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A B S T R A C T

This study discusses the synoptic situations associated with cases of high pollution in terms of black carbon (BC)
concentrations observed at the research site during the four months of the VAMPIRE campaign that is described
fully in the companion study by Marín et al. (2017). Cases in which the concentration of BC exceeded the 85th

percentile were selected to evaluate composite synoptic situations, resulting in a total of fifteen cases analyzed.
These fifteen cases occurred during one of the three prevalent synoptic situations identified and labeled as: i)
Coastal low, characterized by weak easterly winds and low planetary boundary layer (PBL) height due to an
enhancement of the temperature inversion before the arrival of the coastal low; ii) Pre-frontal, also char-
acterized by low PBL height, with a cold front approaching from the South and the coastal low retreating
northwards, also associated with pollution episodes in Santiago (Rutllant and Garreaud, 1995); and iii) SEP
anticyclone characterized by large stability, very low gradient in the mean sea level pressure and weak westerly-
southwesterly wind due to the dominance of the southeast Pacific anticyclone. Coastal low cases were observed
not only during winter but also in all four months of the VAMPIRE field campaign, while Pre-frontal cases were
observed only at the end of July and August 2014. All three synoptic situations are consistent with a reduced
synoptic forcing, in which the mesoscale sea-land breeze predominates and advects large pollutant concentra-
tions from local/regional emission sources to the research site. Detailed analysis is presented here for two case
studies: one Coastal low and one Pre-frontal, combining the observations of pollutants as well as mesoscale
modeling with the WRF model to estimate back-trajectories and evaluate the relative role of the synoptic and
mesoscale forcing on the pollution episodes in Valparaiso. These synoptic conditions and their interplay with
meso-scale circulations identified during VAMPIRE provide evidence and insight that will aid in future air
quality forecasts for Valparaiso.

1. Introduction

Many studies have shown the strong impact that meteorological
conditions have on the formation, dispersal, and removal of pollution in
the atmosphere (Hidy et al., 1978; Bei et al., 2012, 2013; Wu et al.,
2013; Wang et al., 2014). Specifically, a large number of investigations
have identified the large-scale synoptic patterns related to events of
high pollution. High pollution levels have been often linked with high
pressure synoptic systems, stable air, shallow planetary boundary layers
(PBL) and weak winds. Davis and Kalkstein (1990) found high con-
centrations of pollution in the US during stable air under anticyclonic

conditions. Wei et al. (2011) determined that coarse particulate (PM10)
accumulation in northern China occurred under the direct influence of
the center of an anticyclonic system. Bei et al. (2016) identified four
synoptic conditions as favorable for high fine particulate (PM2.5) con-
centrations in the Guanzhong basin in China during wintertime; the
presence of a high-pressure system inland was most frequently asso-
ciated with high levels of PM2.5. Hamburger et al. (2011) concluded
that an anticyclonic blocking event favored the increase in pollution
concentrations over central Europe. In the Sydney basin, Australia,
Crawford et al. (2016) found that high pressure systems were related to
elevated PM2.5 concentrations. Cheng et al. (2008) found that high
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pressure and the approach of a front were both associated with high
levels of pollution in northern China and Wu et al. (2013) found that
poor air quality over the Pearl River Delta was associated with pre-cold
front conditions, as well as during tropical cyclone conditions.

Mesoscale circulations can also have a strong impact on air quality,
particularly in coastal cities or within lake basins. Studies on the effect
of sea- or lake-breeze on the transport of pollution typically rely on the
use of a mesoscale atmospheric model and a trajectory model (Eastman
et al., 1995; Harris and Kotamarthi, 2005; Crawford et al., 2016; Jiang
et al., 2016). Eastman et al. (1995) and Harris and Kotamarthi (2005)
determined that the time and extension of inland penetration of the
lake-breeze is a key factor in the transport of pollutants and its re-
circulation. Jiang et al. (2016) pointed out the importance of the in-
teraction between mesoscale and synoptic scale circulations that fa-
vored elevated ozone (O3) and PM2.5 concentrations in the Sydney bay
basin.

Previous research on air quality in Chile has focused primarily on its
capital and largest city, Santiago, which suffers from very high parti-
culate pollution, mainly during winter. More recently, other selected
southern cities (e.g. Osorno, Rancagua, Temuco) with serious particu-
late concentrations have also been studied. In particular, some studies
have analyzed the relation between pollution and meteorological fac-
tors. Garreaud and Rutllant (2006) (book chapter in Spanish) described
the role of the basin-wide circulation in Santiago on local pollution.
Gramsch et al. (2014) observed that PM2.5 and black carbon con-
centrations were higher in several parts of Chile on days with near-
surface temperature inversions. Yañez et al. (2017) used statistical
methods to show that particulate matter in different inland cities of
Chile is largely related to meteorological variables, highlighting their
importance as air quality forecasting tools. Moisan et al. (2017) de-
veloped a forecasting method based on dynamic multiple equations to
predict PM2.5 in Santiago. Saide et al. (2016) and Cuchiara et al. (2017)
used the Weather Research and Forecasting model with its Chemistry
module (WRF-Chem) as a successful method to forecast air quality in
Santiago and other inland cities in Chile.

Despite the number of air quality studies performed in Chile, only a
few of them have analyzed the impact of synoptic and mesoscale cir-
culations on pollution levels. Rutllant and Garreaud (1995) showed that
high pollution events in Santiago between April and August (austral fall
and winter) were primarily related to two synoptic situations off-shore
of central Chile: i) the onset of a surface coastal low (as the most fre-
quent event), and ii) its demise, in which a cold front approaches from
the south. Both situations enhance subsidence and decrease the plane-
tary boundary layer (PBL) height. More recent studies have evaluated
the impact of regional circulations on the transport of pollution up to
the Andean cryosphere (Orfanoz-Cheuquelaf et al., 2015; Cordova
et al., 2016; Huneeus et al., 2016).

Black carbon (BC) is a component of PM2.5 that is emitted primarily
from anthropogenic sources. Numerous studies have also recognized
the negative effects of BC on human health since it can worsen re-
spiratory and cardiovascular conditions, and cause even mortality
(Janssen et al., 2011, 2012; Hoek et al., 2013; Grahame et al., 2014). In
addition, BC directly impacts climate from the net heating of the at-
mosphere by the absorption of solar radiation. BC can also reduce the
albedo or even enhance the melting of ice and snow-covered surfaces
(Ramanathan and Carmichael, 2008; Bond et al., 2013; Ménégoz et al.,
2014). Furthermore, BC may act as cloud condensation or ice nuclei,
indirectly affecting clouds and the climate system (Bond et al., 2013;
Jiang et al., 2013).

The current study focuses on the city of Valparaiso, a subtropical
coastal city in central Chile, characterized by a complex topography
with steep hillsides that circle the bay, which is the largest commercial
port in Chile as well as the main Navy base. Few studies have been
conducted in Valparaiso and neighboring areas to quantify pollution
and/or the impact of local and regional circulations on air quality.
Olivares et al. (2002) suggested that the city can be impacted during

episodic events by sulfur plumes that come from the Ventanas industrial
zone located to the north. Toro et al. (2013) and Seguel et al. (2013)
report on measurements of surface O3 and its precursors in different
cities of central Chile in March and April 2010 and concluded that O3

can be transported over large distances across central Chile.
The Valparaiso Atmospheric Measurements of Pollution and Impact

on the Regional Environment (VAMPIRE) field campaign was a colla-
borative project between the University of Valparaiso (UV) and the
Universidad Nacional Autónoma de Mexico (UNAM) to measure, for the
first time, certain optical, chemical and physical properties of aerosol
particles that are relevant for air quality, radiative transfer and me-
teorology. A fairly large instrumentation suite was deployed in this port
city, as detailed in Marín et al. (2017). VAMPIRE took place over four
different periods: i) 25 July - 25 August 2014 (August 2014, from here
forward); ii) December 2014; iii) January 2015, and iv) March 2015.
Marín et al. (2017) focused on the characterization of daily and sea-
sonal behavior of BC in Valparaíso city and the identification of its
sources. The work reported in this study fully describes the meteor-
ological conditions and the synoptic and/or local circulations that are
related to the selected high pollution episodes with large BC con-
centrations.

We begin by describing the general climate and meteorology of
Valparaiso followed by a brief review of the instruments used to mea-
sure the local meteorological conditions and aerosol properties.
Composites of atmospheric fields of the identified cases of high pollu-
tion (in terms of BC concentrations) are described in detail and two
cases are selected for further analysis. A high-resolution mesoscale si-
mulation is then employed to evaluate the synoptic and mesoscale
circulations that are linked to episodes of high BC.

2. Climate and meteorology of Valparaiso

Valparaíso, characterized by a generally mild climate, is located in a
transition region between the dry and hot conditions of northern Chile
and the humid and cold conditions of southern Chile. The region is
under the influence of the permanent subtropical Southeast Pacific
(SEP) anticyclone (Rodwell and Hoskins, 2001; Barrett and Hameed,
2017). At low levels and between 10 and 35 S, southerly winds are
induced along the coast of Chile by the SEP anticyclone's circulation,
which causes the advection of colder waters from the South and the
upwelling of deeper cold waters due to the wind stress on the sea sur-
face. In addition, the cold Humboldt current flows northward along the
Chilean coast. Warm and dry conditions aloft due to adiabatic com-
pression, and cold and moist conditions in the marine boundary layer
generate a thermal inversion, typically located below 1 km, that is
usually capped by stratus clouds (Bretherton et al., 2004; Comstock
et al., 2005; Hannay et al., 2009; Muñoz and Undurraga, 2010). Deep
convection cannot develop over the ocean or the continent due to this
pervasive thermal inversion and, in conjunction with steep mountains
slopes along the coast, the flow of humid air inland is blocked (Rutllant
et al., 2003).

Most of the precipitation in Valparaiso is associated with the pas-
sage of frontal systems during winter with cutoff lows affecting the
region also contributing to total rainfall (Pizarro and Montecinos,
2000). Large-scale factors such as the El Niño Southern Oscillation
(ENSO) and the SEP anticyclone on interannual (Rutllant and
Fuenzalida, 1991; Montecinos and Aceituno, 2003) and seasonal scales
(Barrett and Hameed, 2017) modulate precipitation. Another synoptic
situation that may affect Valparaiso was identified by Garreaud et al.
(2002) as an off-shore area of lower surface pressure observed fre-
quently during austral winter and spring, who labeled it “coastal low”.
The outskirts of the SEP anticyclone and the continent flank this
tongue-shaped area of low pressure. This coastal low can lead to epi-
sodes of low-level stratocumulus and fog in Valparaiso. Typically dry
conditions and hot temperatures predominate in summer, but fog and
stratocumulus clouds can also be present.
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3. Observations

3.1. Field campaign

The VAMPIRE field campaign was conducted on the terrace of the
Meteorology Department of the University of Valparaiso (33.028264°S,
71.633140°W, 68m amsl). Fig. 1a shows the location of the city of
Valparaíso and its protected bay, as well as the research site (green
circle), the official SINCA monitoring station (red circle), the atmo-
spheric weather stations used to validate the regional simulations (or-
ange circles) and a few of the major nearby pollution sources (ZEAL, the
Concon oil refinery, and the thermoelectric power plant in Laguna
Verde). The inset shows Valparaiso within the context of South
America.

The instruments used during VAMPIRE to sample the physical,
chemical and optical properties of aerosol particles are fully described
in Marín et al. (2017) and we refer to it for details of the in-
strumentation, corrections applied and for the sampling and analysis
strategies. Only the description of the estimate of equivalent black
carbon (eBC) is included here. The eBC is derived from the absorption
coefficient, Babs, that is measured with a Photoacoustic Extinctiometer
(PAX). The photoacoustic technique converts the pressure waves, cre-
ated by the heating of black carbon particles that absorb light at
870 nm, into Babs. The conversion factor is determined by calibration
through a two-step process that introduces high concentrations of
purely light-scattering particles followed by high concentrations of
partially absorbing particles to the measurement cells (Arnott et al.,
2000; Nakayama et al., 2015). The conversion of Babs to eBC is with a
mass specific absorption cross section of 4.74 m2g-1. The uncertainty in
Bscat is approximately ± 10% due to the accuracy of calibration, trun-
cation errors and aerodynamic losses in the inlet to the sample cavity.
The uncertainty in Babs is approximately ± 20%, from the accuracy of
calibration and inlet losses. Given the range and uncertainty in the
mass-specific absorption cross section, the derived eBC mass con-
centrations have an uncertainty that could be as large as 55–60% but is

on average closer to 30%. For greater detail on the PAX, the interested
reader is directed to the study by Retama et al. (2015). In the context of
this study we only present time series of eBC and fine particulate mass
concentration (PM2.5) for two selected case studies described in Section
5.2.

A VAISALA CL-31 ceilometer was used to determine the vertical
profiles of aerosol backscatter at a wavelength of 910 nm. This instru-
ment in essence functions as a light detection and ranging (LIDAR)
sensor, providing measurements from 20m to 7 km above ground level,
with a 20m vertical resolution. The ceilometer-derived vertical profile
of aerosol backscatter is useful to determine the boundary layer height
and structure (Mü;nkel et al., 2007; van der Kamp and McKendry, 2010;
Tsaknakis et al., 2011; Garcia-Franco et al., 2018). Even though the
instrument measurement frequency is 0.5Hz, the raw data were aver-
aged every 10 min. The accuracy of the vertical profile is ± 5m. In
order to translate the raw backscattered power (unitless) to units of
backscattered extinction the following procedure, described in Raga
et al. (2013) is applied. The in-situ extinction coefficient derived from
the PAX is correlated with the low-level (between 20 and 60 m) for
selected periods when the surface layer was considered well-mixed and
there was no fog. A linear fit between these independent measurements
is obtained, forcing the fit through zero, which provides the conversion
from raw backscattered power to extinction coefficient as a function of
height. The correlation coefficient between the raw backscatter and
extinction coefficient derived from the PAX was > 0.9 with a statistical
uncertainty of P < 0.001. The best fit line, going through the zero was
0.553 raw ± 0.004.

A simple algorithm that determined the boundary layer height from
the sharp gradient of the extinction coefficient was developed (fol-
lowing Münkel et al., 2007) and provided an adequate estimate, when
compared with manual inspection. Nevertheless, the large variability
seen in conditions at the research site throughout the different months
of measurements, due sometimes to the presence of low-level fog, made
it difficult for the automated algorithm to correctly determine the
boundary layer height from the ceilometer.

Fig. 1. a) Google Earth view of South America and a zoom-in showing the location of the city of Valparaiso, its bay, the research site (green circle), the surrounding
pollution sources described in the text (triangles), the atmospheric weather stations used for model validation (orange circles) and the official SINCA air-quality
station at downtown Valparaiso (red circle), b) four-nested domains configuration used in the WRF simulations. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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3.2. SINCA monitoring and radiosonde stations

The PM2.5 data from three National System for Air Quality (SINCA
in Spanish) monitoring stations were used in this study: the one located
in downtown Valparaiso (33.04962°S, 71.61372°W and 20m amsl), and
two others located in the capital city of Santiago at Parque O'Higgins
(70.6607°W, 33.4642°S) and Las Condes (70.5233°W, 33.3768°S). The
PM2.5 measurements are made using the beta-attenuation technique
(Thermo, Model 5014i).

Radiosondes are launched daily or twice daily at 00 and 12 UTC
-corresponding to 20 and 08 local time (LT), respectively-at Santo
Domingo, a small coastal town located 95 km south of Valparaiso, at
33.7°S, 71.6°W. This is one of the four sites in Chile where radiosondes
are launched by Chilean meteorological weather service personnel.
Measurements include temperature, humidity, pressure, height, wind
speed and direction, as the balloon with the attached sensors ascends
through the atmosphere. Radiosonde data from station Santo Domingo
(code 85586 SCSN) were downloaded from the website: http://
weather.uwyo.edu/upperair/sounding.html, and the data were
plotted in Skew-T diagrams for selected case studies.

3.3. Industrial emissions in/near Valparaiso

In 2011, the Chilean authorities released an emissions inventory for
the region of Valparaiso (Valparaiso Emissions inventory, 2011). Ac-
cording to this database, the main sources of PM2.5 in the region are two
thermoelectric plants, which combined emit about 2465.83 tons/year.
The one located at Laguna Verde emits the highest amount of PM2.5,

followed by the one located at the Concón-Ventanas industrial park.
Other important sectors with emissions of PM2.5 are the fuel production
and storage (1454.03 tons/year) and copper production (1073.47 tons/
year), also located at the Concón-Ventanas industrial park.

Thermoelectric plants at Laguna Verde and Concón-Ventanas are
also the main emission sources of carbon monoxide (CO), with values of
1454.03 tons/year and 1073.47 tons/year, respectively. The highest
emission rates of sulfur dioxide (SO2) in the region are associated with
primary copper production in Concón-Ventanas (33015.89 tons/year)
and thermoelectric plants (15587.29 tons/year), which use coal as fuel.

4. Climate Forecast System Reanalysis and the WRF model

Version 2 of the Climate Forecast System (CFSv2, Saha et al., 2014),
run by the National Centers for Environmental Prediction (NCEP), was
created for the purpose of extending the Climate Forecast System Re-
analysis (CFSR) from 1 January 2011 until present. This dataset was
used to identify the synoptic conditions associated with periods of high
concentrations of BC during the VAMPIRE field campaign. Composite
maps of mean sea level pressure, geopotential height, static stability
parameter (S), relative vorticity and wind fields at low- and mid-levels
in the atmosphere were analyzed during the four months of VAMPIRE.
In addition, we analyzed the synoptic situation for selected cases during
August 2014, one of the months with the highest concentrations of BC
recorded at the field site. The static stability parameter at 850 hPa was
defined as:

=S T
p

where T and are the temperature and potential temperature at
850 hPa, respectively, and the partial potential temperature derivative
with pressure was calculated using data between 1000 hPa and
850 hPa.

The Weather Research and Forecasting (WRF) model is a numerical
weather prediction system freely available that can be used for opera-
tional and research purposes (Skamarock et al., 2008). A high-resolu-
tion simulation was performed with Version 3.6.1 of the Advanced
Research WRF core (ARW-WRF). Four nested domains were employed

in the simulation as depicted in Fig. 1b. Results from the smallest do-
main (domain 4, D4), with the highest horizontal resolution (1 km),
were analyzed for this study. The simulation employed the land-use
data based on the Moderate Resolution Imaging Spectroradiometer
(MODIS) land-cover classification of the International Geosphere-Bio-
sphere Programme and modified for the National Oceanic and Atmo-
spheric Administration (NOAA) land surface model at 30 arc seconds
(approximately 0.9 km) in horizontal resolution.

The simulation included 60 vertical levels at variable resolution,
with eight levels within the first kilometer and spacing varying between
60 and 200 m. The simulation was performed for the period 25 July to
15 October 2014, but only two selected cases were analyzed and pre-
sented here. Output from the simulation were saved every hour. The
CFSv2 provided the initial and boundary conditions every 6 h, and an
analysis nudging was implemented in the outer domain (D1) to provide
better boundary conditions during the simulation period. A more de-
tailed description of the WRF configuration and domains can be found
in Cordova et al. (2016). We discuss here in detail the results of the
WRF simulation for two high-pollution events, as determined by BC
concentrations: 31 July 2014 and 13 August 2014.

The planetary boundary layer (PBL) height was estimated by the
WRF model to analyze the evolution of the boundary layer during the
two high-pollution cases discussed in Section 5.2. The WRF simulations
used the PBL parameterization of Mellor-Yamada-Nakanishi-Niino
Level 2.5 (Nakanishi and Niino, 2004, 2006), which is a one and a half
order prognostic turbulent kinetic energy (TKE) scheme with local
vertical mixing. This scheme improves the underestimation of TKE and
the insufficient growth of the convective boundary layer present in the
Mellor-Yamada scheme by using a database of large eddy simulations.
The estimated PBL height is defined as the height at which the TKE is
less than a critical value (1.0 × 10−6 m2 s−2).

The output for the WRF model simulation was compared with ob-
servations at surface weather stations during the period 25 July to 31
August 2014 (first intensive period of measurements in VAMPIRE
campaign) in order to validate the model performance during this
study. We used the weather station installed at the research field site
and three other weather stations (Viña del Mar, hereafter VM, Colmo
and Concón) located inside the innermost domain in the model. Note
that not all variables were available from all four weather stations to
compare with the model.

Figure S1 and Table S1 in the supplementary material (SM) show
that the near-surface temperature is overestimated by the model in
VAMPIRE and VM stations with an rmse of 3.6 °C and 4.1 °C, respec-
tively. The mean bias was below 1.6 °C in both station for August 2014,
although it can be much larger during specific periods (see case study
below). Mean absolute biases between 0.32 °C and 2.5 °C were reported
in 3-day WRF forecasts by Saide et al. (2016) using the same version of
the model in the comparison of nine stations. The near-surface relative
humidity (RH) is mainly underestimated by the model in VAMPIRE and
VM stations, with an rmse larger than 20%. Nevertheless, the model
represents reasonably well the temperature and relative humidity
variability during the period, showing correlation coefficients between
0.6 and 0.7 at those stations. As a comparison, Saide et al. (2016) show
values for temperature between 0.7 and 0.91 for all stations. Figure S1
indicates that the model exhibits a hot and dry bias during daytime.
This is possibly related to a misrepresentation of the low-level cloudi-
ness that usually arrives from the ocean and covers the city, as will be
discussed below in the analysis of one of the high-pollution study cases.

The surface pressure at the VM station is very well represented by
the model, showing an rmse of 2 hPa and a correlation coefficient of
0.9. Figure S1 shows that the model represents reasonably well the
wind speed variability at the VAMPIRE station and at the other stations
(not shown). However, the model largely overestimates the maximum
wind speeds and underestimates several episodes of weak winds
(∼1 ms−1) that occur on several days during August 2014. This, in
addition to the complex topography of the region makes it difficult for
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the model to accurately simulate wind speed. In spite of that, most of
the time the u- and v-components of the wind show a reasonable cor-
relation coefficient (0.5–0.6) during the campaign. Saide et al. (2016)
obtained comparable values (between 0.5 and 0.9) for the comparison
of simulated wind speed. They mention that the smallest values were
observed for stations in central Chile when wind speeds were generally
low. Winds at the research site were also low most of the time during
August 2014, affecting the ability of the model to accurately represent
them. Overall, the performance of the model is good and comparable to
the results obtained by the simulations reported by Saide et al. (2016)
for stations in Chile. The performance of the model representing near-
surface variables and the evolution of the PBL height during two high-
pollution cases is discussed below.

5. Results and discussion

5.1. Composite synoptic conditions during high BC episodes

The eBC concentrations observed during the VAMPIRE campaign
were larger in August 2014 and March 2015 than in December 2014
and January 2015 (see Fig. 3 in the companion paper by Marín et al.,
2017). Periods of high eBC concentrations were found to be associated
with three distinct synoptic situations. The first was characterized by
weak easterly winds and low PBL height, due to an enhancement of the
temperature inversion before the arrival of the coastal low. This is the
most typical synoptic situation found by Rutllant and Garreaud (1995)
to be associated with severe pollution episodes in Santiago during
winter months. We note that this situation was observed not only
during winter but also in all four months of the VAMPIRE field cam-
paign. The second synoptic situation also shows low PBL heights and
corresponds to the case of a cold front approaching from the South and
the coastal low retreating to the North. The cyclonic circulations as-
sociated with the surface low and the coastal low, and the circulation
associated with the SEP anticyclone result in slow and divergent surface
winds in the region. Rutllant and Garreaud (1995) mentioned that this
less frequent situation was also associated with pollution episodes in
Santiago. This pre-frontal situation was observed during VAMPIRE only
at the end of July and August 2014 since cold fronts affect the region
mostly in the austral winter. The third synoptic situation associated
with high eBC concentrations occurred with the prevalence of stable
conditions and calm winds near the surface, with a very low gradient in
the mean sea level pressure over Valparaíso and nearby areas, and a
strong presence of the SEP anticyclone.

All three situations are consistent with a reduced synoptic forcing
during which the mesoscale sea-land breeze may become predominant,
likely advecting large pollutant concentrations from local/regional
emission sources to the field site. Furthermore, the reduced PBL height
and calm winds associated with these synoptic situations can lead to the
quite high eBC concentrations that were measured. At times, the eBC
concentrations measured were even comparable to values observed in
megacities like Mexico City (Retama et al., 2015).

Composite synoptic maps were constructed for a number of episodes
of high eBC concentrations, for each of the three synoptic situations
described above, to the nearest hour. Only episodes with eBC con-
centrations higher than the monthly 85th percentile (computed for each
of the months of the project) and lasting at least 6 h, were selected for
the composites. Table 1 shows the date and number of hours of selected
cases with eBC concentrations > 85th percentile, the observed averaged
eBC and PM2.5 values and the synoptic situation present during the
episode. Seven high eBC episodes following the above criteria occurred
during the four months of VAMPIRE field campaign, in which the
coastal low approached Valparaiso from the North (labeled Coastal low
in Table 1), three cases were associated with pre-frontal synoptic si-
tuations between the end of July and August 2014 in which the coastal
low was retreating northwards (labeled Pre-frontal in Table 1), and five
episodes were observed when stable conditions and weak westerly

winds were present under almost constant mean sea level pressures
(labeled SEP anticyclone in Table 1).

Composite maps for days with high eBC concentrations for the
Coastal low case (Fig. 2) describe the conditions before the arrival of
the coastal low to Valparaíso, characterized by weak winds from the
east-northeast due to the associated circulation (Fig. 2a). Relatively low
mean sea level pressure values (< 1014 hPa) and a weak surface
pressure gradient are observed in the region near the surface, the latter
favoring a weak synoptic forcing over the city. The static stability
parameter calculated at 850 hPa (Fig. 2b) shows the largest values in
the oceanic region where the coastal low is located. When the coastal
low approaches the city, its clockwise circulation favors the advection
of air masses from the East, which are compressed and warmed adia-
batically as they descend from the Andes to the coast. This process may
be related to the strengthening of the subsidence inversion along the
coast as the coastal low develops, mentioned by Garreaud et al. (2002).

Large values of the stability parameter are also present over the
coast of central Chile and further south, indicating the predominance of

Table 1
Day and number of hours, averaged PM2.5 and eBC concentrations, and the
synoptic situation present during the events of eBC concentrations larger than
the 85th percentile for each month during VAMPIRE. Rows in bold identify the
days discussed in detail as case studies.

Day [time UTC] PM2.5 [μg/
m3]

eBC [μg/
m3]

Synoptic situation

29 July 2014 [18, 24] 19.7 5.9 SEP anticyclone
31 July 2014 [6, 12, 18,

24]
26.8 6.6 Pre-frontal

4 August 2014 [12, 18, 24] 23.4 3.2 Pre-frontal
13 August 2014 [12, 18,

24]
14.4 4.5 Coastal low

16 August 2014 [6, 12] 17.6 6.5 Pre-frontal
3 Dec. 2014 [6, 12, 18, 24] 8.4 2.5 Coastal low
4 Dec. 2014 [6, 12, 18] 11.0 3.8 SEP anticyclone
11 Dec. 2014 [12, 18] 8.2 3.9 SEP anticyclone
12 Dec. 2014 [6, 12, 18] 11.4 3.0 Coastal low
3 January 2015 [6, 12] 9.0 2.5 Coastal low
8 January 2015 [6, 12] 16.8 3.6 Coastal low
13 January 2015 [6, 12] 12.7 3.0 SEP anticyclone
29 January 2015 [6, 12] 13.3 3.0 SEP anticyclone
13 March 2015 [6, 12] 21.3 5.2 Coastal low
15 March 2015 [6, 12] 22.8 7.7 Coastal low

Fig. 2. Composites of a) mean sea level pressure (hPa, solid lines), and wind
speed (ms−1, shaded colors) and wind vectors at 1000 hPa and stability para-
meter x 102 (shaded colors) at 850 hPa and b) geopotential height (m, solid
lines), relative vorticity stability parameter x 102 (KhPa−1, shaded colors) and
wind vectors at 850 hPa for the coastal low synoptic situation. The star shows
the location of the research site in Valparaiso. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the Web version of
this article.)
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stable conditions. This is also accentuated by the predominance of
ridging conditions with westerly winds at mid-levels over the region
(Fig. S3b). These synoptic scale features, which have been reported to
favor the increase of pollution levels in Santiago, also lead to poor air
quality in Valparaiso.

Note that the largest values of eBC for the Coastal low cases are
observed on 13 and 15 March 2015. The city of Valparaiso was flooded
those two days by the smoke plumes of active fires in the nearby hills
and thus, those days are not fully representative of pollution emitted by
the typical sources.

Composite maps for days with high eBC concentrations associated
with the retreat northwards of the coastal low due to the arrival of a
cold front from the south (Pre-frontal case) showed almost large-scale
calm over Valparaíso (Fig. 3a) and higher mean surface pressure
(> 1018 hPa) than in the Coastal low case. The static stability para-
meter calculated at 850 hPa shows smaller values in the city and the
oceanic surrounding region than in the Coastal low case (Fig. 3b), in-
dicating reduced synoptic-scale stability in the lower atmosphere
during this case. At mid-levels (not shown), the flow is characterized by
intense westerly winds associated with a mid-level ridge. This other
synoptic pattern has been associated with a deterioration in air quality
in Santiago and also similarly impacts air quality in Valparaiso.

Composite maps for days with high eBC concentrations for the SEP
anticyclone case show weak westerly-southwesterly winds over
Valparaíso associated with a low gradient of the surface pressure
(Fig. 4a). Mean sea level pressures in the region are higher on average
than those in the Coastal low case but lower than in the Pre-frontal
case. Similar stable conditions seem to be present at low levels as in the
Coastal low case (Fig. 4b). Westerly-to-west-northwesterly winds pre-
dominate at mid-levels (not shown) associated with the leading edge of
a mid-level trough. The average eBC value on 29 July 2014 (SEP an-
ticyclone case) is larger than that at 13 August 2014, which is the
Coastal low case that will be studied in detail below. Note that we did
not chose 29 July as a case study since eBC values during SEP antic-
yclone cases are in general lower than those during Coastal low and
Pre-frontal cases. The anomalously large value shown that day is re-
lated to not only to the influence of the SEP anticyclone but is a day in
a transition from the SEP anticyclone to the Pre-frontal synoptic si-
tuation.

The weak synoptic forcing and large-scale stability over Valparaíso
during these synoptic situations favor the accumulation of pollution
and poor ventilation in the city, contributing to the observed high eBC
concentrations and poor air quality in the city. A detailed analysis of the
local and/or regional circulations during two high eBC concentration
episodes (a Coastal low and a Pre-frontal case) is described below in
order to study their influence on the advection of pollution to the re-
search site.

5.2. Case studies

In this section, we highlight specific measurements made at the
research site during two days when maximum eBC concentrations were
observed: 13 August 2014 corresponding to a Coastal low case and 31
July 2014 corresponding to a Pre-frontal case. We selected the days
that show the largest values of eBC (not associated with forest fires)
among the coastal low and pre-frontal cases. We will also analyze the
synoptic conditions that favor these highly polluted episodes and de-
termine whether pollution comes from local or regional sources, aided
by WRF numerical simulations and back-trajectories with the Hysplit
model (Draxler and Hess, 1998; Draxler, 1999; Stein et al., 2015).

5.2.1. Coastal low case: 13 August 2014
The temporal evolution of local meteorological conditions and

particle pollution from 00 LT on 12 August to 00 LT on 15 August 2014
is shown in Fig. 6. A large increase in the PM2.5 measured at the SINCA
station in downtown Valparaiso and the PM2.5 derived from measure-
ments at the research site is observed during 13 August 2014 (Fig. 5a),
with eBC concentrations reaching values > 13 μg m−3. Note the good
agreement between the PM2.5 measurements in the city and at the re-
search site, suggestive of a city-wide situation, particularly during 13
August when eBC concentrations increase. Kavouras et al. (2001)
analyzed PM10 and PM2.5 in five cities, including Valparaiso. They re-
ported for Valparaiso mean annual concentrations of 77.5 ∓ 2.7 μgm−3

and 35.7 ∓ 1.8 μgm−3 for PM10 and PM2.5, respectively (see Table 1 in
Kavouras et al., 2001). The analysis of PM2.5 from the SINCA station in
Valparaiso during five years (2013–2017, not shown) shows the highest
values during winter months and the lowest values occurring during
summer, a similar seasonal evolution as reported for Santiago and other
cities in Chile (Yañez et al., 2017). These results do not agree with those
reported in Marín et al. (2017). The measurements made close to the
port at the VAMPIRE site, indicate elevated PM2.5 (and eBC) con-
centrations also in March (a period of very intense port activities),
which are not shown in the SINCA data.

Temperature increased to values larger than 21 °C and the relative
humidity (RH) decreased below 30% (Fig. 5b), indicating very dry and
warm conditions not generally associated with an austral winter day.
The WRF model represents well the temporal evolution of the near-
surface temperature and humidity at the field site but largely over-
estimates temperature and underestimates humidity over the 3-day
period (Figs. S2 a, b), showing large errors (Table S1). Low wind speeds
(< 2.5 ms−1) from the ESE, uphill from the port (see Fig. 1a), were
observed during the high eBC episode (Fig. 5a, c), while the ceilometer
indicated a shallow aerosol layer (< 500m) above the research site
(Fig. 5d). The PBL height estimated from ceilometer measurements
(black stars in Fig. 5d) is below 200 m in the early morning and then
increases during the day and the afternoon to a maximum altitude

Fig. 3. Same as Fig. 2 but for the pre-frontal synoptic situation. Fig. 4. Same as Fig. 2 but for the SEP anticyclone synoptic situation.
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lower than 500 m. The layer of aerosols trapped in a shallow boundary
layer due to the poor synoptic ventilation may have caused the increase
in pollution at the site. The large values of the extinction coefficient (in
red, Fig. 5d) seen during late 13 August indicate the presence of fog
over the research site throughout the night. As the denser stratus/
stratocumulus cloud moves over the research site, the ceilometer will
then determine the cloud-base (as was originally designed for) and no
longer will be able to determine the boundary layer height. Note that
the boundary layer height (indicated by black stars) show a sudden
change during the late morning of 14 August and there is total at-
tenuation of the laser beam at higher altitudes due to the presence of
denser clouds.

The cloudiness observed in the satellite image (Fig. 6a) relates to the
atmospheric conditions on 13 August 2014 at 18 UTC (14 LT) before the
arrival of the coastal low in Valparaiso, where the associated field of
low stratocumulus clouds is seen north of the city. Note that clear-sky
conditions predominate in parts of central Chile and the adjacent ocean
as a result of the influence of the SEP anticyclone and coastal low cir-
culations and the large synoptic scale static stability. The radiosonde
launched from Santo Domingo on 14 August 2014 at 00 UTC (13 August
at 20 LT) shows a PBL height lower than 700 m with dry and stable
conditions from the top of the PBL to mid-levels (Fig. 7a).

Large-scale, near-surface wind speeds that day are relatively high in
the oceanic region offshore central Chile at 18 UTC at the boundary
between the SEP Anticyclone and the coastal low circulations.
However, much lower wind speeds predominate in the city and the
inland surrounding areas as shown in Fig. 8a. A wide swath of low wind
speeds collocated at the center of the SEP anticyclone has been dis-
placed south around 42°S due to the coastal low southward displace-
ment. Relatively large values of the static stability parameter at 850 hPa
are shown in the ocean and along the central Chilean coast that day
(Fig. 8b). Garreaud et al. (2002) concludes that the atmospheric sta-
bility associated with the SEP anticyclone circulation is reinforced by
the circulation associated with the coastal low, whose minimum is lo-
cated northwest of Valparaiso at 18 UTC, bringing warm, adiabatically-
compressed subsiding air from the East (Fig. 8a). In addition, a mid-
level ridge is located over the region (Fig. S3), favoring an increase in
stability, enhancing the temperature inversion and lowering the PBL
height over Valparaíso.

Fig. 9a shows the diurnal evolution of the PBL heights estimated
from the ceilometer located at the VAMPIRE site and from the WRF
simulation at the nearest grid-point to the research site (only 236 m
away) and to the Santo Domingo radiosonde station (582 m away) for
three consecutive days (12–14 August 2014). In addition, PBL heights

Fig. 5. Temporal evolution (in LT) of a) eBC
(blue line) and PM2.5 at the research site
(solid black line) and PM2.5 from SINCA
station in Valparaiso (dashed black line), b)
temperature and RH, c) wind speed and di-
rection and d) extinction coefficient
(106 m−1) and PBL heights (black stars) es-
timated from the ceilometer, at the field site
for the period 12 August to 15 August 2014.
Curves are shown at 5-min averages, except
hourly PBL heights from the ceilometer and
PM2.5 values from SINCA station in
Valparaiso. Wind direction values for wind
speeds < 1 m/s were removed from the plot.
(For interpretation of the references to color
in this figure legend, the reader is referred to
the Web version of this article.)

Fig. 6. GOES visible images for a) 13 August 2014 at 18 UTC and b) 14 August 2014 at 18 UTC. Images downloaded from the site: http://www.sat.dundee.ac.uk/.
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estimated from two radiosondes launched at Santo Domingo on 13 and
14 August at 20 LT are also included in the figure.

The observed PBL height from the ceilometer showed a clear diurnal
evolution during 12 and 13 August 2014, varying from an altitude
lower than 200 m during the night and early morning to an altitude
close to 500 m during the day and afternoon hours. The PBL height
estimated by the WRF model at the field site represents the observed
PBL evolution reasonably well those days, except during the early hours
of 12 August, when it largely overestimates it and at the end of 13
August. However, it is important to note that in the first hours of 12
August, the ceilometer shows several layers, possibly from clouds,
which makes the estimation of the PBL height difficult. In fact, one of
the layers was close to 400 m, the height estimated by WRF for the top
of the PBL.

The PBL height during the morning of 13 August is a bit lower than
in previous days, favoring the observed increase of PM2.5 and eBC at the
research site before 12 LT. Note that the model represents very well the
evolution of the PBL height during those hours of maximum levels of

pollution. On 13 August at 18 LT, the observed PBL height increases
and a diurnal cycle seems to occur on 14 August at a higher altitude
than in previous days. The increase in PBL height from 18 UTC on 13
August to the end of 14 August is due to the arrival of the cloudiness
associated with the coastal low, as it is evident in the GOES satellite
visible image that day at 14 LT (Fig. 6b) and the ceilometer backscatter
profiles (Fig. 5d). The large discrepancy between the PBL height esti-
mated at the research site and at Santo Domingo may be related with
the coastal low closer to Valparaiso than to Santo Domingo, resulting in
a higher PBL height at the research site. The PBL parameterization in
the WRF model represents a PBL diurnal cycle on 14 August but fails to
show the increase in its height that day.

Marín et al. (2017) identified the dominant emission sources of BC
in August as diesel-fueled vehicles and wood-burning used for re-
sidential heating. Those two sources have a clear diurnal pattern: i)
morning rush hour between 07 and 10 LT, preceded by residential
wood-burning in the wintertime, and ii) evening rush hour slightly
ahead of the increased residential wood-burning emissions.

On average during August, winds at the research site exhibited a
clear diurnal pattern, changing direction from south to north between
00 and 12 LT and then changing back to south from 12 to 24 LT.
Moreover, maximum values of eBC in August were related to winds
flowing from the SSE-SE on average (see Figs. 3b and 11c in Marín
et al., 2017). On 13 August 2014, weak wind speeds (< 2.5 ms−1) were
observed during most of the day (Fig. 5c). The 10m wind vectors from
WRF simulations flowed mostly from the S-SSE downhill to the research
site and nearby inland areas during the morning (Fig. 10a). At 09 LT,
the local terrain-sea circulation merges with the synoptic forcing from
the coastal low and SEP anticyclone circulations. However, at that time,
wind vectors and positive vertical velocities indicate an incipient sea
breeze circulation going uphill on the western side of the bay, where
the research site is located, which converges with the terrain-sea cir-
culation. This line of convergence between the synoptic-scale downhill
flow and the mesoscale sea breeze circulation persists until late in the
afternoon around the bay (Fig. 10b). Furthermore, during the day, the
convergence line moves closer to and even higher on the hill than the
research site, likely contributing to the low wind speed values observed.

The WRF model was able to reproduce the mesoscale sea-breeze
circulation around the bay that day, as well as its interaction with the
synoptic-scale circulations. The large increase in PM2.5 and eBC during
daytime on 13 August may be due to the advection of pollution by the
sea-breeze circulation from the city/port uphill to the research site. A

Fig. 7. Skew-T diagrams from radiosondes launched at Santo Domingo station (33.65S, 71.61W) on a) 14 August 2014 at 00 UTC and b) 14 August 2014 at 12 UTC,
downloaded from the webpage: http://weather.uwyo.edu/upperair/sounding.html.

Fig. 8. Horizontal planes of a) sea level pressure (hPa, solid contours), wind
direction (arrows) and wind speed (ms−1, shaded colors) at 1000 hPa and b)
geopotential height (m, solid contours), and wind vectors at 500 hPa and the
static stability parameter at 850 hPa (KhPa−1, shaded color) on 13 August
2014 at 18 UTC (14 LT). Yellow stars show the location of Valparaiso. (For
interpretation of the references to color in this figure legend, the reader is re-
ferred to the Web version of this article.)
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Fig. 9. Temporal evolution (in LT) of PBL height estimated
from the ceilometer installed at the research site (blue
stars), from radiosondes launched on the 3-day periods (red
stars) and from WRF simulations at the nearest grid-point to
the field site and to the radiosonde launching site (Santo
Domingo, SD) for a) the coastal low (12–14 August 2014),
and b) pre-frontal (30 July - 1 August 2014) cases. Dashed
(dashed-dotted) blue and red lines represent the mean daily
minimum (maximum) PBL heights from 25 July to 31
August 2014 at the VAMPIRE site and Santo Domingo, re-
spectively. See the legend for details. (For interpretation of
the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 10. Horizontal cross sections of 10m wind vec-
tors and vertical velocity (ms−1) showing positive
values (solid lines) and negative values (dashed
lines) at intervals of 0.2 ms−1, for 13 August 2014
(coastal low case) at a) 9 LT and b) 19 LT and for 31
July 2014 (pre-frontal case) at c) 9 LT and d) 19 LT.
The cyan star shows the location of the research site
in Valparaiso. Shaded colors show the terrain height
in meters. (For interpretation of the references to
color in this figure legend, the reader is referred to
the Web version of this article.)

Fig. 11. Back-trajectories calculated with the Hysplit starting on 13 August 2014 at 08 and 20 LT and 14 August 2014 at 08 and 11 LT.
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number of studies in other parts of the world have shown how the sea-
breeze or lake-breeze circulations can transport pollution, affecting
urban air quality, with the strength of the circulation and its inland
penetration being particularly important (Harris and Kotamarthi, 2005;
Talbot et al., 2007; Brooks et al., 2013).

A large sheet of low stratocumulus clouds, detected in the radio-
sonde profile and satellite imagery, characterizes the trailing region of
the coastal low. The arrival of this cloudiness in Valparaiso on 14
August (clearly evident in the visible GOES image at 18 UTC, Fig. 7b)
provides a removal mechanism for the particle pollution via wet
scavenging, as evidenced by the rapid decrease in eBC concentrations
that day (Fig. 5a). Low and middle clouds are observed in the Santo
Domingo radiosonde profile, launched on 14 August at 12 UTC
(Fig. 7b), and are also indicated by the ceilometer at the research site
(Fig. 5d). In addition, colder temperatures, larger RH values and winds
flowing from the North, associated with the cyclonic circulation of the
surface coastal low, were recorded most of the day at the field site. The
WRF model shows the northerly change of the winds at the site but it
underestimates its magnitude (Fig. S2d).

Output from the WRF simulations were used to calculate backward
trajectories using the Hysplit model, initiating at 08 and 20 LT at the
research site on 13 August. The trajectories illustrate the arrival of
continental air masses at the research site at those times (Fig. 11), in-
dicating the stronger influence of the terrain-sea + synoptic circula-
tions associated with the SEP anticyclone and the coastal low. Con-
tinental air masses continued from the S-SE on 14 August at 08 LT but
the air masses were arriving at the research site after going over the city
and the port, located directly to the east of the research site. This sy-
noptic forcing from the east was probably associated with the circula-
tion of the coastal low, with subsiding dry and warm air from the
mountains. On 11 LT on 14 August the air masses arrive to the site from
the N-NW after going down from the hill, indicating the larger influence
of the sea-breeze circulation at that time of the day.

Rutllant and Garreaud (1995) identify the arrival of the coastal low
as the most frequent synoptic pattern associated with pollution events
in Santiago. Observed PM2.5 values from two SINCA stations in Santiago
(Parque O'Higgins and Las Condes) were compared with PM2.5 values at
Valparaiso to put the latter observations in context (Fig. 12). Note that
while the PM2.5 diurnal cycle at Parque O'Higgins (located in downtown
Santiago) and in Valparaiso coincide in time, concentrations were
substantially lower in Valparaiso during 13 August (Fig. 12a). On the
other hand, PM2.5 values at Las Condes, located at a higher elevation
closer to the Andes, were lower than those in Valparaiso that day. This
comparison highlights the importance of the measurements made
during the VAMPIRE field campaign, which demonstrate the high
pollution levels in the coastal city of Valparaiso. The observed synoptic-
scale conditions on 13 August favored high concentrations of pollution
in central Chile both at the coast and in the central valley where San-
tiago is located. However, the much larger PM2.5 concentrations ob-
served in downtown Santiago are related to its geographical location in
a valley surrounded by mountains that inhibit ventilation.

In summary, it is clear from the low PBL heights shown by the ob-
servations (ceilometer and radiosonde profiles) and the WRF simula-
tion, along with the weak wind and the predominant wind direction
during maximum eBC concentrations on 13 August, that these were all
favorable conditions for high levels of pollution in Valparaiso as ob-
served. The low wind speeds observed that day were likely the result of
the interaction between the synoptic-scale circulation favoring down-
hill flow and the local uphill sea breeze. As a result, a convergence line
forms higher up on the hill, close to the research site, favoring the ar-
rival of polluted air masses from the port and/or the city. The arrival of
the coastal low on 14 August, with its circulation and associated clou-
diness, led to the observed eBC decrease at the research site.

5.2.2. Pre-frontal case: 31st July 2014
Valparaiso was under the influence of the surface coastal low on 30

July 2014, as evidenced by the low temperature, large RH (close to
100%) (Fig. 13b) and the strong signal in the backscatter profile
(Fig. 13d). The synoptic situation indicated the presence of a cold front
approaching the region from the south, which resulted in the coastal
low being displaced northward on 31st July 2014, with the associated
temperature increase and RH decrease at the research site (Fig. 13b).
Very high particle pollution levels were recorded on 31 July, with PM2.5

concentration at the research site in Valparaiso exceeding 80 μg m−3

early in the morning and up to 120 μg m−3 around mid-day (Fig. 13a).
The PM2.5 time series at the research site and the SINCA station in
Valparaiso both indicated three peaks on 31 July around 01, 11 and 21
local time (LT). As presented in Marín et al. (2017), the eBC sampled at
the research site showed a very good correlation with PM2.5 at the
SINCA station and on 31 July, the corresponding peaks in eBC around
11 and 21 LT exceeded 15 μg m−3 (Fig. 13a). In order to put these
observations in context, the diurnal evolution of mean August 2014 eBC
concentration showed only two peaks: one after sunrise during the
morning rush hour and another after sunset, linked to early night rush
hour and wood-burning for residential heating (Marín et al., 2017). The
monthly-mean diurnal cycle is consistent with the eBC peaks observed
at 11 and 21 LT on 31 July 2014. Large eBC values at 01 LT were also
likely associated with residential wood-burning, which is common in
some sectors of the city during nighttime in winter. The analysis of WRF
and Hysplit simulations will help to better understand this diurnal
trend.

Note that on 30 July, while eBC concentration was very low, much
lower than on 31 July, the PM2.5 concentration at the research site was
large, reaching up to 120 μg m−3. Also note that the site was immersed
in fog, with RH very close to 100% for about 12 h, indicated also in the
ceilometer data (shallow red color layer from the surface to 200 m). The
lack of correlation between eBC and PM2.5 during that time is indicative
of different particle sources and, given the presence of fog, it is likely
that the additional particulate mass may be related to the additional
water in the deliquesced particles (since particles were not dried prior
to sampling) and/or may be the result of cloud processing through
aqueous phase production of sulfate. Since no measurements were
made of the chemical composition of PM2.5 we acknowledge that this
latter statement is somewhat speculative.

A decrease in RH and an increase in temperature are observed at the
research site on 31 July (Fig. 13b) as the coastal low retreats to the
north. Weak winds (< 2.5 ms−1) were observed throughout the day at
the field site, predominantly from the southeast (Fig. 13c). The vertical
profile of the extinction coefficient at the research site showed an en-
hanced layer below 0.7 km from 10 to 12 LT (Fig. 13d, note that ceil-
ometer window became contaminated during the afternoon and eve-
ning). The PM2.5 and eBC peaks shown at 21 LT (Fig. 13a), suggest the
presence of a shallow aerosol layer in the city during the remainder of
the day.

When the synoptic-scale distribution of wind speed at 1000 hPa is
analyzed for this day, the above-mentioned wide swath of low wind
speed values from the central region of the SEP anticyclone, can be seen
located over Valparaiso and coastal central Chile (Fig. 14a). Much
larger wind speed values are shown over the ocean to the South and
North of this region of weak winds. The static stability parameter at
850 hPa shows larger values over the ocean, north of the city, asso-
ciated with the SEP anticyclone circulation (Fig. 14b). Stability values
at 850 hPa over the city are a little lower for this case than for the
coastal low case (Fig. 8b). Ridging conditions predominate at mid-levels
over the city (Fig. S4b), favoring subsidence and the decrease of the
planetary boundary layer height as is shown in Fig. 9b.

The boundary layer height values from 0 to 12 LT from the ceil-
ometer are larger than during the coastal low case, which may have
resulted from smaller values of the static stability parameter (at
850 hPa) for this case. PBL heights larger than 500 m within this period
of PBL heights below 300 m (0–12 LT) may be due to the presence of
clouds over the city because of the approaching cold front. The PBL
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height estimated from the WRF model at Santo Domingo was in close
agreement with the PBL height estimated from radiosondes launched on
31 July and 1 August at 20 LT, indicating a shallow PBL. The agreement
was poor on 30 July, with the model largely underestimating the PBL
height. The WRF model represents reasonably well the PBL height
evolution during the 3-day period at the research site, but it under-
estimated the PBL height during daytime on 31 July probably as a result
of misrepresentations in the cloud field.

The cold front was approaching Valparaiso from the South, and at
09 LT (13 UTC), the synoptic wind forcing was from the SW over the
ocean. At the same time, near the research site the land breeze flows
downhill to the bay mostly from the SW (Fig. 10c). A local cyclonic
circulation appears over the bay at that hour, bringing air masses from
the E-ESE to the site, in agreement with the observed S-SSE wind

direction observed (Fig. 13c). This circulation is likely the result of the
interaction between the synoptic-scale flow with the topography
around the bay and the mesoscale sea-land breeze. Note that wind
speeds are low all over, aided by a weak synoptic forcing. A backward
trajectory calculated with the Hysplit model in 31 July at 08 LT showed
that air masses arrive at the research site from the ocean to the SW and
downhill to the site in 1 h (Fig. 15). The eBC concentration is lower at
that time (< 10 μg/m−3), clear-sky conditions are shown by the ceil-
ometer profiles in the 0–2 km layer (Fig. 13d), and the GOES image
showed only high cirrus clouds over the site. The sea breeze from the
bay develops at 09 LT and by 11 LT, an intense sea breeze is shown in
conjunction with upslope flow that converges at the top of the hills that
surround the city.

The eBC concentration started to increase after 08 LT with a peak

Fig. 12. Temporal evolution of PM2.5 observations from SINCA stations in Valparaiso and Santiago (Las Condes and Parque O'Higgins), and PM2.5 observations from
the research site for a) the coastal low case from 12 to 14 August 2014 and b) the pre-frontal case from 30 July to 1 August 2014.

Fig. 13. Same as Fig. 6, but for the pre-frontal case from 30 July to 1 August 2014. White areas in panel d) represent time periods with missing or erroneous
ceilometer data.

D. Pozo et al. Atmospheric Environment 196 (2019) 164–178

174



between 10 and 11 LT coincident with the peak seen around that hour
in the monthly-mean eBC diurnal evolution (Marín et al., 2017). A
Hysplit backward trajectory initiated at 11 LT on 31 July showed that
air masses arrived at the site uphill and close to the surface from the
East going over the port 3h before. Before that, air masses recirculate
over Valparaiso bay likely linked to the cyclonic mesoscale circulation
around the bay previously mentioned, related to the land-sea breeze.
The PM2.5 increased between 10 and 11 LT at the SINCA station in
downtown Valparaiso and at the field site (Fig. 13a). High vehicular
traffic at and around that time likely caused the increase in PM2.5;
however, the much larger values observed at the research site were
likely mainly related to port emissions advected by the sea breeze that
persisted from the morning until late in the afternoon, after the land
breeze dominates.

At 19 LT, the cyclonic circulation still persists over the bay
(Fig. 10d). The PM2.5 from the SINCA station in Valparaiso shows a
peak around that time, coinciding with peaks in PM2.5 and eBC

recorded at the research site, but here the PM2.5 is larger than at the
SINCA station. The Hysplit backward trajectory initiated at 20 LT from
the research site shows air masses coming from the East over the port in
agreement with the near-surface wind field in Fig. 13c. The analysis of
back-trajectories suggests that advection from local pollution sources
such as the port may have contributed to large eBC concentrations
observed that day at the research site. Daily maximum values of eBC are
likely the result of air masses advected from the bay to the research site
by the sea breeze. In addition, the very weak winds observed and the
low PBL height -predicted by the model-, inhibited ventilation of pol-
lutants.

The importance of the mesoscale sea-land breeze circulation ad-
vecting polluted air to the research site, during a day of weak synoptic
forcing in Valparaiso, is highlighted in Fig. 12b. During this day of
favorable synoptic conditions for poor air quality in Valparaiso, the
PM2.5 concentration in downtown Santiago (O'Higgins station) is lower
than at the research site between 0 and 14 LT. This highlights that
under favorable synoptic-and meso-scale interactions Valparaiso can
experience larger concentrations of pollutants than those measured in a
megacity like Santiago. Also note that PM2.5 concentrations in down-
town Santiago continue to increase throughout the day due to large
emission sources, reaching close to 100 μg/m−3 in the evening rush
hour.

6. Conclusions

This study discusses the synoptic situations associated with cases of
elevated pollution, characterized by high eBC concentrations at the
research site during the four months of the VAMPIRE project. Cases in
which the concentration of eBC exceeded the 85th percentile were se-
lected to assemble composite synoptic situations, resulting in a total of
fifteen cases analyzed. These fifteen cases occurred during one of the
three prevalent synoptic situations identified and labeled as:

i) Coastal low characterized by weak east-northeasterly wind and
very low PBL height due to an enhancement of the temperature

Fig. 14. Same as Fig. 8, but for 31 July at 18 UTC, for the pre-frontal case.

Fig. 15. Back-trajectories calculated with the Hysplit model starting on 31st July 2014 at 02, 08, 11 and 21 LT. See legend for details. WRF simulations provide the
meteorological input to Hysplit.
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inversion before the arrival of the coastal low. Seven Coastal low
cases were observed not only during winter but in all four months of
the VAMPIRE field campaign, up to March. Rutllant and Garreaud
(1995) identified this situation as the most frequently associated
with severe pollution winter episodes in Santiago. The results pre-
sented here indicate an association of high pollution events in
Valparaiso prior to the arrival of the coastal low not only during
winter but also during December, January and March. It highlights
for the first time the importance of this meteorological situation in
air quality deterioration at the coastal site during summer and early
fall, associated with emissions from local sources of pollution.

ii) Pre-frontal also characterized by low PBL height, with a cold front
approaching from the South and the coastal low retreating north-
wards, associated with high pollution episodes in Santiago (Rutllant
and Garreaud, 1995). Three Pre-frontal cases were observed at the
end of July and August 2014, corresponding to the austral winter.
The combined sea-level pressure distribution from the cyclonic
circulation associated with the approaching cold front, the coastal
low and the circulation associated with the SEP anticyclone results
in slow and divergent surface winds in the region. Rutllant and
Garreaud (1995) identified this pattern as one less frequently as-
sociated with pollution episodes in Santiago. This study has con-
firmed that the situation also leads to high pollution episodes in
Valparaiso.

iii) SEP anticyclone characterized by large stability, very low gradient
in the mean sea level pressure and weak westerly-southwesterly
wind due to the dominance of the SEP anticyclone. Five SEP an-
ticyclone cases were predominantly observed during austral
summer as should be expected, with one additional case identified
in July.

All three synoptic situations are consistent with a reduced synoptic
forcing, in which the mesoscale sea-land breeze may become pre-
dominant, advecting large pollutant concentrations from local/regional
emission sources to the research site.

The high-resolution (1 km) WRF simulations performed as part of
the study successfully captured the mesoscale sea-breeze circulation
during days under weak synoptic forcing. This allows its use to study
the effect of the sea-land breeze circulation in the transport of pollution
over coastal cities in Chile and other parts of the world with similar
geographical and meteorological characteristics. The WRF model si-
mulated reasonably well the evolution of near-surface meteorological
variables in the region during August 2014, and the PBL height during
the cases studied. The rmse for temperature ranged between 3.6 and
4.1 °C, between 21.6 and 22.5% for RH and between 1.3 and 2.4 ms−1

for both wind components during August 2014. These model errors are
somewhat large and are related to the difficulty of simulating regional
circulations over complex terrain. New simulations at horizontal re-
solutions < 1 km should be carried out to improve the model results.
However, an elevation terrain model at a similar resolution would be
required.

The detailed analysis of two case studies, one Coastal low (13
August 2014) and one Pre-frontal (31 July 2014), highlights the in-
teraction between the synoptic-scale meteorological conditions (low
PBL height and weak wind speeds) and mesoscale flows advecting
polluted air, leading to quite severe cases of pollution in Valparaiso.
The results of the high-resolution WRF simulations allow the identifi-
cation of the particular air-mass trajectories that are associated with the
observed peaks of eBC at the research site under each case and also
provide support to the relative role of the different sources that con-
tribute to the high pollution values observed. Furthermore, the inter-
play between the synoptic conditions and the mesoscale circulation
identified during VAMPIRE provides evidence and insight that will aid
in future air quality forecasts for Valparaiso.

Operational WRF simulations are currently conducted every day by
the Chilean Weather Service and by the regional Navy Weather Service.

While there are currently no plans for the implementation of an air
quality forecast system in Valparaiso, such a system could combine the
output from high-resolution WRF simulations supplemented by forward
trajectories (e.g. Hysplit). In cases in which the forecast is similar to one
of the three synoptic patterns discussed in this study, a series of mea-
sures could be devised by policymakers to avoid reaching the high
pollution that would ensue if no actions were implemented. Currently,
Valparaiso only has one PM2.5 monitoring station, which is not suffi-
cient to capture the variability in concentration that is associated with
the complex mesoscale circulations and more air quality stations would
be necessary for diagnostic as well as for validation purposes.

The study by Yañez et al. (2017) used regression techniques to show
that particulate matter in a few, land-locked cities in Chile, is largely
related to meteorological variables that could be used as predictors for
PM levels. In principle, a similar approach could be applied in Val-
paraiso, even though the emission sources would not necessarily cor-
respond to the typical urban conditions (e.g. port activities). The ob-
servations gathered during the VAMPIRE field campaign could be used
to generate a statistical observationally-based forecasting system to
predict pollution concentrations in the city. However, this approach
would require a larger dataset that the one gathered during VAMPIRE
for statistical robustness. Moreover, a larger number of meteorological
stations would be needed at different sites for the method to be a re-
liable predictor of PM under complex topography.

Results from this study show that the mesoscale sea-breeze circu-
lation plays a key role in advecting pollution towards the city during
weak synoptic forcing. As other port cities in western South America
(e.g. Callao, Perú; Guayaquil, Ecuador) share similar climate and geo-
graphic characteristics as Valparaiso, the same processes may also be a
major contributing factor in poor air quality in those cities. High-re-
solution regional simulations with the WRF model would be highly
recommended to quantify the role of mesoscale circulations. A number
of studies have shown that the future climate is expected to have more
frequent episodes of stagnant conditions, due to more frequent high-
pressure systems and the decrease in the frequency of mid-latitude
cyclonic perturbations, responsible for increasing ventilation (Mickley
et al., 2004; Leibensperger et al., 2008; Jacob and Winner, 2009). The
synoptic patterns identified in this study are associated with stagnant
surface conditions, which could be more frequent in the future, nega-
tively impacting on the air quality of Valparaiso.
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