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Abstract—There were eight fog events in five years at Maceio
international airport on the northern coast of Brazil, and all were
analyzed. Fog duration was short and its intensity was weak or
moderate. The principal objectives of the study were: (1) analysis
of the physical processes of fog formation (synoptic and thermo-
dynamic conditions and processes), (2) PAFOG model testing, and
(3) estimation of the effect of vegetation on fog forecast. Cyclonic
curvature and divergence of the air current over the ocean at low
levels and anticyclonic curvature at high levels were associated
with the fog. Weak lifting at low levels was identified by the
NCEP/DOE 1I, ECMWF, and WRF models for all eight events.
Sinking at high levels was dominant in the ECMWF and WRF
models. Absence of thermal inversion and conditional instability at
low levels was identified by the NCEP/DOE II and ECMWF
models. According to the WRF model a typical temperature profile
during fog comprises three layers: (1) a very thin layer (up to
166 m, 985 hPa) of temperature inversion with very high humidity;
(2) a conditional layer of instability from 985-860 hPa; and (3) a
dry and stable layer above 860 hPa. Moderate fog with visibility
between 200 and 300 m was associated with ocean cooling whereas
weak fog was associated with ocean warming. A warm oscillation
on the sea surface near the Brazilian northeast was observed for all
fog events. It was found there was colder air over the warmer water
near the coast. Weak confluence in troughs at low levels con-
tributes to weak lifting at low levels. This current creates
conditions resulting in humidity increase. A warmer sea surface
contributes to more evaporation and, as a consequence, increases
the amount of water vapor in the surrounding air at low levels near
the coast. The PAFOG model was used to forecast the fog for three
events (i.e., for all cases possible), and was satisfactory for two
cases. Satisfactory results for fog duration and intensity were ob-
tained with 9 h of antecedence. No significant effect of fast-
growing sugarcane on the low visibility forecast was detected.
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1. Introduction

Fog and stratus clouds are very rare on the
northern coast of Brazil (FEporova et al. 2008;
GoMEs et al. 2011), but one incident of intense fog
caused a fatal airplane accident near the Maceio
Airport in 2007 (FEpOROVA et al. 2013). This fog and
all other occurrences of fog during 5 years were not
predicted by the Terminal Aerodrome Forecast mes-
sages because of the absence of a fog forecast method
for this region.

Fog formation was studied during the last century.
One of the first important studies of the physical
processes of fog formation was performed by WiL-
LETT (1928), and the principal fog formation types, for
example radiation, advection, and frontal, were de-
scribed. The Petersen classification (1956) was based
on the principal fog-formation processes, for example
evaporation, cooling, and mixing. BYERS et al. (1959)
added the process of evaporation from humid sur-
faces as an important mechanism of fog development.
The absence of thermal inversion near the surface
during fog and its existence between 100 and 600 m
were also discussed, for the first time.

The effect of dew, turbulence, vegetation, and
cloud advection has been described by Corron and
ANTHES (1989), according to whom cloud advection
changes the radiation balance and surface tem-
perature. Surface deposition of dew is responsible for
humidity transport and dew inversion formation at
heights of 40 and 200 m (CottoN and ANTHES 1989).
During sunrise, temperature increase and the process
of dew evaporation occur more quickly, until dew
evaporation is complete and no dew remains.

Turbulence helps to reduce surface humidity and
the possibility of dew formation and, therefore, ver-
tical turbulent mixing prevents fog formation
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(Corton and ANTHEs 1989). Several effects of tur-
bulence on fog formation can be described by the so-
called critical turbulent exchange coefficient (Kc),
which defines the upper limit of the turbulence in-
tensity (Zuou and Ferrier 2008). Two factors can
cause the turbulence intensity to exceed Kc:

1. a reduction in the rate of cooling because of sun-
rise, local clouds, and warm advection; and

2. increasing local wind speeds, which increase
surface mechanical turbulence (Kc increases).

Kc can be used as a threshold for prediction of
whether a fog persists or dissipates. Fog development
has been shown to be very sensitive to turbulence
generation (WELcH and RAviCHANDRAN 1986). The
surface layer varies from lapse conditions to strong
surface inversion, which is observed after sundown
when turbulence generation is suppressed. Increased
turbulent mixing rapidly lifts the surface inversion.
Fog top height is directly correlated with the height of
this inversion.

Microphysics processes also affect visibility in
fog. For example, advection fog droplet size data
have been used to determine extinction coefficients
and mean terminal velocities as functions of liquid
water content (LWC) and droplet concentrations
(KunkeL 1984). The results revealed higher liquid
water content and extinction coefficients and lower
mean droplet sizes at 30 m than at 5 m. The rela-
tionship between the extinction coefficient and LWC
was more linear than that found by other investiga-
tors. In general this results in lower extinction
coefficients for liquid fogs and higher extinction co-
efficients for dense fogs for a given LWC than
extinction coefficients determined by use of other
relationships.

Vegetation type affects surface cooling, which, in
turn, promotes fog formation (CortoN and ANTHES
1989). Vegetation height, shielding, and leaf type are
associated with the stage of development of vegeta-
tion and therefore vary during the year. The type of
the vegetation determines the albedo, minimum
stomata, and maximum water storage of the foliage.

Climatological data for the northern coast of
Brazil reveal substantial variation of fog frequency.
Radio-sound data from the nearest meteorological
stations to Maceio city, at Recife and Salvador, are
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indicative of fog on 13 and 37 days/year, respec-
tively, on average (RaTisBoNA 1976). In the first study
of fog formation in Maceio, however, SILVEIRA (2003)
observed only two incidences of fog (moderate and
weak) during 1996 (both in winter). Different fog
duration and frequencies of formation on the northern
and southern coasts of Brazil have been reported by
FEporovA et al. (2008). Fog duration was 1-2 h on
average on the northern coast and 12 h on the
southern coast. Fog on the southern coast is typical
radiation fog, i.e. fog formed at high levels during
nights without clouds because of radiation tem-
perature decreases. Fog on the northern coast is
atypical. The processes of formation of this type of
fog will be discussed in this paper.

Maceio is located on the coast and it is, there-
fore, important to study the effect of the ocean.
After an investigation of sea fog formation over the
Yellow and Bohai Seas in China the problem was
described from the different perspectives of obser-
vational analysis and high-resolution modeling of
sea fog (Fu et al. 2012). This book defines sea fog
as a type of advection fog which occurs when air
lying over a warm water surface is transported over
a colder water surface, resulting in a cooling of the
lower layer of air below its dew point. Oceanic and
synoptic features create the conditions for fog for-
mation. It was reported that weak winds, stable
conditions and a continuous supply of moist air are
necessary for formation of sea fog. The authors of
the book used the physical basis of the high-
resolution Regional Atmospheric Modeling System
model for fog forecasting and used it to forecast
dense sea fog events. Maritime and coastal fog is
connected frequently with the advection process. In
the classic process of advection sea fog formation,
warm moist air is transported from the land surface
as a stable layer and this warm air cools over the
cold sea. Dissipation of sea fog can be the result of
the following processes:

1. fog movement over warmer water;

2. movement of cloud cover over the fog; and

3. fog advection on the continent over the drier and
warmer surface.

Warm waters often inhibit fog formation and
contribute to its dissipation when fog is advected over
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warmer waters. Fog is not formed over a very warm
water surface for two main reasons:

1. thermal convection development, weakening
thermal inversion; and

2. because vapor pressures increase as temperatures
rise, higher concentrations of water vapor are
required to reach saturation and condensation.

Association of fog formation with synoptic scale
processes, for example high and frontal zones, has
been described in a variety of synoptic research pa-
pers; examples include PETTERSSEN (1956) and
Guseva and RaziMor (1986). This relationship has
been studied in detail for extra-tropical regions.
Others synoptic scale systems are observed in the
tropical region. The relationship between baric
troughs and adverse meteorological phenomena (fog
and thunderstorms) in Alagoas State has been studied
by RoDRIGUES et al. (2010). It was noted that 87 % of
the troughs were associated with wave disturbances
in trade winds (WDTW) on the northwestern pe-
riphery of the subtropical South Atlantic High. Fog
formation is usually associated with the WDTW in
Maceio (FEporova et al. 2008). Moreover, stratus
clouds were observed on the cold front periphery, at
the easterly wave, and under the upper tropospheric
cyclonic vortex.

Vertical profiles of the temperature and dew point
of fog/stratus events have been studied on the
northern and southern coast of Brazil (FEDOROVA et al.
2008). An intense inversion or stable layer with high
humidity up to 950-670 hPa was associated with fog
development on the southern coast. Radiation fog
formation in a coastal region of southern Brazil has
been studied by sounding (Piva and FEporova 1999)
and two types of the vertical profile were determined.
They are distinguished by:

1. temperature inversion;

2. a moist layer at low levels and a dry layer in the
rest of the atmosphere; and

3. wind velocity at the earth’s surface.

No stable layers or a very narrow humid layer
were observed in all cases on the northern coast
(FEporOVA et al. 2008, 2013). The absence of an in-
version layer and weak lifting at low levels were
typical for this tropical region. In this region, the
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stratus clouds and fog were observed together with
altostratus and cumulus clouds with weak convective
available potential energy (CAPE) development
above 950 hPa (CAPE was 370 J/kg, on average).
The principal atmospheric conditions of an intense
fog event in Maceio on the northern coast of Brazil
were studied by FEpoOROVA ef al. (2013) and were:

— calm conditions, which provoke a reduction of
horizontal visibility from 15 to 1.5 km within 1 h;

— radiation night cooling before sunrise;

— thermal inversion near the surface (height 30 m);
atmospheric instability above 925 hPa; and

— weak lifting at low levels and sinking at middle—
high levels.

Significant efforts have been made to forecast fog/
low visibility. For example, a short-term (6 h only)
method for forecasting visibility and low clouds at
Paris’s Charles de Gaulle International Airport was
developed by BERrRGOT et al. (2005). Specific local
observations and a detailed numerical 1D model were
integrated into this method. The assimilation scheme
follows three steps:

1. estimation of atmospheric profiles on the basis of a
one-dimension variation framework;

2. correction of atmospheric profiles when fog and/or
low clouds are observed; and

3. estimation of soil profiles to maintain consistency
between soil profiles and the atmospheric state.

Inspection of the events indicates that improve-
ment of very short-term forecasts is a consequence of
the ability of the system used for forecasting to
characterize the boundary layer processes more ac-
curately, especially at night. This study also
demonstrated that the use of a 1D model in a fog and
low clouds forecast could be beneficial only if it is
associated with local measurements and assimilation
scheme. This study also showed that an integration of
model and local observations is of crucial importance
for development of forecasting methods. The main
forecast problem is related to the low-level clouds,
which are very sensitive to mesoscale flow (par-
ticularly subsidence). This investigation also showed
that a 1D model can be an alternative tool for fore-
casting such local conditions as visibility, cloud
ceiling, and boundary layer variables.
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A new warm-fog visibility parameterization
scheme for numerical weather-forecasting models
was suggested by GULTEPE et al. (2006). Experimental
information about boundary layer low-level clouds
was used in their work to develop a parameterization
scheme between visibility and a combined parameter
as a function of both droplet number concentration
and LWC. The current numerical models usually use
relationships between the extinction coefficient and
LWC. A newly developed parameterization scheme
for visibility was applied to the NOAA Nonhydro-
static Mesoscale Model. A detailed microphysical
scheme, adapted from the 1D PAFOG model and
used in the 3D NMM fog model, significantly im-
proved visibility calculations with the new
parameterization (GULTEPE et al. 2006).

Forecasting of low visibility and fog is still poor
in comparison with the forecasting of precipitation by
use of the same models (ZHou et al. 2011).

The models used in this investigation were: 12 km
NAM, 13-km-RUC, and 32 km-WRF-NMM from the
National Center for Environmental Prediction
(NCEP). Use of the multiple-rule-based fog-detection
scheme significantly improves the fog-forecasting
ability of all three models compared with visibility-
diagnosed fog prediction. Combination of both rule-
based fog detection and an ensemble technique has
also been suggested (Zuou and Du 2010).

The Fog Remote Sensing and Modeling (FRAM)
Project has been described by GuLTEPE et al. (2009).
The scientific objectives of the FRAM project are to:

— summarize preliminary results and to characterize
all processes from fog formation to dissipation;

— characterize fog microphysics for use in numerical
weather prediction model applications;

— improve numerical model simulations and remote
sensing applications;

— improve and understand instrument capabilities for
detection of fog and fog environments and mea-
surements of associated microphysical variables;
and

— integrate observational and model data to improve
uncertainties in fog forecasting/nowcasting.

Deep analysis of recent studies on fog formation,
development, and decay was presented in the review
paper by GULTEPE et al. (2007). Analysis of the
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observations and development of the forecasting
models and remote sensing methods were discussed in
detail. In particular, with regard to radiation fog for-
mation, the effects of radiative cooling (length of the
night) and of inland advection of moist marine air
during the previous afternoon were emphasized. With
regard to 1D model simulations, the authors concluded
that the development of fog is mainly driven by the
atmospheric radiation field, turbulent mixing, and the
fluxes of moisture and heat at the Earth’s surface. Other
dynamic processes, for example horizontal advection
or large-scale subsidence, are usually not considered.

Moreover, the research on fog climatology re-
ported by GULTEPE et al. (2007) reveals significant
advances in some regions of the world, for example
Halifax, Nova Scotia, but little evidence of study of
fog in the tropical regions. The study of fog in these
regions can be used as a basis for the identification of
important climatological conditions.

A parameterized fog (PAFOG) forecasting model
has been developed by Bort and TRauTMANN (2002) for
radiation fog and low-level stratiform clouds in Ger-
many. The high-resolution regional model MM5 and
the PAFOG model were used for analysis and fore-
casting of intense fog (FeEporova et al. 2013). Fog
formation was simulated by the PAFOG model and
satisfactory results were obtained for 10 h an-
tecedence. The authors of the PAFOG model provided
it for use for fog forecasting in Maceio, which is located
in the tropical region. Although the general conditions
in Europe and in the tropical region of Maceio are
different, the absence of frontal zones during radiation
fog in Europe during all events in Maceio, and the
location of all fog incidents inside the air mass, were
somewhat similar for both sets of conditions.

The first objective of the work discussed in this
paper was to analyze all fog events during five years
in the tropical region of the Brazilian northeast
(BNE) and to characterize all processes from fog
formation to dissipation, including description of:

— in-situ observations;

— synoptic conditions;

— thermodynamic processes; and

— the relationship with sea surface temperature (SST).

The second objective was application of input
data (from surface meteorological stations and the
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WRF model) from the 1D PAFOG model in all cases
whenever possible during the study period in Maceio.

Because the PAFOG model was developed for
Germany, where the vegetation is very different than
that on the northern coast of Brazil, the third objec-
tive was to study the effect of vegetation on fog at
Maceio Airport by use of the PAFOG model. This
study can, according to GULTEPE et al. (2007), help
the development of better understanding of fog for-
mation and of forecasting methods for the tropical
region.

In the next section, a brief description of the data
sources, models, and methods used will be given. In
the “Results” section we first describe analysis of
synoptic and thermodynamic processes for all fog
events during the five years studied. We then discuss
the relationship of fog events with SST distribution
and anomalies, and testing of the PAFOG model for
short-term fog forecasting. Initial testing with the
basic initial variables was tested using the vegetation
conditions for Maceio airport. The main conclusions
of the study are summarized in the section
“Conclusions”.

2. Data Source and Methodology

Fog occurrence at Maceio airport (9°31'S and
35°47'W; Fig. 1) during the five years 2002-2005
and 2007 has already been studied by FEDOROVA et al.
(2013), who identified eight fog events, although only
one was studied in detail. In this paper were present
results from study of all the fog events during these
years. Fog was recorded in April (1 event), May (1
event), June (2 events) and July (4 events) of the
years mentioned above (eight fog events in total,
Table 1). Data from the meteorological station at the
Maceio Airport were used for analysis of meteoro-
logical variables on a foggy day and two days before
the event.

2.1. Analysis of Synoptic and Thermodynamic
Processes

All fog events were studied by use of hourly data
from the surface weather station at Maceio airport,
the re-analysis data from the NCEP, the European
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Centre for Medium-Range Weather Forecast
(ECMWEF), and the Weather Research and Forecast-
ing (WRF) high-resolution regional model. Satellite
infrared images were obtained from the website of
the National Oceanic and Atmospheric Administra-
tion (NOAA): http://www.cdc.noaa.gov. The website
http://www.ecmwf.int was used to obtain ECMWF
data with horizontal resolution 0.75° x 0.75°. WRF
information with 0.18° x 0.18° resolution was sup-
plied by the Laboratory for Atmospheric Modeling of
the Institute of Atmospheric Science at the Federal
University of Alagoas.

The synoptic conditions that prevailed before and
during fog events were studied by using different re-
analysis products of NCEP. Firstly, the existence and
location of the main systems, for example the
intertropical convergence zone, frontal zones, and
upper tropospheric cyclonic vortex were analyzed by
use of infrared satellite imagery and streamline maps
at low (925 hPa), middle (500 hPa), and high
(200 hPa) levels. Air current distribution at low,
middle, and high levels was then analyzed in the
study region. This was done because a previous study
(FEDOROVA et al. 2008) showed fog formation in a
trough near the surface (WDTW). Temperature and
moisture advection were also used for analysis of the
fog formation processes in the study region.

Temperature and humidity vertical profiles and,
also, vertical velocity profiles were elaborated by
NCEP/DOE II, ECMWEF, and WRF models. Results
of the vertical velocity calculations were compared
for the different models, because of the absence of
any observational methods at the meteorological
stations.

The relationship between fog formation and SST
was also studied. Daily average SSTs were obtained
from the National Environmental Satellite, Data and
Information Service (NESDIS) by using the National
Climatic Data Center (NCDC) website: http://www.
ncdc.noaa.gov. SST values near the coast of Maceio
were used. The airport in Maceio is located 20 km
from the coast (Fig. 1).

2.2. Fog Forecast Using the PAFOG Model

The dynamic part of PAFOG is a 1D model of the
atmospheric boundary layer consisting of a set of
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Location of: a Maceio in Brazil and b Maceio airport in relation to the ocean and river
Table 1
Characteristics of fog events and air currents at the main levels
Day V (m) D (h) 925 hPa 500 hPa 200 hPa Div
12/04/2002 700 0.68 Cw/C C A Divg
11/07/2002 800 0.50 Cg/C C A Divg
12/07/2002 900 1.00 Cg/C C A Divg
01/06/2003 500 1.00 Cg/C A A Divg
02/06/2004 650 0.68 C/A C A -
21/05/2005 300 0.30 C/A C A -
14/07/2005 200 1.91 c/IC A A Divg
26/07/2007 200 3.68 Cg/C A A Divg

Curvature of the current at the levels 925 (day —1/day of event), 550, and 200 hPa, respectively

E, W, and S show the position relative to the airport of the axis, trough, ridge, and region with Div

V minimum visibility, D fog duration, C cyclonic, A anticyclonic, Div divergence of air current

prognostic equations for the horizontal wind field, the
potential temperature, and the specific humidity
(Bott et al. 1990; SIEBERT et al. 1992). Turbulence
is treated with the 2.5 level model of MELLOR and
Yamapa (1982). Radiation calculations are performed
with the y-two stream approximation of ZDUNKOWSKI
et al. (1982). Soil is treated as a porous medium

consisting of dry air, water vapor, water, and the soil
matrix. The soil type is taken as sandy loam. The
uptake of water by roots is calculated by assuming
that the water flow into the roots balances the loss of
water as a result of evapotranspiration by the plants.

The 1D PAFOG model of the atmospheric
boundary layer consists of four modules:
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dynamics;

microphysics;

radiation; and

low vegetation (Bott and TRaUTMANN 2002).

Rl e

Module 1: geographical data (latitude, longitude
and altitude of the meteorological station); ground
(ground type); vegetation (height and covering);
meteorological station data (pressure; air and dew
point temperatures, and relative humidity at 2 m;
temperature at the ground; visibility). Module 2:
cloudiness at the low, middle, and high levels.
Module 3: radiosonde data (pressure; air and dew
point temperatures; geostrophic wind velocity; level).
Module 4: ground temperature and humidity at
different depths. Hourly surface meteorological data
from the weather station at the Maceio airport were
used as the input data for Modules 1, 2, and 4 of the
model. Because of a lack of the radiosonde data in
Maceio, WRF model data were used in Module 3.
The PAFOG model was used to forecast fog forma-
tion with 24 h antecedence.

2.3. Effect of Vegetation on Fog Formation

The predominant vegetation around Maceio Air-
port is fast-growing sugarcane. Fog events were
registered in different months from April to July.
Sugarcane has different developmental stages during
this time period, therefore different vegetation con-
ditions were used for each fog event (Fig. 2).

Eight variables were used in the paper by Botr
and TRAUTMANN (2002) for the region in Germany (in
the text below it is called Germany). On the basis of
previous studies (ROBERTSON ef al. 1999; ALMEIDA
et al. 2008; SaNTOS et al. 2008; FERREIRA JUNIOR et al.
2012), the eight vegetation conditions used in the
simulations were modified for the tropical region.

1. The canopy height is much greater than in
Germany (0.15 m) and is usually 0.6-1 m in
April, up to 2 m in May, reaching 4 m in June.

2. The shielding factor is similar to that in Germany
(0.8) and varies, usually between 0.5 and 0.7 in
April, reaching 0.8 during other months.

3. The leaf area index grows from April to July: 1-3
in April, 2-4 in May, and 3-5 in June and July.
This number in Germany is usually 4.
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4. The albedo of the foliage is also similar
(0.16-0.20) to that in Germany (0.20).

5. The maximum water storage of foliage is much
greater than in Germany (0.50) and varies from 1
to 5 kg/m?.

6. The minimum stomata resistance varied from 70
to 200 s/m during all the study periods and is
similar to the number typically used in Germany
(200 s/m).

7. The seasonal growing factor is 0—1 in April and
May, increasing to 2 in June and to 3 in July. It is
3 in Germany.

8. The albedo of the earth’s surface is the same,
0.20-0.25 (0.25 in Germany).

Comparison of the vegetation conditions in Ger-
many and on the Northern Coast of Brazil reveals a
substantial difference for the 1st and 5th vegetation
conditions listed above and a slight difference for the
2nd and 3rd conditions, which vary every month.

3. Results

Fog duration varied from 20 min to 4 h and its
intensity was weak or moderate (Table 1). It is in-
teresting to note that wind direction was from the
continent toward the ocean (a night breeze) during
minimum visibility for all events.

3.1. Analysis of the Meteorological Variables
for Fog Days

Analysis of clouds observed at the meteorological
station during fog days reveals an association of this
phenomenon with cumulus and altocumulus for all
fog events. Mist was detected at the meteorological
station before fog formation in events without rain.
For example, Fig. 3b shows mist occurrence at
approximately 00 h, before the fog. After fog events,
lifted fog caused the formation of stratus clouds,
which were identified for six events.

Temperature and pressure have a typical daily
variation for all fog events (Fig. 3b). A daily pressure
variation of approximately 3 hPa is typical for this
region. It is associated with trough formation at the
low level because of daily heating (RODRIGUES et al.
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Figure 2
Fast-growing sugarcane around the Maceio Airport during different developmental stages: a initial stage (23/03/2009) and b crop
development stage (31/07/2009)

2010). Also, observational data revealed weak tem-
perature and pressure variations between fog events:
minimum temperature during fog events was between
20.4 and 24.1 °C, and pressure was from 998.6 to
1,004.4 hPa. At the same time, few oscillations of the
pressure line coinciding with the fog time were
observed. Relative and specific (g/kg) humidity also
increased in this period (Fig. 3a—c).

Typical wind speed for radiation fog formation
was up to 2 m/s during events; it reached 3 m/s on
one occasion only. It is important to note that wind
direction changed during fog formation and was from
the west, southwest, or northwest (230-300°). Seven
fog events were accompanied by this changing wind
direction and only one event was calm. Changes in
wind direction occurred every day because of a
breeze. Moreover, a trade wind is very constant in
this region. The trade wind is from southeast, east, or
northeast (from the ocean) during whole day. There-
fore, the daily wind speed (daily breeze together with
the trade wind) from the ocean is higher than the
night wind speed from the continent (the night breeze
and the trade wind have opposite directions). This
time period with a change in wind direction con-
tributes to fog formation. Moreover, the night wind is
from a river region to the west of the airport (Fig. 1).
Evaporation of the river creates a humid surface
layer. Wind from the river region brings this humidity
and humidifying surface to the airport. This effect of
the river was noted in the analysis of two fog and
stratus events in 1996 (SiLveira 2003).

Three fog events were observed after precipita-
tion, but no precipitation was observed during fog.

For example, on 11 July 2002, brief rain finished
10 min before fog formation. Evaporation from wet
surfaces and raindrops humidify the air. This day was
calm, and evaporation from the humid surface and
raindrops caused increasing humidity, which was an
important mechanism for fog
formation.

Cross-sections passing through the airport and
the coast show accumulation of humidity at low
levels (Fig. 4a, c) up to 900 hPa, approximately.
Only for one event, on 26 July 2007, when fog was
intense at the airport and Cumulonimbus develop-
ment was observed over the ocean at a distance of
20 km, was humidity high at Ilevels up to
600-500 hPa (Fig. 4b, d). Specific humidity at
Maceio airport was estimated as 16.47 g/kg by the
model and 19.4 g/kg from observational data on 12
April 2002 and as 16.01 and 16.0 g/kg, respectively,
on 26 July 2007.

The predominant wind direction was from the
ocean at all levels. Wind from the continent was at
high levels, between 400 and 200 hPa, and at the
middle levels, between 800 and 700 hPa, only
(Fig. 4a, c). During the fog event on 26 July 2007
wind was direction from the ocean at all levels
(Fig. 4b, d). During both events a night breeze from
the continent was present at the surface level (up to
85 m) between 35.7° and 36.3°W. This wind is
connected with the breeze and trade wind. The trade
winds are very intense during the whole year because
of the stable position of the subtropical high in the
Atlantic. During the day, before a fog event, the daily
breeze from the ocean has the same direction as the

and additional
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Variation of meteorological variables at the meteorological station at the airport in the time period from 00 h on 10 April 2002 to 12 h on 12

April 2002 (a and b) and in more detail for the fog night from 00 to 12 h on 12 April 2002 (¢ and d). Meteorological variables are:

V (visibility), P (pressure), R (rain), RH (relative humidity), TEMP (temperature), SH (specific humidity), WD (wind direction), WS (wind
speed). & is local time

trade winds and transports moisture from the ocean.
During the night, breezes from the continent were
weak, which was confirmed by data from the airport
meteorological station. This occurred because the
night breeze has a direction opposite to that of the
trade wind. At the same time, the direction of the
wind during the night was from the river region
(Fig. 1). Therefore, high humidity conditions were
present before the fog. The temperature subsequently
decreased during the night and created conditions for
fog formation before sunrise.

3.2. Synoptic Conditions

A synoptic analysis in the tropical region of the
BNE usually begins with identification of the prin-
cipal synoptic for example the
intertropical convergence zone (ITCZ), the upper
tropospheric cyclonic vortex (UTCV), the western
periphery of frontal zones (FZ), and easterly waves
(EW). These systems are associated with the largest
amounts of rain and other adverse phenomena.
Identification of these systems is based on analysis
of streamline maps at low, middle, and high levels

scale systems,
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Zonal vertical section by WRF model along 9°31’S, which passes through the airport and coast at 35°47'W: a and b zonal wind and relative
humidity on 12/04/2002 (a) and 26/07/2007 (b); ¢ and d zonal wind and specific humidity on 12/04/2002 (¢) and 26/07/2007 (d)

(Vasquez 2000; Kousky 1979; Kousky and GanN
1981). Synoptic analysis shows that ITCZ and FZ
were observed far from the BNE during the fog
events. Also, the UTCV, which is a typical system in
this region, was never identified during fog events.
This result especially justifies use of the PAFOG
model, because conditions in the tropical region in
this case are more similar to the conditions inside an
air mass in the extratropical region, which is far from
frontal zones.

The absence of these systems from the study
region shows that trade winds affected the weather in
this region during the study days. Usually, trade
winds associated with cumulus cloud at low levels are
observed in the study region during the entire year
and blow from southeast to northeast. Baric troughs
at low levels are rarely formed in this current
(MorHoN and Bernarpo 2002) and are associated
with adverse meteorological phenomena (RODRIGUES
et al. 2010). These baric troughs were denoted
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WDTW (MoLHoN and BErNARDO 2002). Unfortunate-
ly, little information about WDTW in the study
region has been published. The method of WDTW
identification, described by MoLHON and BERNARDO
(2002) includes definition of troughs on streamline
maps at low levels and the absence of troughs at
middle and high levels. Therefore, this analysis was
performed. Trade winds were associated with a
subtropical high in the Atlantic near the African
coast in all fog events. Some cyclonic or anticyclonic
circulation was observed over the study region;
therefore, air currents at all levels were studied in
detail. Air current distribution at low, middle, and
high levels is presented in Table 1.

Fog events were associated with cyclonic curva-
ture (trough) at low levels on six fog days and
anticyclonic curvature on two days (Table 1). The
trough axis was over the BNE (C in the table) or to
the east over the ocean (Cg in the table). The trough
was to the west during one event only. Cyclonic
curvature at low levels was observed on all previous
days. All these troughs were associated with wave
disturbances in the trade winds. Cyclonic and anti-
cyclonic curvature was detected at middle levels.
Anticyclonic curvature was observed at high levels
during all events. These results confirmed previous
conclusions (FEporova et al. 2008, 2013) and show
that wave disturbances in the trade winds (which are
associated with cyclonic curvature of the air current
at low levels) is the main system during fog. Also, a
divergence of air current was observed during six
events. This divergence of air current at low levels
was located over the ocean slightly to the east of the
BNE for three events and slightly to the south of the
BNE for another three events. The absence of
divergence occurred solely during two events with
anticyclonic curvature of the air current at low levels.

For example, synoptic conditions on 11 July 2002
are presented in Fig. 5. This figure reveals air
currents at low and high levels only, because air
currents at the middle levels had no typical behavior
during fog (Table 1). Intertropical convergence zone
and frontal zones were observed far from the BNE
along 3°N and 20°S, respectively. The trough axis at
low levels was seen over the coastal region of the
BNE. The divergence of the air current at low levels

Fog Events at the Maceio Airport 2737

was to the south of the BNE and crossed the Brazilian
coast between 10° and 20°S, approximately. The
ridge with anticyclonic curvature of the air current
was identified over the BNE at high levels (200 hPa).

Temperature advection was identical during all
fog events and was weak (from 0-5 x 1075 °C/s)
(Fig. 6a). Humidity advection was also weak in all
events (between 0 and —5 x 1077, g/kg s) (Fig. 6b).
Weak temperature and humidity advection also
confirm the absence of the frontal zones in the study
region. However, a humidity confluence was ob-
served during all fog events. This confluence was
located along the ocean coast and reached its
maximum value (—0.00045 g/kg s) on 14 July 2005
(Fig. 6¢). A humidity confluence is an important
factor in fog formation.

The absence of the intertropical convergence
zone and frontal zones in the study region result in
general conditions similar to those for radiation fog
formation and, therefore, make possible use of the
PAFOG model. However, it is necessary to empha-
size that classic radiation fog is formed inside the
extratropical high. These systems were not observed
in the tropical region of the BNE. Fog in the BNE
was associated with troughs connected with wave
disturbances in the trade winds. Other conditions, for
example low wind velocity, decreases in air tem-
perature during the night, low temperature, and
humidity advection, were similar to those required
for radiation fog formation.

Summarizing the results given above, it is possi-
ble to make the following conclusion regarding the
synoptic conditions for fog formation in the tropical
region of the BNE. Cyclonic curvature at low levels
was detected on the day before all fog events, was
predominant (six events) during the fog days, and
was associated with wave disturbances in the trade
winds (WDTW). The divergence of the air current at
low levels was located near the coast over the ocean
to the east or south of the BNE during all events with
cyclonic curvature. Anticyclonic curvature at high
levels was observed during all fog events. During the
fog events, wind was from the continent. Air currents
at low levels create conditions for confluence of
humidity, which is an important factor for fog
formation.
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Figure 5
Stream lines at levels 925 hPa (a) and 200 hPa (b) at 06UTC on 11/07/2002. The color shows wind speed. The point shows the location of
Maceio city

3.3. Thermodynamic Analysis

Vertical profiles of NCEP/DOE II reveal insta-
bility of conditions at low levels (1,000-850 hPa) and
a quite humid layer with variation of differences
between temperature and dew point temperature
(T — Td) between 1 and 5 °C. A dry and stable
level was observed above. Examples for two days are
presented in Figs. 7 and 8.

The vertical profile of the ECMWF model reveals
a thinner layer of unstable conditions than that of the
NCEP/DOE II model, up to 900 hPa, on average. The
humidity at this layer was higher (T — Td <3 °C).
An absence of thermal inversion at the low levels was
identified by the NCEP/DOE II and ECMWF models
(Figs. 7, 8).

The temperature profile predicted by the WRF
model reveals the best conditions for fog formation in
comparison with the other models. A typical tem-
perature profile during fog events obtained by use of
the WRF model has the following characteristics:

1. temperature inversion from the surface up to
166 m (985 hPa);

2. a humid layer (T — Td varying from 0.3 to
1.6 °C) up to the top of inversion;

3. the existence of unstable conditions above the
inversion layer between 985 and 860 hPa; an

4. a dry (T — Td varying from 10 to 30 °C) and
stable layer above 860 hPa.

A very thin inversion layer was observed in all the
temperature profiles of the WRF model. The humid
layer above the thermal inversion was of different
thickness. A typical layer is presented in Fig. 7c; the
layer of maximum humidity of thickness up to
600 hPa is visible in Fig. 8c.

Previous studies (GoMEs et al. 2011; FEporova
et al. 2013) have shown that weak lifting at low levels
is typical for this tropical region during stratus and
fog events. sinking is associated with
classic radiation fog. Vertical velocity in the study
region was atypical for radiation fog formation and,
therefore, was analyzed in detail by use of different
models. Vertical profiles show predominance of weak
(positive or negative) vertical motion up to 0.03 m/s;
lifting reached 1.2 m/s at the 700 hPa level only on 1
day, 26 July 2007. The description of this event
(FEpOROVA et al. 2013) shows very atypical condi-
tions for fog formation in which cumulonimbus was
observed at a distance of 20 km from the fog.
Therefore, this lifting reflects convection develop-
ment. Lifting (up to 800-700 hPa, approximately)
was observed at the low levels by the NCEP/DOE II
and ECMWF models for all events. The WRF model
also shows lifting, but two events have sinking to the
surface from the 850 and 600 hPa levels. Usually,
lifting destroys the inversion layer and does not
create conditions for fog formation. Vertical motion
at the middle levels were different for each model

However,



Vol. 172, (2015)

Fog Events at the Maceio Airport 2739

0.00025
0.0002
0.00015
0.0001
Se-05

o
—5e-05
—0.0001
—0.00015
—0.0002
—0.00025
—0.0003
—0.00035
—0.0004
—0.00045
—0.0005
—0.00055

0.00025
0.0002
0.00015
0.0001
Se-05

—Se-05
=0.0001
—0.00015
=0.0002
-0.00025
—0.0003
—0.00035
—0.0004
—0.00045
—0.0005
—0.00055

30w 25% 20W

30W 2W 20W

0.00025
0.0002
0.00015
0.0001
5e-05

-5e-05
—-0.0001
=0.00015
-0.0002
—0.00025
=0.0003
-0.00035
—0.0004
=0.00045
-0.0005
—0.00055

Figure 6
Temperature advection (°C/s) (a), humidity advection (g/kg s) (b), and divergence of humidity (g/kg s) (c) at the 1,000 hPa level, from

ECMWEF data on 14 July 2005

used: sinking was observed for five, four and three
events by the NCEP/DOE II, WRF, and ECMWF
models, respectively. Sinking was predominant at the
high levels in the ECMWF and WRF models (in six
and seven events, respectively).

The results of these models reveal differences in
the vertical motion calculations. In the authors’
opinion, this is related to a different horizontal
resolution and noise of the models. Cumulus and
altocumulus clouds were observed during fog event
days (discussed in the section ‘“Analysis of the
Meteorological Variables for Fog Days”). These
types of cloud are associated with substantial
horizontal variability of vertical motion. For exam-
ple, a cumulus cloud has both sinking and lifting at
distances of kilometers (Djuric 1994). Therefore,

horizontal resolution of the models used (discussed in
the section “Analysis of Synoptic and Thermody-
namic Processes”) reveals differences in vertical
motion calculation. That said, some vertical motion is
observed for all events, with the existence of weak
lifting at low levels. However, the presence of weak
lifting at low levels corresponds to synoptic scale
systems (troughs associated with the wave distur-
bances in the trade winds) identified in the study
region.

For example, Fig. 9 shows vertical velocity at
Maceio airport at 06UTC on 12 April 2002 and 26
July 2007 according to the NCEP/DOE II, ECMWF,
and WRF models. Lifting was observed on 12 April
2002 at low levels by the NCEP/DOE Il and ECMWF
models. At the same time, the WRF model showed
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Temperature and humidity vertical profiles at 06UTC on 12 April 2002: by NCEP/DOE II model (a), by ECMWF model (b), and by WRF
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Temperature and humidity vertical profiles at 06UTC on 26 July 2007: by NCEP/DOE II model (a), by ECMWF model (b), and by WRF
model (c). The curves are the same as in Fig. 3

sinking up to 850 hPa (Fig. 9a). Sinking at high
levels was detected by the NCEP/DOE II and
ECMWF models, but the WRF model detected
sinking at up to 350 hPa. Lifting in the very thin
layer (up to 990 hPa) was observed by the NCEP/
DOE II model on 26 July 2007 (Fig. 9b). Above this
level, this model shows sinking up to 720 hPa and

lifting in the rest of the troposphere. Lifting in the
entire troposphere was identified by the ECMWF and
WRF models (Fig. 9b, c).

Air mass lifting is because of the confluence of air
((discussed in the section “Synoptic Conditions”).
Confluence in the troughs led to humidity accumu-
lation and an increase in the saturated layer.
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Figure 9
Vertical velocity (m/s) at Maceio airport at 06UTC on 12 April 2002 (a) and 26 July 2007 (b and ¢) from the NCEP/DOE II model (blue), the
ECMWF model (red), and the WRF model (green)

According to ZHou and FErriEr’s theory (2008), a
deeper saturated or fog layer has a larger critical
turbulence threshold that can withstand greater tur-
bulence. So, deepening of the saturated layer because
of moist air mass confluence provides a favorable en-
vironment for fog formation and persistence.
Summarizing the results reported above, it is
possible to make the following conclusion regarding
the thermodynamic processes of fog formation in the
tropical region of the BNE. Vertical profiles of T and
Td reveal weak lifting at low levels in all events in all
models and a predominance of sinking at higher
levels in the ECMWF and WRF models. The

existence of weak lifting at low levels corresponds
to the synoptic scale system (WDTW) identified in
the study region. This vertical motion is atypical for
radiation fog formation, which is usually associated
with sinking in the extratropical high. Weak lifting at
low levels is a distinctive condition for fog formation
in the tropical region, different from the conditions of
a typical radiation fog.

Absence of thermal inversion and conditional
instability at low levels were identified by the NCEP/
DOE II and ECMWF models up to 850 and 900 hPa,
respectively. A typical temperature profile during fog
given by the WRF model reveals three layers:
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1. a very thin layer (up to 166 m, 985 hPa) of
temperature inversion, with a very high humidity
(T — Td between 0.3 and 1.6 °C);

2. a conditional instability layer from 985-860 hPa;
and

3. a dry and stable layer above 860 hPa.

3.4. Relationship of Fog Events with Sea Surface
Temperature

The SST and variation of the SST (VSST) were
studied for fog days and two previous days (Table 2).
Variation of the SST during the two days before the
fog was from 0.18 to 0.92 °C. These SST variations
are connected with weak fog events, with visibility of
700-900 m associated in three events with ocean
warming (a temperature increase of 0.4-0.8 °C two
days before the fog event). Two moderate fog events
with visibility of 200-300 m were observed during
ocean cooling (—0.2; —0.3 °C). SST was constant
(£0.1 °C) during the two events with visibility of 200
and 650 m, respectively. STT increased (0.5 °C) and
then decreased (—0.3 °C) in the fog event with
visibility of 500 m.

An increase of negative VSST (ocean cooling)
during the two days before the fog day was observed
for two moderate fog events (with visibility of
200 m). Also, ocean cooling with a decrease of
positive VSST was detected for the event with
visibility of 300 m. Ocean warming (decrease of the
negative VSST and increase of the positive anomaly)
was observed during five moderate events. Ocean

Pure Appl. Geophys.

cooling promotes air temperature decreases near the
coast and ocean warming helps to increase humidity
in the coastal region.

A comparison of air temperature at the airport
(Ta) with SST is presented in Table 3. SST was, on
average, higher than the daily average Ta by 3.9 °C
during all fog events. Differences between maximum
Ta on the fog day and SST were 0.7-1.9 °C for
five events; there was a negative difference (—0.9;
—0.3 °C) for two events and the difference reached
3.5 °C for one event. The above mentioned differ-
ence for the previous day was 0.5-1.1 °C for six
events and reached —2.4 and 2.7 for days 11/07/2002
and 02/06/2004. The reduction of the Ta on these
previous days was because of continuous cloudiness
during all the days, which has rarely been observed in
this tropical region (GoMmEs et al. 2011). The differ-
ence between minimum fog night Ta and SST on a
fog day was positive for all fog events, with variation
from 3.9 up to 6.8 °C. All data show that SST for all
fog events was higher than the minimum air
temperature during the fog-formation period, in
contrast with the typical advection sea fog when the
warm and moist air from the land moved over the
colder sea surface.

Maps of the SST distribution show one type of
warm thermic anomaly near the eastern coast of the
BNE (Fig. 10)—a warm oscillation on the sea surface
from the equatorial region (Qy). It is important to
note that only a warm oscillation on the sea surface
was observed for all fog events (Table 3). A warm
sea surface promotes greater air humidity at low

Table 2

Sea surface temperature (SST, °C) and variation of SST (VSST, °C) for the fog day (0) and previous days (—1 and —2) and also SST variation
from =2 to fog day (A)

Day SST VSST
-2 -1 0 A -2 -1 0

12/04/2002 28.8 29.0 29.2 0.4 0.58 0.74 0.97
11/07/2002 25.7 26.0 26.4 0.7 0.92 0.63 0.20
12/07/2002 26.0 26.4 26.8 0.8 0.63 0.20 0.28
01/06/2003 279 28.4 28.1 0.5/-0.3 0.36 0.85 0.62
02/06/2004 274 273 274 —0.1/0.1 0.18 0.20 0.07
21/05/2005 28.1 28.0 279 —-0.2 0.34 0.20 0.10
14/07/2005 26.3 26.2 26.3 —0.1/0.1 0.27 0.37 0.21
26/07/2007 26.0 25.8 25.7 -0.3 0.35 0.62 0.65
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Table 3

Comparison of air temperature at the airport with SST

Day Ta min Ta max

-2 —1 0 -2 -1 0

12/04/2002 22.6 23.0 24.0 31.0 31.0 31.0
11/07/2002 21.9 21.6 22.0 29.4 24.0 27.8
12/07/2002 21.6 22.0 214 24.0 27.8 275
01/06/2003 21.6 21.4 21.3 27.8 28.7 28.1
02/06/2004 234 232 235 28.7 24.7 30.9
21/05/2005 21.9 22.8 23.2 27.4 28.3 29.8
14/07/2005 219 194 19.9 274 275 26.3
26/07/2007 19.2 19.7 20.6 26.2 24.8 25.7

Ta maxg — SST Ta max_; — SST SST — Ta ming WTA
0.8 0.8 52 Qn
1.4 -24 4.4 Qn
0.7 1.0 54 Qn

—-0.3 0.6 6.8 Qn
35 2.7 3.9 Qn
1.9 0.4 4.7 Qn
1.2 1.1 6.4 Qn

—-0.9 0.5 5.1 Qn

Minimum and maximum air temperature at the airport (Ta min and Ta max, respectively) for a fog day (0) and previous days (—1 and —2) and
differences between air temperature and average sea surface temperature of a fog day (SST); also the existence of a warm thermic anomaly

(WTA) of SST (where S and N show the anomaly from N or from S)
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Figure 10
SST distribution near the eastern coast of the BNE on 01/06/2003 (a) and 14/07/2005 (b)

levels near the coast and also humidity transfer inside
the continent, together with a daily breeze on the day
before fog formation.

Latent heat flux reached approximately
60-100 W/m? in the coastal regions and adjacent
ocean. Much of this heat was concentrated near
Maceio over the ocean (Fig. 11a) or was observed
along the coast (Fig. 11b). Positive latent heat flux
indicates humidity evaporation from the surface and,
therefore, reveals an increase in the air humidity. For
this reason, humidity is more concentrated in the air
in this coastal region.

Sensible heat flux maps show Maceio’s location
between weak negative (down to —10 W/rnz) values

over the continental region and weak positive values
(up to 10 W/m?) over the ocean (Fig. 12a). More
significant variations of the sensible heat flux be-
tween continental and ocean regions (from —20 to
20 W/m?) were detected for three events (Fig. 12b).
Negative values of the sensible heat flux contribute to
air cooling, possible water vapor condensation, and,
therefore, fog formation.

Summarizing the results reported above, it is
possible to make the following conclusions regarding
the effect of the SST on fog formation in the tropical
region of the BNE. The SST during nights with fog
was approximately 4-7 °C higher than the air tem-
perature at the airport. Also, a warm oscillation on the
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Sensible heat flux at the surface (sz), from WRF data, at 06UTC on 21 May 2005 (a) and 12 July 2002 (b)

sea surface near the BNE was observed during all fog
events. Very weak temperature and humidity advec-
tion was typical for all fog events. All this
information shows that conditions for fog formation
were contrary to typical conditions for advection sea

fog, when warm air moves over the colder sea
surface.

This temperature distribution, in which SST is
higher than air temperature, is typical for the type of
evaporation of fog formation; air moves from the
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continent and fog is formed over the ocean. In this
study, however, fog was formed over the continent
within 20 km of the coast. Therefore, the studied fog
in the tropical region was not the same type as
evaporation fog.

Weak, latent heat flux (up to 100 W/m?) was
observed along the coast and, during three events,
was concentrated over the ocean near Maceio.
Positive latent heat flux is indicative of an increase
of air moisture and, therefore, more humidity accu-
mulates in the air in the coastal region. Upward
sensible heat flux maps show Maceio’s location
between weak negative (down to —20 W/mz) values
over the continental region and weak positive values
(up to 20 W/m?) over the ocean. Negative sensible
heat flux contributes to air cooling, possible water
vapor condensation, and, as a result, fog formation.

3.5. Forecast by the PAFOG Model

3.5.1 Forecast by PAFOG Model with Basic Initial
Conditions

The PAFOG model was used for all possible cases.
Two fog events (11/07/2002 and 14/07/2005) were
observed between rain. Rain during the days before
the fog days was recorded for two events (01/06/2003
and 21/05/05). All of these conditions are not
favorable for use of the model. Also, the absence of
WRF model data prevented use of the model on
02/06/2004. Therefore, the model was used for three
events. The forecast was satisfactory for two cases.
One event of intense fog on 26 July 2007 has
previously been analyzed by Feporova et al. (2013)
and was forecast with 9 h antecedence. The forecast
visibility was 136 m and the observed visibility was
200 m.

Results for the second fog event are presented in
Figs. 13 and 14. Detailed vertical profiles of the
temperature and relative humidity before, during, and
after the fog event on 12 April 2002, using WREF data,
are presented in Fig. 13. A temperature inversion was
present from the surface up to 50 m, approximately,
before and after the fog event. During the fog (06
local time), the isothermal level was below 50 m and
the inversion level was between 50 and 90 m.
Relative humidity before the fog event (00 local
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time) was 93-98 % below 50 m. During the fog,
relative humidity was >95 % below 50 m, ap-
proximately 95 % from 50 m to 600 m, 80-95 %
from 600 m up to 1300 m.

Fog formation was forecast with 9 h antecedence
(line 2, Fig. 14), but the beginning of the fog was
predicted with a delay of 3 h. Forecast visibility with
9 and 6h antecedence was 200 and 120 m,
respectively.

The duration of the fog event on 12 July 2002 was
1 h and minimum observational visibility was 900 m.
The model shows visibility decreases between 0 and
4 h but the forecasting process was then interrupted.
This happens when the results are not consistent. The
NCEP/DOE 1I, ECMWF, and WRF models give
different results for humidity at low levels for the fog
event on 12 July 2002. The NCEP/DOE II data are
indicative of a layer with T — Td between 4 and 5 °C
up to 850 hPa; this information did not confirm fog
formation. The ECMWF data are indicative of high
humidity (T = Td) up to 900 hPa and, therefore,
possible fog formation. The WRF vertical profile
reveals a very thin humid layer up to 950 hPa. Also,
very light rain was observed at 0 h. Other processes
were similar to the processes for the other events.
This fog event was very weak with a visibility of
900 m, which is near the high limit for fog (1,000 m).
Therefore, in the author’s opinion, the problem of fog
forecasting was the very thin humid layer predicted
by WRF model.

All these results show that it is necessary to better
understand the conditions of fog development in this
tropical region and to continue adaptation of the fog
forecast model for this specific region. Integration of
specific local observational data with the numerical
model in BERGOT et al. (2005) is a good start toward
future study development.

3.5.2 Forecast by PAFOG Model with the Vegetation
Conditions for Maceio

Low visibility forecasts using vegetation conditions
for Germany and the Maceio Airport were compared.
Results did not reveal any significant variation of
forecast low visibility. Fog was forecast for the same
events, and Fig. 15 shows the forecast variation on 12
April 2002 (the same day as discussed in the section
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Vertical profiles of the temperature (a) and relative humidity (b) before, during, and after a fog event on 12 April 2002, using WRF data
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Figure 14
Diagrams of visibility from observational data (squares) and according to the PAFOG model forecast (lines) 12 April 2002. The forecasts with
24 h (line 7), 21 h (line 6), and 18 h (line 5) antecedence are presented in (a) and with 15 h (line 4), 12 h (line 3), 9 h (line 2), and 6 h (line 1)
antecedence in (b). V visibility, ¢ hours during the fog day and during the day before the fog day

“Forecast by PAFOG Model with Basic Initial
Conditions” and Fig. 14). Table 4 shows the effect
of each vegetation condition on the forecast result.
The minimum visibility (observational data) was
700 m on 12 April 2002. Forecast visibility using
standard PAFOG model conditions was 118 m
(Table 4). Forecast visibility with use of the different

vegetation conditions was not significantly different
and varied between 65 m (with a high limit for the 1st
variable) and 278 m (with a high limit for the 5th
variable). It was mentioned in the section “Effect of
Vegetation on Fog Formation” that the 1st and 5th
vegetation variables differ from those of the standard
conditions.
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Figure 15
Diagrams of visibility from observational data (squares) and
forecast by use of the PAFOG model (lines) using the Maceio
vegetation conditions: 12 April 2002 with 6 h (line 1), 9 h (line 2),
12 h (line 3), and 15 h (line 4), antecedence. V visibility, ¢ hours
during the fog day and during the day before the fog day

Fog was observed at the meteorological station for
0.68 h and fog duration predicted by use of the
standard model substantially was 3 h. With use of a
high limit for the 5th variable, predicted fog duration
was 1 h, or more similar to the duration observed.
Results show (Fig. 15) that the times of fog initiation
and duration were predicted more exactly by using
vegetation conditions for Maceio.

Fog was forecast with 6 h antecedence by using
standard model conditions. The antecedence was
increased to 9 h by using the new vegetation
conditions (for example, with a high limit for the
5th variable, Table 4).

4. Conclusion

All eight fog events detected in the Maceio region
(tropical region of the BNE) during five years were
analyzed. Fog duration was short (nearly 4 h for one
event only and less than 2 h for four events) and its
intensity was weak or moderate.

Summarizing the results reported above, it is
possible to make the following conclusions regarding
the processes of fog formation in the tropical region
of the BNE. For was associated with a synoptic scale
air current in the atmosphere, in the form of WDTW
much different from typical synoptic scale processes
in this region, for example ITCZ, UTCV, EW, and
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FZ. A weak confluence in troughs at low levels (that
is in WDTW) contributes to weak pressure lifting,
which was observed in the line of pressure variation
at the meteorological station. Weak lifting at low
levels, revealed by the numerical models, was a result
of the WDTW occurrence. This current creates a
condition for humidity confluence, which was
marked by an increase in humidity. Humidity con-
fluence was observed during all fog events and results
in mist formation. Finally, a change in wind direction
and formation of an air current from the river region
contributes additional humidity for fog formation.
Only one event was calm. This calm condition was an
additional mechanism of the humidity accumulation
at low levels. In this event and two others precipita-
tion occurred before the fog, contributing to
humidification of the air by evaporation from the
humid surface and raindrops. This is an additional
mechanism of fog formation. A warmer sea surface
contributes to more evaporation and, as a conse-
quence, increases the amount of water vapor in the
surrounding air at low levels near the coast. Positive
latent heat flux results in a humidity increase and,
therefore, moisture accumulation in the coastal re-
gion. Negative sensible heat flux results in air
cooling, possible water vapor condensation, and, fi-
nally, fog formation.

The absence of the intertropical convergence
zone, frontal zones, and upper tropospheric cyclonic
vortex in the study region was confirmed by the air
current at the principal levels, satellite imagery, and
temperature and moisture advection. All this shows
the possibility of using the PAFOG model for fog
events.

The PAFOG model was used whenever possible.
It was not used for five events, because of the absence
of initial WRF data for one and rain before four
others. Therefore, the PAFOG model was used for
three events. The forecast was satisfactory for two
cases and not for one. Satisfactory results for fog
duration and intensity were obtained with 9 h
antecedence.

There was no significant effect of vegetation
conditions (fast-growing sugarcane) on the low visi-
bility forecast by the PAFOG model. However, a
trend of more precise forecasting of visibility, fog
duration, and event initiation with use of maximum
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Table 4

Visibility (V), fog duration (D), and antecedence (A) forecast by the PAFOG model, using standard vegetation conditions (S) and vegetation
variables (1, 2, ..., 8) for Maceio, 12 April 2002

S Vegetation variables
Ist 2nd 3rd 4th 5th 6th 7th 8th
L H L H L H L H L H L H L H L H
\% 118 101 65 101 129 101 153 86 112 205 278 105 118 111 86 110 118
D 3 3 3 3 3 3 3 4 3 2 1 4 3 3 4 3 3
A 6 9 6 9 9 9 9 9 6 6 9 6 6 6 9 6 6
L and H refer to the low and high limit for the variable

water storage of foliage for Maceio (5th variable) was
observed. In our opinion, the reason for the small
effect of vegetation conditions on the fog forecast
results is that the main mechanism of fog formation
on the Northern Coast of Brazil is not typical ra-
diation fog but a dynamic process in the atmosphere.
Fog forecasting by use of the PAFOG model was not
very satisfactory because of the use of calculated
vertical profiles and lack of radiosonde data. Inte-
gration of the numerical model with specific local
observational data is recommended for future study
development.
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