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Abstract: An increase in the frequency of wildfire occurrence is predicted in all climate model esti-
mates, implying significant health impacts, due to the emission of combustion products. Application
of pollutant dispersion models at strategic and operational levels is imperative for safety reasons and
for compliance with European Civil Protection Mechanism policies. Here, we describe the dispersion
of smoke from the forest fire of Penteli-Attica (Greece) on 19 July 2022, which burnt a total area
of 2781.7 hectares. High-resolution dispersion simulations, air-quality measurements, and remote
sensing observations are used to describe the transport of smoke and facilitate effective smoke control
in areas where air quality impacts are likely to be significant.
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1. Introduction

The smoke produced by forest fires is particularly harmful to people’s health, even
affecting those who are not close to the fire front. With the smoke produced in a fire
consisting of a complex mixture of gaseous, liquid, and solid components (gases, volatile
organic compounds, and particles), exposure to these components can cause acute, short-
term and long-term health effects. The effects of a forest fire are therefore multiple and
are not only limited to the immediate threat to human life, as well as destruction of the
environment and property, but also extend to the danger from smoke. According to
the Guide for Public Health Officials that is developed by the California Department of
Public Health (CDPH) with input from individuals in several other government agencies
and academia, the recommended actions for the protection of people from the harmful
effects of biomass burning particles can be divided in six categories based on the ambient
concentration of PM; 5 aerosols, as shown in Table 1. It should be noted that the safety
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levels for PM; 5 concentrations vary depending on the measurement interval. Levels are
higher for an average of 1-3 h compared to an average of 24 h. As the fire strongly affected
certain areas for a short period of time, safety levels for an average period of 1-3 h were
used (Table 1). In this regard, we analyze the smoke dispersion properties from a major
wildfire event that occurred in the suburbs of Athens megacity, and we discuss the possible
effects for the almost 4 million inhabitants of this area. In Section 3, we describe the course
of the wildfire event and the related activities at operational level. Section 3 also includes
an analysis of the measurements, observations, and simulations of the smoke dispersion.
In Section 4, we provide the conclusions of the study and recommendations for operational
services and policy makers.

Table 1. Recommended Actions for Public Health Officials.

Category PM; 5 (ug/m3, 1to3 havg.) Recommended Actions
Good 0-38 If smoke event forecast, implement communication plan
— Issue public service announcements (PSAs) advising public
Moderate 39-88 about health effects/symptoms and ways to reduce exposure
— Distribute information about exposure avoidance
— If smoke event projected to be prolonged, evaluate and notify
Unhealthy for possible sites for clean air shelters

Sensitive Groups

-1
89-138 — If smoke event projected to be prolonged, prepare

evacuation plans

Unhealthy

— Consider “smoke day” for schools (i.e., no school that day),
139-351 possibly based on school environment and travel considerations
— Consider canceling public events, based on public health and
travel considerations

Very Unhealthy

— Consider closing some or all schools

352-526 iy
— Cancel outdoor events (e.g., concerts and competitive sports)

Hazardous

—  Close schools
— Cancel outdoor events (e.g., concerts and competitive sports)
>526 — Consider closing workplaces not essential to public health
— If PM level projected to continue to remain high for a
prolonged time, consider evacuation of sensitive populations

Source: Adapted from Ref. [1]

2. Description of the Wildfire Event

The fire broke out with two outbreaks at 17:19 local time (LT) (14:19 UTC), in the
afternoon of Tuesday on 19 July 2022 at the location “Vayati”, in Daou Penteli (38.0633° N,
23.90225° E). The fire spread from the higher altitudes of Penteli mountain towards the
lower ones, expanding at high speed due to strong north winds, on the southern and
south-eastern slopes, reaching the outskirts of the settlements of Palea Penteli, Gerakas,
Anthousa, Pallini, and Dioni. From the Daou area, the fire reached the beginning of the
settlement in Drafi in less than two hours. The fire spread by moving in two directions: the
first towards Penteli, and the second south and east towards the settlements of Anthousa,
Dioni, and Dasamari (Figure 1). For all the above settlements, a precautionary evacuation
order was issued through the 112 application, with police officers assisting in the evacuation
operations of residents.
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Figure 1. Map showing the perimeter of the fire in Penteli, as well as the points where there are active
fronts on 20 July2022, 10:47 (LT), NASA’s Fire Information for Resource Management System (FIRMS).

According to the Fire Service, 600 evacuations to a safe place were carried out by police
forces and a total of 5 evacuation messages were sent via 112. Specifically, the messages
were sent at 02.00 (LT) for the area of Penteli and around the 414 military hospital, at
02.50 (LT) for the eastern areas of Gerakas, at 04.30 (LT) for Voula Pikermi and Panorama
of Pallini, at 05.20 (LT) for Pallini and Nea Pallini, and at 06.05 (LT) instructions were sent
through 112 to avoid moving on Marathonos Avenue, from Attiki Odos junction to Pikermi,
due to the fire in the area. The two fronts entered the residential areas of Drafi, Penteli,
Anthousa, Anthousa, Dioni, Dasamari, Palea Penteli, Gerakas, Voula Pikermiou, Panorama
of Pallini, Pallini, Nea Pallini, and the Pedon Hospital of Penteli, PIKPA, and found fertile
ground for expansion and fuel from uncleared parts of the settlements, accumulated dead
branches, and tall grasses. The “ring” of fire caused a large “mushrooming” of smoke,
which made water drops difficult or impossible. Helicopters were operating between the
houses and the scattered fire outbreaks, making targeted drops, but to no avail. At dawn,
and while firefighters were battling on the ridge of Penteli and in the area of the children’s
hospital, the fire changed direction. The flames moved again towards Drafi, Anthousa,
reaching Pallini and Marathonos Avenue. In the morning hours of 20 July 2022, the fire
was in suppression.

Regarding the reaction of the state mechanism to the Penteli fire, a full picture is given
of the preparations that were made and of the operation to suppress the large fire. Specif-
ically, it is first emphasized that a Fire Risk Forecast Map had been issued the previous
day (July 18), according to which Attica was in category 4 (very high risk of fire). At the
beginning of the incident (17:19 L.T.), the activation of the fire brigade was immediate. In
total, this included 485 firefighters, with 28 hand crews teams and 120 fire engines. Fur-
thermore, 28 Romanian firefighters were also involved, while the mobile operational center
of the Fire Service’s “OLYMPOS” was also deployed on the ground. In total, 26 air assets
were operated, including 16 aircraft and 10 helicopters. At their maximum deployment,
19 air assets were operating simultaneously. In addition, the total area affected by the
fire that broke out on July 19 in Penteli and spread to areas of eastern Attica amounted to
2781.7 hectares. These figures were extracted from a survey carried out by the European
Union’s Copernicus/Emergency Management Service-Mapping service.

The smoke from the Penteli fire was transferred southwards by the prevailing north
winds (Figure 2) and, as seen in the METEOSAT-11 satellite images, the smoke plume
extended at least 400 km south—-southwest, towards the sea of Kythera and the Cretan Sea.
The dispersion of smoke particles along with the air-quality measurements are described in
the following sections.
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Figure 2. Airborne photograph of the smoke plume (left); METEOSAT-11 images at 19 July 2022
17:00 UTC and 20 July 2022 04:00 UTC (center and right, respectively).

3. Smoke Dispersion

The dispersion of smoke from the Penteli wildfire is described based on air-quality
measurements from the National Observatory of Athens stations network, atmospheric
modeling with FireHub FLEXPART-WREF system, METEOSAT-11 satellite observations,
and lidar remote sensing at the Antikythera PANGEA station.

3.1. Air-Quality Measurements

The Atmospheric Physics and Chemistry Group (APCG) in NOA use sensors and
Internet of things (IoT) technologies, aiming to provide reliable real-time information for
citizens, to support air quality management authorities in decision making, and improve
characterization of personal exposure to ambient pollution and its determining factors.
As one of the services provided by the YPATIA, the operational unit of NOA, the APCG
has installed a network of over 25 low-cost PM; 5 optical monitors (PurpleAir PA-II) in
residential locations in the Greater Athens Area.

Athens International Airport (AIA) continuously monitors air quality and meteorolog-
ical conditions, both within the Airport fence and in the adjacent communities. In addition,
emissions of air pollutants from all relevant airport sources are assessed, while measures
are taken to reduce these emissions where possible. AIA’s monitoring equipment includes
an air quality monitoring network (AQMN), which consists of five permanent monitoring
stations installed in the neighboring areas of Glyka Nera, Koropi, Markopoulo, Pallini,
and Spata.

As seen in Figure 3, on 19 July during the initial stages of the fire, the concentration
of PMj, 5 particles reached 54.5 pg m 3 at Pallini station at 15:00 UTC and 68.5 ug m3
at Vouliagmeni station at 17:00 UTC. These stations are located about 7 km and 30 km
downwind of the fire front, respectively. The air quality measurements during the evening
and night hours indicate a further increase in particle concentration, namely 57 pg m >
at Pallini at 21:00 UTC, 19 July, 120 pg m~3 at Vouliagmeni (01:00 UTC, 20 July 2022) and
221.5 pg m—3 at Koropi at 04:00 UTC, 20 July 2022.

PM2.5 concentration (pug/m?3)

240

505 —=—Paleo Faliro ~-Glyfada
Vouliagmeni Glyka Nera
Ki i Mark |
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Figure 3. PM; 5 concentration (ng/ m?) at NOA and Athens Airport station networks.
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3.2. Dispersion Modeling

The spatiotemporal evolution of smoke dispersion was described using the FLEXPART-
WRE FireHub platform [2,3]. The WRF model was configured with four grids, as shown in
Figure 4. The external domain had a 13.5 x 13.5 km grid space, and the two-way nested
domains used a 4.5 x 4.5km, 1.5 x 1.5 km, and 500 x 500 m grid space analysis. Such high-
resolution atmospheric modeling was required in order to resolve the fine scale motions of
the air masses that governed the smoke dispersion over the complex Attica terrain.

45°N

40°N

35°N

30°N

10°E 15°E 20°E 25°E 30°E

Figure 4. WRF model domain setup: Grid 1 (13.5 x 13.5 km), Domain 2 (4.5 x 4.5 km), Domain 3
(1.5 x 1.5 km), and Domain 4 (500 x 500 m).

The dispersion of the PM; 5 particles from the fire emissions was resolved with a
FLEXPART model that was offline, coupled with the WRF output fields. As seen in Figure 5,
the simulation reproduced the two distinctive peaks as measured at the two most affected
stations of Vouliagmeni and Koropi. The simulated PM; 5 concentrations at Vouliagmeni
are in good agreement with the corresponding measurements (about 50 ug m~3 on 19 July
and 100 ug m~—3 on 20 July). The modeled concentrations at Koropi are in good agreement
with the station measurements for the 19th of July. The severe peak on 20th July was
also reproduced in the model, reaching up to 402.68 and 374.57 ug m 3 at 01:00 UTC and
02:00 UTC, respectively. However, the station measurements were disrupted at 02:00 UTC
and 03:00 UTC, and it was not possible to determine if such high concentrations were
actually detected at this station. The spatial distribution of smoke was characterized
by a relatively narrow and very directional plume towards the SSW (Figure 6), which
explains why most urban areas remained unaffected by the fire smoke. The vertical extent
of the plume was constrained by the planetary boundary layer (PBL) inversion at about
1.7 km. Such a deep PBL favors the long range transport of smoke from coastal areas when
the continental air mass slips above the shallower marine layer [3]. The modeled PM; 5
smoke plume extended from the firespot towards the Aegean and reached the Antikythera
PANGEA station in the evening hours of 19 July 2022, as seen in Figure 7. The biomass
burning particles from the Penteli fire were detected at the lidar station at heights 0.5-2 km
and are indicated as Aerosol Small type in Figure 8.
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Figure 5. PM, 5 concentrations (ug m~3) from air-quality measurements (Vouliagmeni, Koropi) and
FLEXPART-WRF simulations (FLEX_VLG, FLX_KOR) at the two most affected locations.
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Figure 6. Dispersion of PM, 5 particles (in g m~3) at the public health relevant scale of Table 1, at
01:00 UTC, 20 July 2022. Left: Station interpolation. Right: FLEXPART model.
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Figure 7. Vertically integrated concentration of modeled PM, 5 particles (mg m~2) at 18:00, 19:00,
20:00 UTC, 19 July 2022 (upper row), and 21:00, 22:00, 23:00 UTC, 19 July 2022 (bottom row).
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Target classifications from pollyxt_noa at Antikythera
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Figure 8. Polly-XT lidar characterization of detected aerosol type at PANGEA Antikythera station,
19 July 2022, 18:00-23:59 UTC.

4. Recommendations and Actions at Strategical, Tactical, and Operational Levels

The smoke produced by forest fires is particularly harmful to people’s health, even
affecting those who are not close to the fire front. Examining the forest fire in Penteli and
the measurements of gases and particles from measuring stations near the fire, one notices
that the concentrations of PMjy and PMj, 5 (air pollutants particularly harmful to human
life and the environment) were almost four times higher the day after the fire, on 20 July.

Due to very strong winds, the smoke from the fire moved quite directionally and
affected a narrow area of Attica. Indeed, the stations of Paleo Faliro, Glyfada and Glykon
Neron did not measure an increase in pollutants and the concentrations of PMjg and PM; 5
were low. In contrast, the stations of Koropi and Vouliagmeni, which were on the line
of the smoke path, measured a large increase in pollutants, above the alert thresholds
(unhealthy category according to Public Health Officials). The positive thing was that, due
to the strong winds, the smoke moved quickly and did not remain stationary in a particular
area. This is evidenced by the fact that the maximum PM; and PMj, 5 concentrations did
not last long. The negative was that, due to the low atmospheric inversion, the smoke
moved at low altitudes and affected residential areas with high concentrations. In areas
close to the fire, e.g., Penteli, the PM; 5 concentrations during the 24 h period may have
reached 400 or 500 micrograms per cubic meter, as the FLEXPART model calculated. This
air pollution was not concentrated in the Penteli area but spread over a very long distance.
It was detected in Antikythera, as measured by the PANGEA station. One protection
measure would be to remove the population from the areas where a forest fire has occurred,
as happened. Close to the fire front one is in immediate danger from the smoke, but the
health burden is also very high. The evacuations were not only because the fire could have
been directed there but also for reasons of health protection against the smoke.
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