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ABSTRACT

Reduced visibility due to fog is a major disruptor of global air traffic, leading to flight cancella-
tions, delays and diversions. To enhance forecasting and mitigate these losses, a thorough
understanding of the physical mechanisms governing the life cycle of fog is essential. This study
aims to advance this understanding in Argentina, focusing on events where fog simultaneously
affected the operations of several airports and, therefore, all the air traffic of the country. Two
specific cases, one of extreme duration and one unexpected by forecasters, from different seasons,
were analysed using aeronautical meteorological observations (Meteorological Terminal Aviation
Report, METAR), radiosondes, Geostationary Operational Environmental Satellite-16 (GOES-16) satel-
lite images and European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis (ERA5)
reanalysis data. Satellite techniques for detecting low clouds and fog were particularly effective at
night but had limitations in distinguishing between fog and low stratus. The study identified multiple
mechanisms operating at various scales that contribute to fog formation and dissipation. Both
events were characterised by frontal passages — cold in the summer and warm in the winter —
accompanied by associated temperature and moisture advections. Various local factors, despite
similar synoptic conditions, influenced boundary layer processes at smaller scales, resulting in distinct
fog behaviour at each location. These findings highlight the complexity of fog forecasting, fog being
driven by multiple interacting processes across different scales, as well as the constraints of current
observational systems and numerical models.

Keywords: Argentina, atmospheric observation, aviation, ERA5, fog, forecasting, GOES-16,
METAR, meteorology, PBL.

1. Introduction

The World Meteorological Organization (1966) defines fog as a dense mass of small water
droplets suspended in the air near the surface that reduces horizontal visibility to less
than 1000 m. The phenomenon is called ‘mist’ when visibility is reduced to between 1000
and 5000 m. Although it can cause complications for many economic and human
activities, reduced visibility associated with fog at airports is one of the main disruptors
of air traffic globally (Croft 2003). Following safety measures to avoid incidents, cancel-
lation and delay of flights, and diversion to alternative destinations result in substantial
economic losses for airlines and airports (Gultepe et al. 2007). In this context, increasing
the understanding of the physical mechanisms that govern fog formation, evolution and
dissipation could benefit both aeronautical forecasters in operational practice and scien-
tists in developing tools to improve forecasting.

Recently, Lakra and Avishek (2022) reviewed more than 250 research publications
about fog and concluded that the complexity of forecasting fog is high owing to multiple
processes at different scales playing a role at multiple levels. Attributes such as synoptic
conditions, the climatology of an area, stability of the boundary layer, topography and
land use are key factors in the fog life cycle. As fog is formed when air approaches
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saturation, its formation can be led by a decrease in temper-
ature or an increase in moisture. According to the world-
wide literature, radiation fog is the most common type as it
is generated by the saturation of air as a result of nocturnal
radiative cooling under static stable conditions (Taylor
1917; Pilie et al. 1975; Roach et al. 1976; Meyer and Lala
1990; Roach 1995a; Baker et al. 2002; Haeffelin et al. 2013).
Fog can also be generated by the cooling of moist air from
below as it moves over a relatively cooler surface or layer of
air, and this is called advective fog (Roach 1995b; Baars
et al. 2003; Liu et al. 2016). As an example of fog formation
led by an increase in moisture, fog can result from the
evaporation of precipitation occurring hours earlier, regard-
less of the mechanism that led to precipitation (frontal,
convective, etc.; Petterssen 1969; Tardif and Rasmussen
2007). Another complex process responsible for fog forma-
tion is the gradual lowering of the base of low clouds.
Regardless of the cause of lowering, it may result from the
turbulent transport of cold air and moisture from the radia-
tively cooled cloud top to its base (Pilié et al. 1979;
Cereceda et al. 2002; Keim-Vera et al. 2024). Often, fog
occurrence has multiple causes and involves multiple pro-
cesses simultaneously. In addition to the primary physical
mechanisms driving fog formation, its development —
including dissipation or thinning, as well as deepening or
thickening — can be significantly influenced by factors such
as turbulence (both thermal and mechanical; Price et al.
2018; Maronga and Bosveld 2017), dew deposition (Li
et al. 2021, 2023; Weedon et al. 2024) and cloud cover
(Bergot and Guedalia 1994; Guo et al. 2021), among others.
Consequently, much research effort worldwide has focused
on examining complex fog cases to better understand the
interconnected physical mechanisms involved (Price et al.
2015; Hu et al. 2019; Beal et al. 2024; Gandhi et al. 2024).

Despite the considerable disruptions fog causes to avia-
tion in Argentina, research on this phenomenon at the
national level has been limited to a few specific regions.
Recently, efforts have focused on climatological studies of
fog at several major international airports in the country
(Schonholz 2015; Ruiz et al. 2018; Lapido 2019; Yabra et al.
2021a, 2023, 2024, 2025). These studies have improved the
characterisation of fog hours and events at each airport,
providing valuable information on frequency, duration,
intensity and persistence of fog events. Findings suggest
diverse behaviours likely tied to each airport’s geographic
location and topographical characteristics. However, given
the extensive range of latitudes, climates and topographies
across the country, it remains unclear whether distinct phys-
ical mechanisms govern fog formation, evolution and dissi-
pation at each site.

For that reason, this study aims to deepen understanding
of the mechanisms affecting the life cycle of fog at Argentina’s
main airports, with a focus on cases where fog simultaneously
affected multiple airports, leading to significant operational
challenges. The goal is to identify the mechanisms driving fog

formation, evolution and dissipation, as well as its spatial and
temporal variability, through two detailed case studies. Key
motivating questions include:

« Is the same main physical process simultaneously affecting
the entire study region?

« How much do local factors influence fog formation?

 Can similar synoptic conditions produce different types
of fog?

« Do synoptic and boundary layer mechanisms interact with
or counteract each other, and which is decisive for fog
formation or dissipation?

To explore these questions, surface and upper-air observations
are used, supplemented by European Centre for Medium-
Range Weather Forecasts (ECMWF) Reanalysis (ERAS)
reanalysis data sets (Hersbach et al. 2020), to study atmo-
spheric circulation at higher altitudes and analyse planetary
boundary layer (PBL) behaviour, after thorough validation of
data agreement.

In addition to fog formation, the evolution and dissipation
processes of fog are also of great importance for aeronautical
activity, as they are also implicated in modifications to flight
plans. In this regard, satellite images constitute an observational
tool capable of representing and monitoring the state of the
atmosphere and its evolution. This resource is the most used by
aeronautical forecasters in Argentina (Yabra et al. 2021b),
particularly the Geostationary Operational Environmental
Satellite-16 (GOES-16) satellite, which has been operationally
capturing the entire Argentine territory since 2017 (Schmit
et al. 2017). Worldwide, various techniques for fog identifica-
tion using some of its 16 bands have already been studied,
yielding promising results, especially during night-time hours
(Gultepe et al. 2021). However, radiation reflection during
daytime hours and high clouds overlaying fog may limit its
use. Therefore, the second objective of the present study is to
evaluate the correlation between satellite information and
surface observations for two fog events in Argentina by iden-
tifying fog from satellite images and products that have
already been used in other countries (Amani et al. 2019) in
order to validate them as a fog observational tool.

This research article is organised as follows. In Section 2,
the study periods and airports are detailed, and in Section 3,
the data sets used are presented. The calculation of variables
of interest and fog detection techniques based on satellite
information are described in Section 4. Section 5 describes a
validation of the reanalysis data set by comparing it with
surface and upper-air observations. The analysis of the
mechanisms involved in the first fog case (July 2020) is
addressed in Section 6 and is divided into three parts:
synoptical conditions, satellite images and local processes.
Similarities and differences found in the January 2023 case
with respecto to the first are discussed in Section 7. In
Section 8, results are discussed and synthesised, and the
conclusions of the work are presented.
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2. Study cases

The case studies chosen for this work correspond to fog events
that occurred on 18 July 2020 and 27 January 2023 in the
central-eastern region of the country. Both cases were selected
because they involved extensive fog cover that affected sev-
eral of the country’s major airports and because of the diffi-
culties in forecasting both its formation and dissipation.
Within the study region, the main airports that could have
been affected by this phenomenon were selected: Ezeiza,
Aeroparque, Rosario, Cérdoba, Mar del Plata in Argentina,
and Montevideo in Uruguay (Fig. 1). Although the study area
is sited in Argentina’s central region, it includes varied terrain
— mountains to the west near Cérdoba, plains in the middle, a
coastal area near Mar del Plata, and riverine regions close to
Aeroparque and Montevideo. Climatological studies indicate
that all airports exhibit a monthly and diurnal fog cycle, with
peak occurrences in fall (autumn) and winter during the night
and around dawn with very light and calm winds (Yabra et al.
2023, 2025). The exception is Aeroparque, where fog lacks a
consistent time pattern but is more frequent in winter, likely
owing to its proximity (less than 100 m) to the La Plata River,
making it more susceptible to advection fog or the advection
of fog already formed over the river (Vasques Ferro and
Ribero 2015; Yabra et al. 2021b). By contrast, Ezeiza airport,
located ~40 km inland, exhibits our first mentioned climato-
logical occurrence frequency. Mar del Plata and Montevideo
airports, also located near coastlines (~4 and ~3 km away
respectively) with urbanised areas in between, show fog char-
acteristics primarily associated with radiative processes.
Following the fog event identification criteria of Yabra
et al. (2025), these events can be classified as extreme based

on their duration (more than 13 h) and median visibility
(400 m). This is the case for Ezeiza airport during the first
selected study case, with a 29-h duration and 370-m median
visibility. Airports like Aeroparque and Mar del Plata do not
fall into this class owing to their visibility reduction, with
medians of 1302 and 926 m respectively, although they had
durations of 23 and 15 h respectively. However, stretches of
several hours in the fog events fall under the Low Visibility
Procedures (LVP; International Civil Aviation Organization
2023) category, as the visibility dropped below the minimum
thresholds, which vary depending on the airport, operations
and flights. This signifies the inability to land or take off,
leading to flight cancellations, delays or diversions to alterna-
tive airports. The selected airports are the most frequently
used alternatives for each other when the primary airport is
operating under LVP conditions. In this context, fog affecting
most of these airports poses a significant challenge for
Argentina’s aviation operations. Information on the effect
that the first event had on aviation activity in the region is
available but, owing to the significant restrictions imposed in
response to the COVID-19 pandemic during 2020, the value of
this information is limited. This event raises questions such as:

« What mechanisms contribute to the prolonged duration of
a fog event?

« How can two closely situated airports experience different
fog evolution patterns?

The January 2023 case lasted for a shorter period (6 h) but
strongly affected aviation operations at Ezeiza Airport. The
severity of the impact was increased by the lack of anticipa-
tion of visibility reduction in the forecast, which should have

- | [
Y DS A , (
b oA : Nl o ?
ses ) \\\\ 1 ; > 2500 30°5 | *\’/ W Brazil
(i EW/E £ 2000 \ SantaFe
28°8 R’ // ?v o £ 31°S e 2 // Province
PVt S c { .
3208 J‘ g \,/39 S as| { { E;tre.Rlos y
: 1/ 1000 > / rovince ¢ .
36°S - ; w o5 | Cérdoba ) ) 3 ';JIWVT\ -
/  Atlantic 500 33°S A 2 o i
08 S OCEEN Province Ny e . Zare
7 34°S e ‘
5 0
44°s o) v ~ o )o o1 01 3 o o /
76°W 72°W 68°W 64°W 60°W 56°W 52°W 48°W 44°W 35°S 1 C|ty of Buenos Aires
36°S
@ 1 Aeroparque (6.0 m) B i
€ 2 Coérdoba (474.0 m) 3795 | P
€ 3 Rosario (25.0 m)
@ 4Ezeiza (20.0m) 38°S |
€ 5 Mardel Plata (21.0 m) .
€ 6 Montevideo (32.0 m) 39°S1 =
40°S ;
67°W 65°W 63°W 61°W 59°W 57°W 55°W

Fig. 1.

Study area and location of selected airports along with their altitude above sea level indicated in parentheses. The

topographic information comes from the Digital Elevation Model (DEM) and HydroSHEDS from the SRTM mission (NASA
Shuttle Radar Topography Mission) (Rodriguez et al. 2005) with a horizontal resolution of 90 m.
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been predicted 24 h before (International Civil Aviation
Organization 2016), as it occurred during the austral sum-
mer, a season when fog is a climatologically rare event over
the selected airports (Yabra et al. 2023, 2025).

3. Data

To achieve the objectives of this work, surface and upper-air
observations, satellite images and reanalysis data sets were
used and are described below. The study area and the
selected airports can be seen in Fig. 1, and the study periods
cover 00Z 17 July 2020 to 23Z 19 July 2020 for the first
case, and 00Z 27 January 2023 to 23Z 29 January 2023 for
the second case.

3.1. Hourly in situ observations

For this study, hourly aeronautical meteorological reports
(Meteorological Terminal Aviation Report, METAR) from
the selected airports (Fig. 1) were used during both periods.
Once decoded, the values of the following meteorological
variables were extracted: air temperature, dew point temper-
ature, visibility, wind speed and direction, present weather,
QNH (barometric pressure adjusted to sea level), cloud cover
and cloud base height at three levels. Considering the hourly
resolution of these observations, an airport with 100% data
coverage would have a total of 72 observations for each
event. This is the case for Montevideo, Ezeiza, Cérdoba
and Rosario. Of the remaining airports, Aeroparque has
98.6% data available and Mar del Plata has 95.8%.

3.2. Radiosonde observations

Upper-air in situ measurements from radiosondes provide
essential validation for the reanalysis data set at different
altitudes. For the fog events studied, Cérdoba is the only
station that launched radiosondes during the first event.
Consequently, in this analysis, the wind and thermodynamic
vertical profiles from 12:00 hours UTC at Cérdoba were
obtained from the Wyoming Weather Web. These profiles
are examined in Section 5 to assess the alignment between
the observed data and reanalysis outputs.

3.3. Reanalysis

To study the synoptic, mesoscale and PBL processes that
might be influencing the life cycle of fog in the study
cases, ERA5 reanalysis data from the European Centre for
Medium-Range Weather Forecasts (ECMWF) was utilised
(Hersbach et al. 2020). This reanalysis data set has already
been used in similar studies of fog to analyse synoptic and
mesoscale processes in other regions (Andersen et al. 2020;
Zhao et al. 2020). Because it combines model data with
observations from different sources around the world, its
local representativeness would depend in part on the density
and number of available observations to be assimilated. It

has a horizontal resolution of 0.25 X 0.25°, a temporal
resolution of 1 h and a vertical resolution of 25 up to 750,
50 up to 500, and 100 hPa up to the top of the model
domain. Although this reanalysis provides the highest reso-
lution available for the region (~25 km), it may still fall
short in capturing topographic or very local effects.
Consequently, the analysis of turbulent fluxes (model para-
meterisations) and PBL processes presented in Section 6
serves as a qualitative approach for the actual mechanisms,
whose study remains challenging owing to the lack of accu-
rate observational data (with higher temporal and spatial
resolution, among other requirements).

The data were collected for both study periods. The vari-
ables extracted from this data set include temperature, geopo-
tential height, zonal, meridional and vertical wind components,
specific humidity, relative humidity and liquid water content.
Additionally, variables at specific levels were extracted, such
as air temperature and dew point temperature 2 m above the
ground, zonal and meridional wind components 10 and
100 m above the ground, surface sensible and latent heat
flux, cloud base height and friction velocity. The cloud base
height was estimated by identifying, from the second lowest
model level, the height at which the cloud fraction exceeded
1% and the liquid water content exceeded 1 x 10 °kgkg ™'
(Hersbach et al. 2020). The fog identified by the model at the
lowest level is not considered when defining cloud base
height. Regarding surface heat flux, according to the conven-
tions of the ECMWF, vertical fluxes directed downward are
expressed as positive numbers.

3.4. Satellite observations

To achieve the final objective of this work, satellite observa-
tions from the NOAA and NASA geostationary satellite
GOES-16 were used. In this work, data from the Advanced
Baseline Imager (ABI; Schmit et al. 2017) sensor are used,
which provides images every 10 min from 16 spectral bands
with spatial resolutions ranging between 0.5 and 2 km.
Specifically, Channels 2 (0.64 pm; visible), 7 (3.9 pum; short-
wave infrared), 13 (11.3 um; ‘clean window’ thermal infra-
red) and 15 (12.3 pum; ‘dirty window’ thermal infrared) from
the Level 2 product were employed, all with 2-km spatial
resolution. An explanation for choosing these wavelengths is
addressed in the following section.

4. Methodology

METAR can include information on cloud cover and cloud
base height corresponding to any of three different vertical
levels. Consequently, METAR may provide information on
mid and high-level clouds while omitting information on
low-level clouds if none are present. To synthesise this
information and ensure consistency with satellite images
and reanalysis data, a combination of these three levels
was used. For cloud cover, total coverage is defined as the

4
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highest value among the three reported cloud cover levels.
For the cloud base height, the absolute base is defined as the
lowest value among the three reported heights.

Whereas most of the variables used were obtained
directly from observations or reanalysis data, some variables
were derived from these for specific analyses. This is the
case with specific and relative humidity, potential, equiva-
lent potential temperature, and advections of temperature
and specific humidity. Another variable used in this work is
the Modified Richardson (MRi) number introduced by Baker
et al. (2002) for fog forecasting purposes, calculated as:

T-T,

MRi = — ey

where T is the temperature (°C) and and V is the wind speed
(knots) at the first vertical level of the model (1000 hPa) or
the first level above surface pressure if it is lower than
1000 hPa, and T, is the temperature 2 m above ground
level (°C). This quantity is used to represent dynamic stabil-
ity and turbulence in a layer immediately above the surface.
Although the former authors used the thresholds 0.025 and
0.04 to classify the boundary layer as mixed, neutral or
stable, in the present study, the temporal evolution of this
parameter is qualitatively evaluated and related to sensible
heat flux and friction velocity variations.

To address the final proposed objective, different images
and products were used for fog detection using satellite infor-
mation: two valid for night-time and one for daytime hours.
The first product evaluated has been commonly used for the
detection of fog and low stratus (without being able to distin-
guish between them) (hereafter FLS) for several decades (Eyre
et al. 1984; Cermak and Bendix 2007). This product uses the
brightness temperature difference (BTD) between the 11.3-
and 3.9-um wavelengths (Band 13 and Band 7 from ABI).
FLS is used at night to identify clouds composed of water
droplets. These clouds do not emit shortwave radiation at
3.9 um like a black body would, but they do emit longwave
(infrared, IR) radiation at 11.3 um. Therefore, low stratus or
fog shows positive values in this BTD. This product has a
strong limitation during daytime hours as the 3.9-um band
contains a daytime solar reflectance component. The second
technique is the red—green-blue (RGB) composite called Night-
time Microphysics, which combines three channels of the ABI
sensor (IR 3.9, IR 11.3 and IR 12.3 um) and uses three
components as input: (1) the BTD (IR 12.3-IR 11.3 um) to
help distinguish thick clouds from thin clouds, (2) the FLS
product to help separate fog or low water clouds from the
surrounding cloud-free surface, and (3) the IR 11.3-um chan-
nel to help separate dense clouds according to their top tem-
perature. It should be noted that the Nighttime Microphysics
RGB (hereafter ‘RGB’) product may not detect the fog or low
stratus layer if it is extremely thin or if it is covered by higher-
level clouds (e.g. cirrus). Also, as it uses the FLS product, it has
the limitation mentioned during daytime hours. Table 1

Table 1. Meaning of the colours found in RGB composition image.

Colour  Description Colour

Fog .
Very low, warm cloud .
Low, cool, cloud .
Mid water cloud .

High, thick, very cold

. Mid, thick, water or ice .
cloud cloud

describes the different types of clouds that can be distin-
guished with this product according to the colour shown.
The third technique is based on the analysis of images in the
visible range (Band 2, 0.64 um; hereafter VIS) during daytime
hours. In these images, low clouds (stratus or fog) appear
smooth (not textured) and with shades ranging from white
to grey, depending mainly on the size of the water droplets
(albedo) and the time of day (sunlight reflection).

Description

High, thin, ice cloud

High, very thin, ice cloud
High, thick cloud

High, thin cloud

5. Validation of ERA5 against in situ observations

To draw accurate conclusions about atmospheric behaviour
during the fog events based on reanalysis data, it is essential
to first validate these data for both surface and upper-air levels.
For the initial case study, a temporal comparison of selected
reanalysis variables with observations from METARs and radio-
sondes at Cérdoba airport was conducted, shown in Fig. 2 and
3 respectively. This airport was chosen owing to its complete
data availability and its location in complex terrain, providing
an opportunity to evaluate the impact of coarse spatial resolu-
tion on the analysis. It is important to note that these data sets
are not entirely independent as METAR and radiosonde obser-
vations should be assimilated into the numerical model to
create the reanalysis data set (Hersbach et al. 2020).

For surface validation (Fig. 2), dew point and air temper-
atures show good agreement between ERA5 data and obser-
vations on the first day of the analysis although there is
underestimation of the maximum northern wind speed.
However, by fog onset at this station (04Z on 18 July),
both temperatures are overestimated, and there is a discrep-
ancy in wind direction. This discrepancy could be attributed
to the reanalysis’ inability to accurately represent the orog-
raphy north of the station (see Fig. 1), which acts as a
mechanical barrier to northerly winds at lower levels.
From vertical profiles, it can be seen that there is no strong
disagreement in wind variables during the 3 days other than
a slight underestimation of wind speed maxima (Fig. 3). The
northern wind at the surface, absent in observations during
18 July, may explain the overestimated dew point tempera-
ture (Fig. 2). On the final day of the analysis, discrepancies
in wind direction and speed also result in an overestimation
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Fig. 2. Time series of air temperature (solid lines), dew point temperature (dashed lines), wind speed (solid lines, 1 knot = 1.85 km h™)
and wind direction (normalised vectors), QNH and cloud ceiling (1000 ft = ~305 m) at Cérdoba (first column) and Mar del Plata airport
(second column) using METAR data (in black) and ERA5 reanalysis data (in red) for the study case of July 2020.

of daytime temperatures. Discrepancies emerged for ERAS
cloud base height showing that when this information is
present in the METAR (only included when it could affect
the air traffic; International Civil Aviation Organization
2016), the estimation of cloud base height is strongly influ-
enced by this information. When no information is available
for its assimilation, the cloud base is estimated purely based
on its definition using fixed thresholds for liquid water con-
tent and cloud fraction (Hersbach et al. 2020). These thresh-
olds may be too large, leading to a significant overestimation
of cloud base height during the times without available
information. Additionally, because clouds in ERA5 reanalysis
are modelled, their accuracy is contingent on the micro-
physics parameterisations employed. Although the thermo-
dynamic profiles (Fig. 3) showed close agreement in air and
dew point temperatures at cloud base and inversion height,
discrepancies in cloud base height may stem from the mete-
orological observers’ limitations in visually estimating cloud
ceilings during night-time or foggy conditions.

To extend the surface validation to other stations that
might not be affected by the poor representation of complex

terrain, a similar surface analysis was performed for Mar del
Plata Airport (Fig. 2), which is situated on flat terrain but
near the sea coast. Unlike Cérdoba, Mar del Plata airport
shows an overestimation of northern wind speeds on 17 and
18 July. This leads to a slight overestimation of both dew
point and air temperatures during 17 July and the transition
between 18 and 19 July, though there are no clear differ-
ences in relative humidity content. Additionally, the
reanalysis shows good agreement with observations across
all variables on the final day of the first case study.

For the second fog case, a similar analysis — not shown —
indicated analogous findings to the first case. However, it
highlighted an overestimation of wind speed during periods
when calm conditions were recorded in observations.

6. Case study: July 2020 fog event

6.1. Synoptic setting and evolution

Fig. 4 and 5 show the evolution of atmospheric circulation at
the synoptic scale. From these figures, the conditions at fog

6



www.publish.csiro.au/es

Journal of Southern Hemisphere Earth Systems Science 75 (2025) ES25006

12Z - 17/7/2020

127 - 18/7/2020

127 - 19/7/2020

600

650 A

700 A

750 A

800

850

Pressure (hPa)

900 A

950 A

1000 A

\
|

4

e

e R N N N NNy Rgwume,

Pressure (hPa)

e

/

S A AL

Pressure (hPa)

W

r’e

»

A il A N

oA RN, N N\ N, N NS
D
<) A Y A

0 20 40
Wind speed (knots)

o
o]
o
o

20 40
Wind speed (knots)

80 0 20 40

600

650 A

700 A

750 A

800

850

Pressure (hPa)
Pressure (hPa)
Pressure (hPa)

900 A

950 A

1000 ~

-20 0 20
Temperature (°C)

-20 0 20
Temperature (°C)

-20 0 20
Temperature (°C)

Fig. 3. The first row displays horizontal wind speed (solid lines, 1 knot = 1.85 km h™) and direction (vectors) from
radiosonde observations (RAOB, shown in black) alongside ERA5 reanalysis data (in red) at Cérdoba airport. Similarly, the
second row presents the vertical profiles of air temperature (solid lines) and dew point temperature (dashed lines)
for comparison. Pressure levels (hPa) are shown on the vertical axis; approximate height above mean sea level is

1000 hPa = ~0 m, 850 hPa = ~1500 m, 700 hPa = ~3000 m, 500 hPa = ~5500 m.

onset show a warm frontal zone slowly moving southward.
This front is primarily sustained by the South American Low-
Level Jet (SALLJ; Campetella and Vera 2002; Yabra et al.
2022) and by the anticyclonic circulation in the Atlantic
Ocean at latitudes between 25 and 35°S (Fig. 4), which
induces a north-north-east flow at low levels on its western
side. The position of the baroclinic zone at 850 hPa relative to
the same zone at 975 hPa further north (Fig. 4a, c) allows
inference about the inclination of the frontal surface where
warm air overlaps relatively cooler air. It can be seen that this
front has strong warm advection behind it (Fig. 5a) and slight
moisture advection (Fig. 5¢) promoted by the large tempera-
ture and humidity difference between the two air masses
(Fig. 5d, j). At high levels, an increase in the upper-level jet
speed in the country’s central region coincides with the pres-
ence of the baroclinic zone at lower levels due to the thermal
wind relationship (Fig. 4e).

At the start of the event (06Z on 18 July), the warm front
began to cross the study region. Fig. 5d shows that at that

time, the airports of Ezeiza, Aeroparque, Cérdoba and
Rosario were still immersed in the cold air mass near the
surface. However, their humidity began to increase, transi-
tioning to that of the warm air mass (Fig. 5j).

The cold and dry air mass in the south of the country began
to be fed by the southerly flow formed as a consequence of the
eastward displacement of a low-pressure centre at mid and
low levels (Fig. 4a, c). The southerly flow south of the frontal
zone (Fig. 4g) resulted in the formation of a weak anticyclone
centred over the Buenos Aires Province, La Pampa and south-
ern Santa Fe, characterised by very weak winds (Fig. 5b). The
frontal zone was intensified by the light easterly winds and
coincided with the wind convergence axis at low levels and
the strong humidity and temperature gradient (Fig. 5e, k).

Towards the end of the event (12Z on the 19 July),
although anticyclonic conditions in the study region per-
sisted, the frontal zone began to weaken along with the
low-pressure centre in the South Atlantic and the upper-
level jet stream (Fig. 4b, d, f). The pressure began to increase
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slightly, although there is not a perfect match between the wind
directions observed at the Ezeiza, Montevideo, Cérdoba and
Aeroparque airports and the reanalyses (Fig. 2). This discrep-
ancy could be due to the difficulty of reanalyses in reproducing
the fluctuation of the frontal position over time or the lack of
higher spatial resolution in the reanalyses, which gives rise to
uncertainty regarding the precise location of the front.

64°W

48°W

56°W potential height (black contours) for the
o fog onset and fog dissipation times of
ims .
- the July 2020 case study. White dotted
70 lines represent the position of the front.

6.2. Satellite imagery

The satellite images produced with the RGB and FLS tech-
niques shown in Fig. 6 allow discrimination between clear
skies, low clouds, high clouds and deep clouds mostly during
the night (Table 1). Images preceding the onset of fog in
most of the airports show Buenos Aires Province, the La
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Satellite images taken by the ABI sensor onboard the GOES-16 satellite for the July 2020 case study. RGB product of Night-time

Microphysics (where light blue—cyan colours represent night-time fog; Table 1) (a—d). BTD (10.3-3.9 pm) where positive values represent
low clouds and fog during the night hours (e—h). Image VIS (0.64 pm) where white shading indicates the presence of clouds and dark areas

indicate clear skies (i, j).

Plata River and the sea covered by high, deep clouds (Fig. 6a,
e), aligned with the baroclinic zone at 850 hPa (Fig. 4 and 5),
where ascent and cloud formation occurred on the warm side
of the front. North of this region, two areas of low clouds are
observed — one over southern Santa Fe and western Entre
Rios provinces, and another over Uruguay (see Fig. 1).

At the start of the event (06Z), the high, deep cloudiness
in the central-western Buenos Aires Province shifted eastward,
following the low-to-mid-level wind direction (Fig. 4f). In the
province’s central region, the absence of high clouds corre-
sponds to a dry area (Fig. 5n), revealing a new FLS area
(Fig. 6b, cyan colour), though its full extent is obscured by
higher clouds.

The VIS images showed no ability to distinguish areas
with cloud cover before noon (15Z) because the tilt of the
solar radiation beam (especially in the austral winter) gener-
ates a decrease in the reflective component perpendicular to
the satellite measurement direction. During the afternoon,
this technique allows one to distinguish between low clouds,
identified as brighter areas, and high clouds with ice content,

identified as darker areas. VIS images during daytime on 18
July (Fig. 61, j) illustrate the FLS coverage, which is bounded
by the orography to the west near Cérdoba airport. By 18Z,
temporary dissipation was occurring over Cérdoba, Rosario
and Mar del Plata airports, while Aeroparque and Ezeiza
remained under FLS cover.

At 00Z on 19 July (Fig. 6¢, g), there is a reduction in
the area covered by high clouds and in their thickness,
while FLS coverage expands. Toward the end of the event
(Fig. 6d, h), the thinning high cloud cover reveals a vast FLS
area spanning Buenos Aires, La Pampa, southern Cérdoba
and Santa Fe provinces. The north-eastern boundary of this
area aligns with the front between cold and warm air masses
(Fig. 5f), placing airports on the cold side but within the
reach of moisture advected from the north (Fig. 5I).

6.3. Surface observations and PBL processes

Fig. 7 displays the time series of variables reported in
METAR messages for the event, and Fig. 8 presents the
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time series of friction velocity, MRi and surface sensible and
latent heat fluxes, alongside visibility observations for Ezeiza
and Rosario airports. Additionally, this figure includes the
evolution of vertical profiles for relative humidity, liquid
water content, potential temperature and horizontal wind.
The passage of the warm front prior to the fog event is
evident at the surface in the sustained north and north-east
winds across all airports, which persisted for 24 h at Ezeiza
and peaked at 21 knots in Cérdoba during the latter half of
17 July (Fig. 7). Surface observations also show an upward
trend in specific humidity and temperature, indicating the
advection of these variables from the north (Fig. 5). Visibility
started to decrease at c. 03Z on 18 July at Rosario and
Cérdoba airports (with precipitation at Rosario between
03Z and 06Z), whereas at Aeroparque and Ezeiza, the drop
was sharper, occurring at c. 06Z on the same day (Fig. 7). At
the time of reduced visibility at Ezeiza, Aeroparque, Rosario
and Cérdoba, there was a marked wind shift from north to
east and a drop of wind speed. The disagreement between
reanalysis and observations in the wind direction at this time
was already pointed out during the validation and can be
attributed to the anticyclonic circulation centred over

Ezeiza and Aeroparque

Rosario and Cérdoba

Buenos Aires Province depicted in the reanalysis 4 h later
(Fig. 5¢) inducing weak eastern circulation over the airports
mentioned. Mar del Plata and Montevideo experienced this
wind shift later, at 18Z on 18 July. Fig. 5f, n indicates that,
by this time, Ezeiza, Aeroparque, Cérdoba and Rosario
remained within a cold air mass near the surface but were
starting to experience an increase in humidity, transitioning
toward the characteristics of the warm air mass. This trend
aligns with surface observations (Fig. 7).

As seen in Fig. 8 for Rosario and Ezeiza airports, although
both stations remained on the cold side near the surface, the
sloping frontal boundary allowed warmer, more humid air
to overlay this cold layer. The resulting vertical turbulent
mixing along the frontal surface, driven by strong vertical
wind shear from c. 18Z on 17 July (Fig. 8), initiated down-
ward turbulent moisture flux bringing down the moisture
horizontally advected by the SALLJ. This effect is evident in
Fig. 8¢, d, where the zone of maximum liquid water content
and relative humidity descends with the lowering cloud base
at both airports between 18Z on 17 and 06Z on 18 July
(Fig. 7). Additionally, the sharp decrease in friction velocity
coincided with a reduction in visibility, signalling a decline
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liquid water content (g kg™, black contours at intervals of 0.05 g kg™) (¢, d), and vertical profile of potential temperature
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METARSs (g, h). Panels (a, ¢, e) and (g) belong to the grid point closest to Ezeiza airport, whereas panels (b, d, f) and (h)

correspond to Rosario airport. All plots correspond to the July 2020 study case.

in mechanical turbulence as surface wind speed diminished
(see the increase in positive MRi values, indicating stabilisa-
tion). Under saturated air conditions, this reduction in tur-
bulence is crucial for fog formation near the surface.
Positive surface sensible and latent heat fluxes observed
6 h before fog formation suggest radiative cooling at the
surface and a slight moisture contribution. However, the
near-zero values of these fluxes at the time of the visibility
drop indicate that surface processes were not the primary
drivers of fog formation, supporting the hypothesis that the
fog resulted from the cloud base lowering as a consequence
of horizontal advection and vertical turbulent flux of mois-
ture. Once established, the fog persisted even as turbulence
levels rose again (see friction velocity from 12Z), likely
owing to a stable, moist layer close to the surface that
continued to provide moisture to the lower levels.

The fog dissipation period at c. 18Z on 18 July at Cérdoba
and Rosario airports is evident in observations and satellite
imagery, which show these areas no longer covered by the
thick cloud layer associated with the frontal surface (Fig. 6j).
At Rosario, daytime surface heating and drying are indicated

by the negative sensible and latent heat fluxes, initiating
thermal turbulence at c. 13Z on 18 July. This process resulted
in the development of a convective boundary layer, charac-
terised by a uniform potential temperature profile by 18Z
(Fig. 8f). The observed surface warming and drying (evi-
denced by the decreasing relative humidity at 1000 hPa
from 13Z in Fig. 8d) likely played a key role in fog dissipation.
Although the reanalyses indicate Cérdoba remained within
the cold air mass (Fig. 5g), the observed increase in surface
temperatures on 18 July relative to the prior day (Fig. 7)
suggests a warming influence, likely because the airport was
positioned on the warm side of the frontal boundary. After
sunset at 217, clear skies facilitated radiative cooling at the
surface (evidenced by the downward sensible heat flux in
Fig. 8h), which led to the decoupling of the stable boundary
layer and an increase in static stability, as indicated by the
positive MRi (Fig. 8b). This stability suppressed the remaining
turbulence (see the decreasing friction velocity), allowing a
shallower fog layer to form again at c. 06Z on 19 July, though
with a delay (Fig. 8d). Unlike the initial fog period in Rosario,
which was driven by the cloud base lowering, this later fog
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event is more connected to the daily radiative cycle (see
maximum positive values in surface heat fluxes at the time
of fog onset; Fig. 8h). Similar secondary fog formation was
observed in Mar del Plata and Cérdoba at c. 21Z on 18 July, in
Montevideo at 00Z and at Aeroparque, where visibility
decreased again to under 5000 m.

Ezeiza, in contrast to Rosario, experienced only brief
periods of slightly negative sensible heat flux during the
day due to persistent cloud cover, indicated by elevated
liquid water content (Fig. 8c), observational data (Fig. 7)
and satellite images (Fig. 6). Consequently, fog in Ezeiza did
not dissipate during the day time and persisted into the early
hours of 19 July, as deep cloud cover weakened alongside
the front’s progression (Fig. 4 and 5). Aeroparque, located in
close proximity to Ezeiza, experienced intermittent periods
of fog weakening, likely influenced by slightly stronger
winds (Fig. 7) originating from the nearby river banks.

The fog eventually dissipated across nearly all airports at
c. 12Z on 19 July, 1-2 h after sunrise. By this time, all
airports except Mar del Plata were positioned on the warm
side of the front (Fig. 5h), with the frontal cloud cover no
longer affecting them (Fig. 8). Clear skies allowed radiative
heating at the fog top and surface (indicated by the negative
sensible and latent heat flux), which enabled thermal turbu-
lence to disperse the fog by the end of 19 July (Fig. 7, 6 and
8c). In Aeroparque, however, fog dissipation was associated
with drying from turbulent mixing induced by increasing
wind speeds and clearing skies (Fig. 7). In Cérdoba and Mar
del Plata, this mixing instead contributed to the elevation of
the fog layer (Fig. 7), forming low stratus clouds rather than
dissipating the fog (Fig. 6). The latter continued being
affected by slight moisture advection from the sea, contri-
buting to the persistence of low stratus (Fig. 8).

7. January 2023 fog event

The analysis of the second fog event is analogous to the first,
with Fig. 9, 10, 11, 12 and 13 reproducing mostly the same
variables as Fig. 4, 5, 6, 7 and 8 respectively.

At the start of this event, there was also a baroclinic zone
associated with a cold front, more notable in the fields of
equivalent potential temperature at 850 hPa (Fig. 9¢). This
baroclinic zone is also related to the position of the jet
stream at 200 hPa (Fig. 9¢) and corresponds to the high
and deep cloud detected in the satellite images prior to fog
onset (Fig. 11a, b, e, f).

The selected airports are located over the frontal zone in
the pre-fog period (Fig. 10d, j), thus explaining the large
variability in the wind observed at the surface and the
occurrence of precipitation during 27 January (Fig. 12).
Fig. 13 allows identification of the strong vertical wind
shear associated with the front at c. 950 hPa at 10Z on 27
January in Mar del Plata (Fig. 13f), where the flow has a
northerly component above and a southerly component

below. On the one hand, the warm air mass is associated
with a northerly flow mainly fed by the anticyclonic circu-
lation in the Atlantic Ocean, which induces a northerly flow
on its western flank and the presence of the North
Argentinean Low (NAL, Seluchi et al. 2003) over north-
west of the country (Fig. 9c). This circulation generates
slight warm but strong moist advection at 1000 hPa over
the north and east of the country (Fig. 10a) with a maximum
thermal gradient crossing the Buenos Aires Province
(Fig. 10e). On the other hand, the relatively cooler and
drier air mass to the south-east of Buenos Aires Province is
associated with a southerly flow due to the eastward dis-
placement of the cold front at low levels. It can be seen that
the greatest contrasts in the air masses at these levels are
mainly associated with the difference in specific humidity
and, secondly, the temperature difference (Fig. 10e, m).

The cold advection associated with the passage of the
front favoured the formation of post-frontal anticyclonic
circulation at low levels over the Argentine Sea, just south
of Buenos Aires Province (Fig. 9b). This new circulation was
responsible for the wind shift to the south-east at the airports
studied (Fig. 12). Fig. 10a highlights the advective role of this
wind direction, which splits the warm and moist air mass in
two, leaving a relatively cooler and more humid region in the
north of Buenos Aires province, south of Entre Rios, Santa Fe
and Coérdoba. The cold advection is consistent with the mini-
mum temperature observed in Ezeiza, Aeroparque, Cérdob
and Rosario between 06 and 127 on 28 January (Fig. 12).
In a region characterised by high specific humidity (Fig. 10j,
k), the advection of colder temperatures leads to air saturation
locally as it moves (Fig. 10g, h). This advection also agrees
with the fog region identified in satellite images (Fig. 11b—d,
f-h). In addition to the cold advection, Fig. 13 shows that the
sensible heat flux and MRi in Ezeiza become slightly positive.
Surface cooling contributed to generating a stable layer with
weak winds, enabling the saturation of air near the surface
(Fig. 13c) and the formation of fog in Ezeiza. Unlike the
previous case, friction velocity did not show a significant
decrease that could be related to the cessation of turbulence
in the boundary layer. The evolution of surface sensible heat
flux after 12Z on 28 January shows increasing turbulence
(Fig. 13a) and warming (Fig. 13e) near the surface consistent
with the upward sensible heat flux. This process forces the fog
layer to weaken and ascend, as observed in the humidity and
liquid water profile (Fig. 13c), consistent with the observa-
tions (Fig. 12).

Regarding Mar del Plata airport, Fig. 10 shows it is the
first airport affected by the south-easterly and easterly flow,
but with higher speeds than Ezeiza and Aeroparque airports.
This airport is positioned over the convergence zone that
favours a strong specific humidity gradient (Fig. 10m-p).
This wind shear leads to the formation of mechanical turbu-
lence consistent with the local maximum in friction velocity,
which contributes negatively to fog formation. The cloud
cover prevents strong daytime heating (see the short period
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of upward sensible heat flux in Fig. 13h), while the east wind,
sometimes more intense near the surface than at higher levels,
helps to cool the entire layer below 900 hPa. During 28
January, it can be seen that the airport is immersed in the
cold air mass (Fig. 10h) at low levels whose specific humidity
decreases as the post-frontal anticyclone moves eastward

(Fig. 10j), consistent with observations (Fig. 12). By the end
of 28 January and the beginning of 29th, there is a lack of
high cloud cover and drying of the air except for the layer
below 975 hPa (Fig. 13d). In this layer, cooling can be
observed during the night associated with positive sensible
heat flux, leading to slightly positive MRi values accompanied
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Satellite images taken by the ABI sensor onboard the GOES-16 satellite for the January 2023 case study. RGB product of Night-

time Microphysics (where light blue—cyan colours represent night-time fog; Table 1) (a—d). BTD (10.3-3.9 pum) where positive values
represent low clouds and fog during the night hours (e—h). Image VIS (0.64 um) where white shading indicates the presence of clouds

and dark areas indicate clear skies (k, ).

by a decrease in turbulence (local minimum in friction veloc-
ity; Fig. 13b) at the time of fog formation (Fig. 13h). The
improvement in visibility at 11Z coincides with the increase in
negative sensible heat flux and MRi. The surface heating
enables the formation of a convective boundary layer consist-
ent with the increase in friction velocity and the homogenisa-
tion of the potential temperature profile at 18Z. The
dissipation of fog in Mar del Plata is associated with its base
drying once convective turbulence begins, while the upper
layer of fog persists and is forced to ascend in the form of low
clouds before eventually evaporating (Fig. 13d).

8. Discussion and conclusions

This study discusses the mechanisms influencing the life
cycle of fog at major airports in Argentina, particularly
during events where fog simultaneously extends across a
wide region, affecting multiple airports. Two case studies
from different seasons were selected, characterised by great

difficulty in forecasting and significant variability in mete-
orological conditions at nearby airports. To conduct this
study, sets of surface and upper-air observations, GOES-16
satellite images and ERA5 reanalysis data were used. The
reanalysis data were validated against available surface and
upper-air observations and showed a reasonable degree of
agreement with actual conditions, more accurate at height
than at the surface. By contrast, satellite techniques for detect-
ing low clouds and fog proved efficient, as there was agree-
ment between what was observed and what was reported in
the METAR, especially during night-time hours. However, the
presence of overlying cloud obscures any low cloud or fog
layer, limiting its use as an observational tool. Furthermore,
the distinction between low cloud and fog at night and their
identification during transition hours present significant chal-
lenges for these techniques.

Both fog events were associated with a baroclinic zone
traversing the study region. In the first case, the primary
driver was a warm front advancing from the north, whereas
in the second case, a cold front dominated. Fog formation in
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including suspension of litometeors, FOG for fog and mist, PP for types of precipitation.

the first event was largely influenced by humidity advection
behind the warm front, whereas in the second -case,
although humidity advection was a significant factor for
providing a fog-favourable environment, it was the slight
winds and temperature advection resulting from the post-
frontal anticyclone that played a key role.

The extensive high-level cloud cover associated with the
frontal system played a crucial role in the fog life cycle at
each location in the first case. Fog formed at night from the
advection of warm, humid air settled over a relatively cooler
surface layer with lower wind speed. The vertical fluxes
triggered by wind shear around the maximum wind speed
led to moistening of the air near the surface. Slight noctur-
nal cooling and the cessation of turbulence contributed to
fog formation along with the low cloud base lowering when
the air near the surface became saturated. The persistence of
this cloud cover also prevented the fog in Ezeiza and
Aeroparque from dissipating during daytime hours, as was
observed instead in Rosario and Cérdoba. However, the fog
reformed the following night owing to radiative cooling of
the surface and the cessation of turbulence at the latter
airports.

In the second case, cold advection near the surface result-
ing from the formation of post-frontal anticyclonic circula-
tion along the coast of Buenos Aires province in an area with
high specific humidity and calm winds combined to facili-
tate the formation of fog at Ezeiza and Aeroparque airports.
This pattern had already been identified by regional avia-
tion forecasters as having significant potential to generate
extensive fog across the central-eastern part of the country
(Yabra et al. 2021b). However, in Mar del Plata, strong
winds and high cloud cover favoured the formation of low
clouds rather than fog. It was not until the early morning of
29 January that clear skies, weakened surface winds and
reduced turbulence allowed fog to form owing to nocturnal
radiative cooling.

Fog dissipation in both events was primarily driven by
turbulent mixing, initiated as the fog top layer and even-
tually the surface was heated by incoming solar radiation. In
the first event, dissipation was mainly due to air drying and
droplet evaporation. By contrast, in the second event, con-
vective turbulent flows forced the fog to ascend, initially
integrating into the low cloud cover before ultimately
evaporating.
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airport. All plots correspond to the January 2023 study case.

Although the coarse spatial and temporal resolution of the
numerical model led to parameterised turbulent variables,
they showed behaviour consistent with other variables and
observations, enabling a qualitative analysis at smaller scales
(PBL). This analysis could be improved by high-resolution
numerical models and their validation using high temporal
surface measurements from automatic weather stations that
have started being available in some of the airports in the last
year. Additionally, the evolution of MRi was also qualitatively
analysed during the studied periods, revealing coherence with
friction velocity and turbulent sensible and latent heat fluxes
in the PBL. A climatology of events would allow the quantita-
tive determination of MRi thresholds and ranges to character-
ise turbulence in the near-surface layer or for fog classification
methods, as was carried out by other authors (Lin et al. 2022).

This study of the mechanisms driving the formation,
evolution and dissipation of fog provides valuable insights
into fog life cycles in the region for the first time. The
findings highlight that multiple processes operating across
various scales combine to influence fog behaviour. The
results suggest that similar synoptic conditions can lead to

different types of fog, depending on the formation mecha-
nisms and subsequent evolution. Cloud cover emerged as a
critical factor, altering turbulent fluxes that either promote
or inhibit fog formation. However, local factors, such as
coastal winds or terrain friction caused by urbanisation,
can lead to distinct fog development patterns even between
closely situated airports under the same sky conditions.
Additionally, turbulence plays a key role by modulating
the stability of the PBL, ultimately influencing both the
formation and dissipation of fog.

Building on this study could pave the way for developing
a methodology to classify fog types specific to these airports.
This classification could serve as a foundation for refining
parameterisations and improving fog modelling tailored to
the unique characteristics of each subregion, enhancing fore-
casting accuracy and operational efficiency. However, the
multiplicity of mechanisms acting during the life cycle of fog
in these two events does not seem to justify separating them
as a classification criterion. The definition of certain thresh-
olds for fog classification (whether using surface variables
as in Tardif and Rasmussen 2007, or variables like MRi in
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Lin et al. 2022) should be evaluated at each airport after
studying the variety of mechanisms involved in most of the
fog events.
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