., 2010; Pagowski et al., in press), and the
need for integration with health exposure models (e.g., Baklanov
et al., 2007). Regardless of the type of model used to predict air
quality, whether it is statistical or deterministic, most of them need
an accurate forecast of meteorological variables.
In the case of Santiago, the key-meteorological condition to
forecast is the establishment of coastal lows (CLs), which are

disturbances that propagate along the coast such as the warm lowlevel lows. Rutllant and Garreaud (1995) identiﬁed two main
patterns for the CLs: type A and type BPF. Type A corresponds to the
onset of a CL in Central Chile moving southward along the coast.
This coastal trough appears between an enhanced Paciﬁc high to
the west of the Andes and a migratory cold high east of the Andes.
Type BPF is a prefrontal condition ahead of a weak and often
occluded front, which slows down or becomes stationary when
reaching Central Chile. Typically, CLs of type A produce more
intensive air pollution episodes than those of type BPF. The start of
the high concentration episodes associated with type A coastal
lows coincides with a sharp decrease in boundary layer height due
to the establishment of easterly winds in connection with the subsynoptic disturbance. The easterly winds are forced to subside by
the high Andes giving rise to adiabatic compression and therefore
to an enhancement of the subsidence inversion and clear sky
conditions, possibly accelerating secondary aerosol formation due
to intense photochemistry (Gallardo et al., 2002). The end of the
episodes typically occurs in connection with humid air advection
from the coast along the east-west valleys and the appearance in
the Central Valley of Chile of fog conditions, which follows from the
reestablishment of westerly winds near the surface and a weakening of the subsidence inversion, which in turn diminishes rapidly
the pollutant concentrations in the basin. The intensity and duration of CLs varies depending on the overall synoptic conﬁguration,
the intensity of the weather systems involved and both the largeand local-scale topography. Regional scale models capture these
features but they have difﬁculties ascertaining the rapid changes
associated with the onset and end of coastal lows (e.g., Garreaud
et al., 2002; Gallardo et al., 2002).
There is a strong correlation between carbon monoxide (CO)
and PM measurements in the Santiago monitoring network (Perez
et al., 2004), especially for the high values (>4 ppm of CO). Hence,
in principle, by predicting CO one can also forecast PM levels. In
terms of air quality modeling, CO might be easier to forecast than
PM for several reasons: 1) Santiago CO emissions are better constrained than PM emissions (Jorquera and Castro, 2010; Saide et al.,
2009a); and 2) At the city scale CO behaves as an inert gas phase
tracer only subject to atmospheric transport and mixing (e.g. Saide
et al., 2009a) while PM responds to complex heterogeneous
chemistry, aerosol dynamics and wet and dry removal processes
(e.g., Seinfeld and Pandis, 2006).
In this paper we present a forecast system for CO for Santiago
using the WRFeChem platform (Skamarock et al., 2008; Grell et al.,
2005). We evaluate the predictions of CO and meteorological data
against local observations for different settings of the model trying
to ﬁnd an optimum conﬁguration. We then explore the use of CO
predictions to produce PM10 and PM2.5 forecasts by applying
a linear conversion. The PM forecast is tested for a whole winter
period and results are compared to the authority decisions. Finally,
the need for two days or more forecast is discussed and the settings
for the operational simulation are established.
2. Methodology
2.1. Observations
2.1.1. Air quality data
Data for 2008 were obtained over the internet from the Ministry
of Health (SINCA, 2010). The ofﬁcial monitoring network MACAM2
consisted in 2008 of eight monitoring stations that reported
different criteria pollutants on an hourly basis. All stations had CO
and PM10 monitors and ﬁve had PM2.5 monitors for the period
analyzed. These stations were also equipped with temperature,
wind and relative humidity monitors. This network was recently
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expanded by including three new sites: one on the northwestern
part of Santiago, one in the South and one in the Maipo Valley
entrance, all with CO, PM10 and PM2.5 monitors.
2.1.2. Meteorological data
MACAM2 stations measure temperature, wind and relative
humidity. We also use data collected by the National Center for the
Environment (CENMA, 2010) which consists of 10 surface stations
that measure additional meteorological information, such as
incoming radiation, pressure and precipitation. Their locations are
more spread out over the domain, providing information not only
in the basin, but also in the surrounding mountains. Daytime mixed
layer for cloud free days were provided from a ceilometer located in
the Department of Geophysics of the University of Chile (DGF) in
downtown Santiago (Muñoz and Undurraga, 2010). For this study,
none of these observations are assimilated; rather they are used to
evaluate the predicted ﬁelds. Locations and names for stations from
both networks and DGF station in the domain of study can be found
in Fig. 1.
2.2. Meteorological and air quality model settings
In this study we use the WRF/Chem model, with the objective to
produce CO forecasts during the winter in Santiago. The present
system uses WRFeCHEM v3.1.1 and v3.2 meteorological and air
quality simulations (Skamarock et al., 2008; Grell et al., 2005). This
is a fully coupled online model that enables air quality simulations
at the same time as the meteorological model runs, improving its
potential for operational forecasts. For the city scale studied here,
CO can be considered as a passive tracer (Saide et al., 2009a;
Jorquera and Castro, 2010). The tracer assumption is reasonable
due to the relatively long life time of CO (order of months, Seinfeld
and Pandis, 2006) together with the fact that the residence time of
pollutants in the basin is usually not more than 2 days for the worse
episodes (see section 3.3). A background value of 0.08 ppm is used
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as CO initial and boundary conditions since no relevant sources are
found up-wind from the Santiago.
Two sets of CO emissions were used. The ﬁrst one is an emission
inventory updated by the environmental agency based on the 2000
inventory (CONAMA, 2010), which has been used in previous works
(Schmitz, 2005; Saide et al., 2009a, 2009b). Emissions due to
mobile sources, which contribute w90% of total CO emitted for this
year, are based on the approach by Corvalan et al. (2002). The
emission inventory is available spatially (2 km resolution) and
temporary distributed (1 h resolution for a representative day of
the year).
The second set of emissions is a CO emission inventory developed for this study. It uses the same total amount of CO as the ﬁrst
inventory (200,000 ton yr1), but it has a different temporal and
spatial distribution. It has been shown that population density is
a good proxy for road density which can be used to distribute trafﬁc
emissions (Saide et al., 2009b). In this inventory emissions are
spatially distributed using Landscan 2008 population data at 3000
(Dobson et al., 2000), as proposed by Mena-Carrasco (2007). Saide
et al. (2009a) and Jorquera and Castro (2010), which use different
total emissions but same methodology to spatially distribute them,
found an overestimation of emissions in the downtown area where
the 2000 emission inventory shows the highest values. Thus, by
using population as a proxy for distributing emissions (and thus the
complete road network), these emissions are more spread out over
the city and less concentrated downtown. Another feature of using
Landscan data is the representation of the growth of the city in the
last years, not represented by the 2000 ofﬁcial emission inventory.
The temporal resolution used corresponds to average trafﬁc counts
over the city distinguishing each day of the week (Corvalan et al.,
2002).
Temporal and spatial distribution of wood burning (W.B.)
emissions is not considered in the 2000 ofﬁcial emission inventory,
but it is thought to be an important factor inﬂuencing episodes
(Jorquera and Castro, 2010), since these emissions occur mainly
during evening and nighttime periods. In the 2005 ofﬁcial emission
inventory CO W.B. emissions are estimated as 3.5% of the total CO
emissions. However, considering that these emissions occur only
during four months of the year, the percentage contribution of W.B.
to CO emissions increases to 9.8% for these months. For PM10 and
PM2.5 these percentages were estimated to be 7.8% and 25.8%,
respectively. These estimates are very uncertain since W.B. emission factors have a broad variation, illegal burning is not taken in
account, and fugitive dust sources, that contribute with 80% of
PM10 emissions, are thought to be largely overestimated (Jorquera
and Castro, 2010). Thus the contribution of W. B. stated before is
possibly underestimated. As a ﬁrst estimation, W.B. emissions are
considered to be 30% of the total which were obtained by model
simulations using different trials. For the spatial distribution the
amount of stoves per municipality is used, extracted from the
ofﬁcial 2005 emission inventory, and weighted by population to
avoid placing emissions in uninhabited regions. The diurnal proﬁle
is assumed to be a step pattern starting at 6 pm and ﬁnishing at 1
am with half steps at these extremes, making a total of 7 h of use
a day.
The ﬁnal model conﬁguration and emissions used were determined by extensive testing and are discussed in Section 3.1.
2.3. PM10 and PM2.5 forecast model

Fig. 1. Map showing locations of MACAM2 (letters) and CENMA (numbers) stations,
topography (m.a.s.l) and the existence of urban land cover for USGS (light gray) and
MODIS (light plus dark gray) data. MACAM2: F: Independencia, L: La Florida, M: Las
Condes, N: Parque O’Higgins, O: Pudahuel, P: Cerrillos, Q: El Bosque, R: Cerro Navia.
CENMA stations: 1: Lo Prado, 2: El Manzano, 3 and 4: La Platina, 5: La Reina, 6: Entel
(note this station is moved, original location pointed by white arrow), 7: El Paico. DGF
ceilometer station is 600 m north from Parque O’Higgins station.

During high pollution episodes in the city of Santiago, CO and
PM hourly observations show a high correlation (Perez et al., 2004)
as shown in Fig. 2a. This linear behavior is not accurate for low
concentrations, but it is clear for high concentrations (>4 ppm of
CO), indicating the close relationship between CO and PM during
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forecast cycles, use of more updated meteorological analysis and
observations, and the dedication of computing time to more
important aspects of the forecast like model resolution (see section
3.1).
Thus, by accurately predicting CO, a good estimation of PM10
and PM2.5 24 h mean can be made using a linear conversion. This
linear model corresponds to a multiplication by a constant that
changes the units from modeled CO to predicted PM10 or PM2.5,
which can be estimated by different techniques. One way is to
estimate it by using the mass ratio of the emissions inventory for
each species. However, ofﬁcial PM10 and PM2.5 emission inventories for Santiago might be greatly overestimated (Jorquera and
Castro, 2010) making this option unreliable. A second way is to
calibrate the model comparing modeled CO with PM10 and PM2.5
observations and computing the factors for each station. This
option is also used to remove biases between model and observations that could be station dependent. Another aspect to consider is
the fact that episodes tend to concentrate on weekends as observed
by Rutllant and Garreaud (1995). Considering observed episodes
from years 2002e2009, 40% of the alerts and 44% of the preemergencies happened on weekends, where if there were no
accumulation on weekends this number would be 29% (2 weekend
days for every 7 days that a week has, 2/7 ¼ 0.29). This behavior is
directly related to emissions on Friday night and Saturday night
that accumulate after the PBL collapses (see section 3.1). These
additional emissions could be related to trafﬁc activity (trafﬁc
counts show increase for these periods), wood burning (2005
emission inventory shows one additional hour of W.B. for weekends, CONAMA, 2007) or other activities (e.g. increased activity in
restaurants or private barbecues, illegal industrial activity). Due to
the high uncertainty in these emissions it remains difﬁcult to
produce an emission inventory for these days. Therefore, we adopt
the solution of making the factors weekendeweek day dependent.
Finally, the CO to PM conversion can be written as the following:

PM MODðstation; timeÞ ¼ Fðstation; weekend flagÞ
 CO MODðstation; timeÞ

(1)

where MOD indicates model values. We choose a simple calibration
for the conversion factor F:

P
Fig. 2. Dispersion plots between CO observations converted to PM2.5 and PM2.5
observations for Cerro-Navia monitor. a) Hourly data. b) 24-h moving mean. Units in
mg m3.

episodes. Moreover, the correlation increases when the 24-h means
are applied over the hourly data (from 0.93 to 0.98 for the period
and station analyzed shown in Fig. 2) and the linear model is also
valid for the low 24-h mean concentrations. The time series for four
months of winter 2008 was investigated, not ﬁnding any peak
where both PM and CO were not correlated, showing that episodes
are related to cases where both CO and PM are co-emitted. This
behavior is not only shown when comparing observations, but also
when comparing model predictions of CO and PM. The full chemistry model CBMZ-MOSAIC (Zaveri et al., 2008) was run for the
eight day period simulated on section 3.1. Hourly data comparison
between modeled CO and PM2.5 shows a correlation of 0.98 for
critical stations (not shown), which is even higher than the
observed correlation. Thus, when predicting episodes for the case
of study, there is not much that can be improved by using the full
chemistry-aerosol compared to the CO tracer in terms of the type of
episode forecasted. However, there is a great savings in computing
time when running the tracer model, which allows for faster

Fðstation; weekend flagÞ ¼

PMOBS ðstation; tÞ

t˛weekend flag

P

COMOD ðstation; tÞ

(2)

t˛weekend flag

where OBS indicates observation values. For calibration, a representative period must be chosen that contains episodes for both
weekend and week days. In order to ﬁt the factor to high
concentrations (where CO and PM hourly concentrations are
linear) we calibrated the model with values of days where hourly
CO observations greater than 4 ppm were measured. After calibration, the conversion factor is not changed for further analysis.
Once the hourly PM has been computed with Eq. (1), the 24 h
moving average is calculated and the forecast is produced. The
decision to declare episodes is typically taken at 8 pm the day
before, thus observations until 8 pm are available to be used in
the forecast. The 24 h average is computed using observations
until 8 pm and the PM model further on. The following analysis is
focused on the two critical stations (Pudahuel and Cerro Navia)
located on the west-north side of the city, as they are the ones
that usually reach alert or pre-emergency values triggering the
declaration of PM10 episodes. However, to declare episodes, all
stations are taken into consideration. The period analyzed goes
from May 1st to August 31st of 2008, covering the whole period
of episodes of that year.
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3. Results and discussion
3.1. Finding WRFeChem optimal settings for forecasting episodes
Several simulations were performed in order to ﬁnd the
optimum WRFeChem conﬁguration to represent meteorology and
CO observations occurring for high pollution episodes. A period of 8
days was selected for testing, from May 26th to June 2nd of 2008.
This was a period with high PM concentrations and with three
episodes declared by the authorities (2 of them corresponding to
Pre-emergencies). A coastal low of type A was observed during May
29th and 30th followed by a BPF episode on May 31st and June 1st
evolving to a rapid advection of cold and humid air on June 2nd that
generated cleaner conditions.
3.1.1. Land use data
WRFv3.1.1 allows the use of USGS (U.S. Geological Survey) and
MODIS (Moderate Resolution Imaging Spectroradiometer) land use
(Skamarock et al., 2008). WRFeChem currently allows the use of
USGS data. In Fig. 1 the difference in urban land use between the
data sets are plotted showing an underestimation of urban land
cover by the USGS data, probably due to the use of old maps. In
order to use an updated urban land cover with WRFeChem the
USGS WRF input ﬁles were modiﬁed by replacing the urban land
cover by the MODIS data. The rest of the USGS categories remained
the same, and are only modiﬁed to account for the change in urban
land cover. This modiﬁcation allows a more realistic and updated
representation of the urban conditions.
3.1.2. Meteorological initial and boundary conditions
Three types of meteorological initial and boundary conditions
were tested: FNL (GFS ﬁnal analysis, Wu et al., 2002); NCEP-NCAR
reanalysis (Kistler et al., 2001); and NCEP-DOE reanalysis
(Kanamitsu et al., 2002). Similar results were found running with
either NCEP-NCAR or the NCEP-DOE reanalysis. The use of FNL
improved the representation of the coastal low developed during
this period, producing a higher temperature increase in the middle
troposphere (see temperature in station Lo Prado, Fig. 3), which
further lowered the base of the inversion and increased CO
concentrations. Other characteristics of coastal lows (Garreaud
et al., 2002; Garreaud and Rutllant, 2003) such as abrupt
decrease in relative humidity, and a shift in the wind direction and
clear sky conditions are also obtained in agreement with observations (not shown). This shows the importance of initial and
boundary conditions in order to accurately represent the meteorological conditions.
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3.1.3. PBL parameterization
The choice of the PBL scheme is a key aspect in predicting
pollution levels in Santiago and elsewhere. WRF allows the choice
of w10 PBL schemes which support urban canopy models (which
are not used in this case due to unavailability of detailed urban land
cover). Seaman et al. (2009) showed sensitivity runs over night and
steep terrain conditions and found that really high resolution in the
vertical (2 m close to the surface) and in the horizontal (w0.44 km)
are both needed to accurately represent the low magnitude winds
found under stable conditions. These resolutions cannot be achieved by all PBL schemes since they are not designed to work with
really ﬁne vertical resolution. Four schemes that work under these
conditions were tested: MYJ (Janjic, 2002); QNSE (Sukoriansky
et al., 2005); MYNN (Nakanishi and Niino, 2004); and YSU from
WRFv3.2 (Hong, 2010). CO correlations at critical stations (Pudahuel and Cerro Navia) were used to check the stability behavior
during night, since correlation is more sensitive to higher values
and it gives a measure of whether the meteorological patterns
needed to transport nighttime plumes are being represented or not.
Table 1 presents statistics showing that all schemes behave similarly in terms of wind and temperature agreement with observations, but the CO correlation is clearly better represented by the
MYNN PBL scheme, probably due to a better representation of the
vertical proﬁles. Fig. 4a shows big differences within diagnosed PBL
height for different schemes and overestimation by all schemes of
the observed diurnal PBL height. However, the MYNN scheme
shows the closest agreement in terms of magnitude (presents the
lowest error), shape (captures the growing of the PBL height) and
tendency of the maximum values over the days (MYNN scheme
shows the minimum PBL on May 30th, same as the observations)
which might be some of the reasons why CO correlations are better
when using this scheme. The MYJ scheme, that does a fare job on
PBL height and showed the best predictions of temperature and
wind, presents problems by not mixing enough in the vertical,
resulting in the accumulation of fresh emissions in the ﬁrst layer
creating unrealistic high peak concentrations when the plume
passes over a station (see Fig. 4b). The choice of PBL scheme can also
change the way the plume’s movement through the basin is represented. For instance, for July 1st almost all the schemes showed
similar drainage of the plume through the Maipo river basin, but
the MYNN scheme showed the least, resulting in higher nighttime
concentrations (see Fig. 4b). A typical basin ﬂow pattern that
produces episodes in the stations located in the NW is shown in
Fig. 5 when using the MYNN scheme. When the PBL collapses,
emissions start to accumulate (Fig. 5a) and the plume moves slowly
toward the NW stations peaking around 0e2 am (Fig. 5b). Different

Fig. 3. Observed and modeled temperature evolution on high altitude station Lo Prado during an episode using different meteorological initial and boundary conditions. Time in
UTC (local ¼ UTC  4 for winter in Santiago).
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Table 1
Correlation coefﬁcient (R), Root mean square error (RMSE, in ppm), Mean absolute
error (MAE) and Index of Agreement (IOA) for carbon monoxide (CO, ppm units) at
Pudahuel and Cerro Navia stations and for temperature (T, Celsius units) and wind
speed (WS, m s1 units) for all MACAM2 stations combined using different PBL
schemes. MYNN3, MYJ and QNSE are for WRFv3.1.1 and YSU for WRFv3.2. All runs
use the same conﬁguration: WSM3 microphysics, RRTM long wave radiation, Dudhia
short wave radiation, thermal diffusion scheme for surface model, 39 vertical levels
and 2 km horizontal resolution.

CO
T
WS

R
RMSE
MAE
IOA
MAE
IOA

MYNN3

MYJ

QNSE

YSU

0.78
2.75
1.37
0.96
0.66
0.45

0.66
2.94
1.29
0.96
0.57
0.48

0.70
2.85
1.43
0.95
0.62
0.44

0.59
3.17
1.48
0.95
0.60
0.42

days can have different patterns. For instance, for the one shown in
Fig. 5, the plume partially leaks through the Maipo river basin and
also stays meandering around these stations during the whole
night (Fig. 5c) and adds to fresh morning emissions on the next day
(Fig. 5d). Even though PBL schemes show differences, sometimes
over a factor of four within each other on diurnal PBL height
(Fig. 4a), all schemes show similar CO concentrations magnitudes
during the night (Fig. 4b), showing that accumulation probably
relates to fresh emissions emitted after the PBL collapses. However,
an accurate diurnal PBL height representation is critical for
pollutants showing diurnal peaks such as ozone and must be
included in these analyses.
For these reasons the MYNN scheme is chosen as the PBL
scheme in subsequent model simulations. Two levels of closure for

this scheme are available and were tested: 2.5 and 3. Even though
the level 3 closure shows slightly improved results (Table 2), level
2.5 is chosen since it was found to be numerically more stable. Table
2 also shows that using gravitational settling of fog, slope radiative
effects and topography shading does not improve the results for the
period analyzed; thus they were not used in further simulations. In
the WRFeChem model, vertical diffusion coefﬁcients are computed
in the meteorological module and then passed to the Chem
routines where sometimes they are ﬁltered by applying minimum
value thresholds. For the present study no thresholds were applied,
which enables the model to go to high stability conditions and
produce the observed nighttime maximum concentrations.
3.1.4. Horizontal diffusion
In steep terrain simulations the use of diffusion in physical space
is recommended rather than on coordinates surfaces (Skamarock
et al., 2008). When diffusion on coordinate surfaces was used we
found that pollutants tended to diffuse out through the mountains
surrounding the basin, not allowing the night accumulation shown
by observations. This problem is supposed to be ﬁxed when using
diffusion on the physical space. However, we found that the model
was very unstable when this option was used. The best option was
to use no horizontal diffusion on the inner domain and allow
diffusion on the coarser domains by means of the 6th order horizontal ﬁlter (Skamarock et al., 2008). This option generates the
desired effect of accumulation in the basin during nighttime. Even
though no horizontal diffusion scheme is used on the most inner
domain, numerical diffusion and diffusion due to changes in wind
direction from one time step to the next one due to the fully
coupled model used still occur.

Fig. 4. Observation versus model time series using different PBL schemes. a) PBL for DGF station. b) CO for averaged Pudahuel and Cerro Navia stations.
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Fig. 5. CO maps for the ﬁrst model level for different times. “a” is for 9 pm, “b” for 2 am, “c” for 6 am and “d” for 10 am local time. Model conﬁguration is the same as described in
Table 1 using the MYNN3 PBL scheme. For station names see Fig. 1. Units in ppm.

3.1.5. Vertical grid resolution
Garreaud and Rutllant (2003) proposed high resolution vertical
layers in the PBL in order to better represent ﬂuxes and vertical
mixing (mean layer thickness equal to 70 m below 1 km), which
produces a better representation of coastal lows. This conﬁguration
was reﬁned by Rahn and Garreaud (2010) especially on the levels
close to the ground. Seaman et al. (2009) showed improvements in
performance in steep terrain and stable conditions during night by
using 11 vertical levels in the ﬁrst 68 m (ﬁrst 10 m with 2 m level

thickness). Combinations of these settings were tested (see Table 3)
imitating Seaman et al. (2009) conﬁguration (44 levels), another
with 39 levels with the ﬁrst layer at 10 m and six levels below
100 m (closer to Rahn and Garreaud, 2010), and another using the
standard GFS conﬁguration (28 levels). Results show that the ﬁner
resolution runs considerably improved results for CO, temperature
and wind speed. In order to run with 44 levels (5 levels below 10 m)
the time step must be reduced making it less feasible for operational forecasts. Furthermore, the differences between using 44

Table 2
Statistics as in Table 1. Different cases are using the MYNN2.5 and MYNN3 PBL
schemes and using MYNN3 with additional options as gravitational settling of fog
(g.s.) and topography shading and slope radiative effects (s.s). WRF settings are the
same for all cases and as described in Table 1.

Table 3
Statistics as in Table 1. Different cases are using different vertical resolution. WRF
settings are the same for all cases and as described in Table 1 using MYNN2.5 PBL
scheme. See text for details on vertical levels.

CO
T
WS

R
RMSE
MAE
IOA
MAE
IOA

MYNN2.5

MYNN3

MYNN3 g.s.

MYNN3 s.s.

0.72
2.86
1.42
0.96
0.66
0.47

0.78
2.75
1.37
0.96
0.66
0.45

0.77
2.82
1.36
0.96
0.65
0.48

0.74
2.75
1.47
0.95
0.71
0.44

CO
T
WS

R
RMSE
MAE
IOA
MAE
IOA

44 VL

39 VL

28 VL

0.72
2.81
1.59
0.95
0.80
0.43

0.72
2.86
1.42
0.96
0.66
0.47

0.68
3.77
2.04
0.90
1.25
0.26
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Table 4
Statistics as in Table 1. Different cases are using different horizontal resolution. WRF
settings are the same for all cases and as described in Table 1 using MYNN3 PBL
scheme.

CO
T
WS

R
RMSE
MAE
IOA
MAE
IOA

667 m

2 km

6 km

0.73
2.74
1.49
0.95
0.80
0.35

0.78
2.75
1.37
0.96
0.66
0.45

0.51
3.97
1.38
0.95
0.83
0.42

Table 5
Correlation coefﬁcient computed using the ﬁrst and the second column. First
column are CO, PM10 and PM2.5 observations and second column WRF simulations
using the ofﬁcial 2000 emission inventory (Inv2000), using the emissions developed
with Landscan (New Inv) and adding a 30% of wood burning for heating emissions
(New InvþW.B.). Also Correlation between PM and CO observation is computed (in
italic). For station names refer to Fig. 1.

Obs CO

Obs PM10

Obs PM2.5

Inv2002
New Inv
New InvþW.B.
Inv2002
New Inv
New InvþW.B.
Obs CO
Inv2002
New Inv
New InvþW.B.
Obs CO

F

L

M

N

O

P

Q

R

0.31
0.43
0.61
0.62
0.63
0.68
0.69
0.53
0.61
0.72
0.80

0.38
0.60
0.69
0.54
0.72
0.73
0.81
e
e
e
e

0.60
0.64
0.63
0.67
0.69
0.56
0.80
e
e
e
e

0.44
0.68
0.79
0.66
0.79
0.80
0.78
0.37
0.57
0.70
0.85

0.73
0.84
0.87
0.65
0.75
0.76
0.92
e
e
e
e

0.65
0.80
0.84
0.75
0.85
0.85
0.91
0.63
0.75
0.79
0.92

0.71
0.74
0.82
0.71
0.75
0.79
0.90
0.66
0.73
0.82
0.92

0.78
0.83
0.86
0.74
0.79
0.80
0.93
0.81
0.87
0.89
0.96

vertical levels or 39 levels were small. Thus the 39 vertical levels
resolution is chosen for subsequent runs.
3.1.6. Horizontal grid resolution
Previous studies for the same area and similar objectives found
that 2 km resolution in the inner domain produced good results
(Jorquera and Castro, 2010). Other studies for different areas that
tried to represent stable conditions in steep terrain found that using
1 km (Shrestha et al., 2009) and w400m (Seaman et al., 2009)
increased performance. In this study three different grid sizes were
analyzed: 6 km, 2 km and 667 m, using nesting from the coarser one
to the ﬁner ones and starting from an 18 km coarser grid spanning
from 44 to 24 on latitude and 88 to 63 on longitude.
Results were extracted from different simulations in order to use 2way nesting except for the 667 m domain run, where 2-way nesting

was not used due to instability issues. All the runs were performed
with the MYNN3 PBL parameterization. When going from 6 km to
2 km horizontal resolution there is a sharp increase in accuracy in CO
and wind speed model performance, probably due to better terrain
representation, but not so in temperature which is barely changed
(see Table 4). However temperature, winds and CO predictions did
not improve much when going from 2 km to 667 m. This feature
could be related to the MYNN PBL scheme and/or not using 2-way
nesting (e.g. Palau et al., 2005).
3.1.7. Other options
Radiative feedbacks generated by clouds play an important role
on CO nighttime concentrations. The RRTM long wave radiation
and Dudhia short wave radiation schemes (Mlawer et al., 1997;
Dudhia, 1989) were chosen in order to correctly capture the cloud
optical depth effects on solar radiation effects (Skamarock et al.,
2008). Many microphysics schemes were tested and only the
WSM 3-class (Hong et al., 2004) was successful in representing
cloud coverage. All the other schemes largely underestimated cloud
coverage for all PBL schemes tested (not shown). The reasons for
this behavior are being explored and could be related to the speciﬁc
conﬁguration, such as resolution, low time step or not using horizontal diffusion. The new Grell Scheme is used for Cumulus
parameterization and a thermal diffusion scheme for surface
physics (Skamarock et al., 2008).
3.1.8. Emission inventory
All the previous sensitivity simulations were performed using
the ofﬁcial 2000 emission inventory mentioned earlier. However,
since these emissions have been shown to be overestimated in the
downtown area, the modiﬁed emissions were tested using the
same WRF conﬁguration. Table 5 shows that the use of the modiﬁed
emissions inventory outperforms the old 2000 emission inventory,
as shown by the increase in the correlations at all stations. This
increase in performance is also reﬂected in the correlation with
PM10 and PM2.5. When using the new emission inventory with
W.B. emissions the correlation improved for CO, PM10 and PM2.5
for most stations compared to the results with the new emissions
but without W.B., indicating a substantial contribution from wood
burning to the episodes. The improvements in accuracy when using
the new emissions is clearer when comparing modeled and
observed CO time series for the critical stations (Fig. 6). It is
important to note that when using the W.B. inventory, emissions
are extended to 1 am based on surveys on wood burning hours of
use, but even with this extension the concentrations tend to decay
at the same time as those results that did not consider W.B. (see

Fig. 6. Observation versus model time series using different emission inventories for averaged Pudahuel and Cerro Navia stations. Refer to Table 5 caption for legend explanation.
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Table 6
Statistics for CO to PM10/PM2.5 conversion factors. Units in mg m3 ppm1.

PM10
PM2.5

Mean
Std.dev.
Mean
Std.dev.

Week day

Weekend

51.1
8.4
26.7
8.5

57
9.4
31.5
7.5

Fig. 6). This decay appears to be due to advection and not to a wrong
temporal resolution of emissions, which seems to be a modeling
inaccuracy because observations do not show this fast decay,
moreover they sometimes show a second peak of PM that is relevant to triggering episodes.

Table 7
Comparison of contingency tables for the expert and politically mediated authority
decision (a), the PM10 model developed (b) and persistence (c) (see text for details).
Case A is no episode, B alert and C pre-emergency.
a) Authority 2008

Observed

Forecasted

A
B
C
Tot
%F

b) CO PM10 2008

Observed

3.2. PM10 and PM2.5 forecast model performance

Observed

A

B

C

Tot

%O

88
5
1
94
94%

13
7
1
21
33%

1
3
4
8
50%

102
15
6
123

86%
47%
67%
80%

Forecasted

A
B
C
Tot
%F

c) Persistence 2008

A summary of the calibration factors used for this study is shown
in Table 6. On average, conversion factors are over 10% higher in
week days than in weekends and can go over 30% for speciﬁc
stations, showing the effect discussed in section 2.3. For PM10, there
is not much variability for factors in between stations, while for
PM2.5 the variability is greater due to station “Independencia” that
has double the factor than the rest of the stations where the factors
are similar. The behavior on this station is also observed in CO to
PM10 factors but to a lesser extent. As shown by Table 5, this station
is also the one with the lowest CO and PM observation correlations,
so there are probably local sources of emission that create these
differences and change the behavior for this station.
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A

B

C

Tot

%O

85
5
0
90
94%

12
5
2
19
26%

7
4
4
15
27%

104
14
6
124

82%
36%
67%
76%

Forecasted

A
B
C
Tot
%F

A

B

C

Tot

%O

93
10
1
104
89%

8
3
3
14
21%

3
1
2
6
33%

104
14
6
124

89%
21%
33%
79%

For each table, the critical successes index is shown in bold.

Fig. 7 shows time series of the 24-h moving mean for PM10 and
PM2.5 observations and predictions for one station. Horizontal lines
in these ﬁgures represent the thresholds for classifying the different
episode types. The PM10 thresholds are the same as stated before.

Fig. 7. PM10 (a) and PM2.5 (b) 24-h moving mean time series for observations and forecast in Cerro Navia station. Horizontal lines represent thresholds for determining episodes
and vertical lines the start of the day in local time. Units in mg m3.
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Table 8
Contingency table for the PM2.5 model developed (a) and for persistence (b). Case A
is no episode and B, C and D episodes with increasing thresholds as deﬁned in the
text.
a) CO PM2.5 2008

Observed

Forecasted

A
B
C
D
Tot
%F

b) Persistence 2008

Observed

A

B

C

D

Tot

%O

4
1
0
0
5
80%

7
22
5
1
35
63%

0
16
15
3
34
44%

0
7
16
27
50
54%

11
46
36
31
124

36%
48%
42%
87%
55%

Forecasted

A
B
C
D
Tot
%F

A

B

C

D

Tot

%O

8
4
0
0
12
67%

3
28
12
2
45
62%

0
12
18
6
36
50%

0
2
6
23
31
74%

11
46
36
31
124

73%
61%
50%
74%
62%

For each table, the critical successes index is shown in bold.

Currently there are no ofﬁcial thresholds for PM2.5 in Santiago, so
we use the values recommended by Perez and Salini (2008) based on
USEPA present and previous standards, i.e. Air quality index for
PM2.5 (AIRNOW, 2010). The thresholds are: 35 mg m3; 65 mg m3;
and 100 mg m3. The forecasts results are also shown in terms of
contingency tables in Tables 7 and 8. These are generated using
observed and modeled data for all stations. For PM10, since there

have not been emergency episodes since 1998, this kind of episode is
not taken into account in the forecast contingency table. Using the
record of the episodes declared by the authority and the observational data, a contingency table can be built for the Authority decision. A table with persistence (episode observed the day before is
forecasted) is added as a reference, since observations from 9 to 11
pm are not available by 8 pm, which is the time when the forecast
must be issued, making this type of forecast unavailable.
When comparing the authority decision table with the one from
the forecast model (Table 7) it can be seen that our simulations
produce statistics similar to the expert and politically mediated
decision made by the authority. The forecast model has the
tendency to predict false alarms on pre-emergencies and alerts,
which is analyzed further in the text. Overall, our model does
similar as persistence, but is able to correctly forecast almost twice
as many episodes (persistence does a better job for non episode
days). The contingency table for PM2.5 (Table 8) shows a similar
trend as for PM10, again overestimating episodes and behaving
better than persistence for the higher concentration episodes.
It can be seen from Fig. 7 that the model follows the trend of
the observations. However, there are several points where the
observations and model diverge. The most common error
observed in the forecast is the over prediction of concentrations,
which often occurs the day after high concentrations are observed
(e.g. June 14th, June 17th, June 25th, July 2nd, July 4th) creating
the false alarms mentioned earlier. For the seven forecasted preemergencies and no episode observed (Table 7, b), three days obey
to this type of behavior and the rest is just high observed levels
(over 150 mg m3 in 24 h mean) that did not make it to an episode,

Fig. 8. PM10 observations and model time series for 1 h data and 24 h mean for Cerro Navia station. Different tracer runs were performed for emissions on different days (in local
time) showing the contribution into the total concentrations in the different gray scale colors. Horizontal lines represent thresholds for determining episodes and vertical lines the
start of the day in local time.
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probably due to emission inaccuracies. When looking into detail
on these false alarm days after a day of high concentrations, all
days agree in the fact that a partial cleaning of the basin is
observed. On these days, the western stations (“Pudahuel”, “Cerro
Navia” and “Cerrillos”) show low concentrations during the night,
while the rest of the central-eastern stations present high
concentrations, which the model is not able to resolve and instead
maintains high concentrations on the western stations (which are
the critical ones) and creating the false alarm. This behavior is
usually associated with a surface wind jet that enters through the
basin (observed by “El Paico” station, Fig. 1) and then diverges
north due to topography cleaning the western stations (high wind
also observed in “Pudahuel”) but never reaching the central and
eastern stations, which is also not represented by the model. The
reasons why the WRF simulations are not able to capture this
partial cleaning of the basin could be related to potential errors in
thermodynamics, inability to resolve the complex topography,
inaccurate cloud representation or issues on meteorological initial
and boundary conditions. The last two points could be tackled
with the use of meteorological data assimilation when performing
operational forecasts.
3.3. Why use deterministic models on forecasting episodes?
As noted before, in Santiago de Chile, forecasting episodes is not
only a way to warn people about bad air quality, but it is also used to
apply emissions reduction to try to avoid bad air quality. Fig. 8
shows the modeled contribution from emissions on different days
to 1 h and 24 h mean surface values. From the 1 h data it can be seen
that for the period of the day where concentrations are the highest
(around 0 ame2 am) the contribution from the previous day
emissions is always dominant (more than 50%). For the 24 h
average there is even inﬂuence from the emissions two days before.
For example, for the time when the model is showing pre-emergency values (July 1st), the contribution from the day before is over
60% and the rest is contributed from emissions two days before.
These results suggest that if measures are to be taken to prevent
high concentrations, these should be focused on reducing emissions on the days before the episode happens, and even then,
emissions reductions to prevent episodes should be substantial.
This requires 48 h or longer forecast periods, making deterministic
models an important forecasting tool. In this study, the effect of
declaring episodes by lowering emissions and thus lowering
concentrations was not considered, but as these results show it is
an effect that would spread over the days following the day the
episode was declared. These effects can be incorporated to the
model in forecast mode.
3.4. Operational feasibility of the forecasting system
The WRF conﬁguration used is rather complex: high vertical
resolution, three nested domains reaching to 2 km horizontal
resolution and a small time-step. However, this conﬁguration is
feasible to use in an operational setting as shown in the following. It
takes ∼7 h to run a three day forecast on an eight core machine
(3.33 Ghz Intel Xeon), which is a relatively small machine for these
applications. The run can be started with 00Z and 06Z FNL ﬁles and
continued with 12Z GFS forecasts, which are all available around 12
pm Chilean local time. Then the forecasts can be ready at 19 h in
order to support the air quality management decision at 20 h. As
more computational resources are available, this time can be
reduced and GFS forecast closer to 20 h can be used to improve the
accuracy of the forecast. Also doing several cycles per day can be
taken into account.
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4. Conclusions
A PM10 and PM2.5 forecast model was developed for the city of
Santiago de Chile for use in prediction of episodes of high air
pollution under stable meteorological conditions and complex
terrain. The model uses the WRFeChem system running with CO as
a tracer and doing a linear conversion to obtain PM10 and PM2.5.
The linearity assumptions were checked using observation data
over the monitoring stations ﬁnding correlations over 0.95. The CO
to PM conversion used is station and weekend/week day dependent, as evidence shows that episodes tend to occur more
frequently on weekends.
In order to obtain representative meteorology and CO concentrations several sensitivity tests were performed to ﬁnd an
optimum conﬁguration for WRFeChem. Some of the important
choices regard the use of the MYNN PBL scheme (which better
represented the diurnal PBL height measured with a ceilometer), no
minimum thresholds on vertical diffusion, no horizontal diffusion
in the most inner domain, a 2 km horizontal resolution and a ﬁne
resolution in the vertical (10 m layers close to the ground, six levels
below 100 m). A new emission inventory was developed in order to
remove the biases from the 2000 ofﬁcial emissions and to add wood
burning emissions temporary and spatially distributed. All these
changes produced better modeling results reaching a correlation of
over 0.85 in the critical stations for a period of poor air quality. Using
these settings and emissions the forecast model was shown to do
forecasts with similar skill as the authority decision for PM10 and to
predict high pollution episodes better than persistence for both
PM10 and PM2.5. Problems of false alarm forecasts appear to be
related to inaccuracies on day to day emissions and to difﬁculties on
representing a partial cleaning of the basin on days after high
concentration days, which needs to be investigated further.
The need for a two or more days forecast was assessed and it
was found that emissions participating in episodes correspond
mainly to those from the previous days reaching roughly 100%
contribution for an analyzed case. Thus in order to prevent high
concentrations, which is one of the reasons why episodes are
declared, episodes should be declared two or more days in advance
making deterministic models probably the most adequate technique. Under this framework, it was shown that two day operational forecasts under the settings presented are feasible. We plan
to test the system operationally in the next pollution season since
we understand that forecasting tools are subject to continuous
improvements derived from improved models and observations,
and to changing challenges.
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