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Abstract

Situated on a coastal plain between the Southern Alps and Banks Peninsula,
Christchurch, New Zealand, experiences around 49 fog days every year. Given
its complex topography, accurate fog forecasting is difficult at Christchurch
International Airport (CHA). Climatological analysis of local fog events is an
important first step to gain insight into the processes involved in the fog life-
cycle. In this study, fog events were identified using 12 years of meteorological
observations from an automatic weather station situated at CHA. A novel fog
type classification method was developed using the modified Richardson num-
ber (MRi). The MRi fog type classification method assesses the local dynamic
stability of a 1.25 m shallow layer of near-surface air. Here, the MRi is used as
a quantitative index to classify advection fog, advection-radiation fog, and
radiation fog. Vertical gradients of air temperature and wind speed were
derived for prefog and fog periods, and a number of criteria were applied to
the MRi for the fog type classification. The fog type classification results were
examined in correspondence with the derived fog intensity, duration, diurnal
and seasonal variability of frequency of occurrences, and synoptic and local
wind flows. In agreement with other fog studies across the world, fog occurs
most frequently during local winter and spring. Radiation fog is the predomi-
nant type of fog identified at CHA, and its formation and development usually
coincide with the local drainage northwesterlies. This study is the first to use
long-term observational data to investigate the fog climatology and typology at
CHA in detail. The fog climatological characteristics presented in this study
will serve as the basis of future fog studies in Christchurch. The presented MRi
fog type classification method can potentially be used in fog characteristic
studies worldwide.
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1 | INTRODUCTION

Fog is a meteorological phenomenon in the lower atmo-
spheric boundary layer in association with poor visibility.
Fog has a considerable impact on human society and
safety, such that the related economic losses can be on a
similar order of magnitude to winter storms, hurricanes,
or tornadoes (Gultepe et al., 2007). In addition, adverse
visibility conditions strongly affect traffic flows (Bergot
et al., 2015). The physical processes involved in fog devel-
opment are supported by a wealth of fog-related research,
but forecasting fog accurately remains a challenge
(e.g., Gultepe et al., 2007, and references therein). While
fog occurs in a wide variety of meteorological conditions,
the occurrence and development of fog are also highly
dependent on the studied site's specific physical and envi-
ronmental conditions, such as air pollution, land use,
topography, and soil moisture and temperature
(e.g., Zhang et al., 2013; Bergot et al., 2015; Maronga and
Bosveld, 2017; Mazoyer et al., 2017; Smith et al., 2018).
Climatological characteristics and statistics of fog at a
given location are considered useful to improve the
understanding of the nature of fog and subsequently to
better predict fog occurrence (e.g., Gultepe et al., 2007;
Roman-Cascon et al., 2016).

Christchurch (43.5321°S, 172.6362°E; Figure 1) is one
of the largest cities in New Zealand. Both Banks Penin-
sula to the south and the Southern Alps to the northwest
have large influences on local mesoscale meteorology in
Christchurch. As reported by McKendry (1983), the
winds over the Canterbury Plains are strongly modified
by the Southern Alps which provide a barrier to the mid-
latitude westerlies in the Southern Hemisphere. Also, the
northeasterly airflow can be funnelled by Banks Penin-
sula onto the Canterbury Plains. The westerly cold air
from the foothills of the Southern Alps and the winds
down the slopes of Banks Peninsula converge and gener-
ate stagnant air zones across the city and its rural bound-
aries. The drainage westerly flows can also enhance the
strength of the near-surface temperature inversion
(McKendry, 1983; Kossmann and Sturman, 2004). In
addition to the coastal ocean, Lake Ellesmere to the south
also provides a source of moisture for fog development in
Christchurch. Such complexity of the local orography
and environment makes accurate fog forecasting difficult
at Christchurch. Located within 20 km of the Pacific
Ocean, Christchurch International Airport (CHA) is
New Zealand's second largest airport and a vital hub for
trade, tourism markets, and freight industries. As
recorded at CHA, fog occurs on average 49 days per year,
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FIGURE 1

Maps and images of the AWS location at CHA, New Zealand: (a) a topographic map of New Zealand, (b) a topographic map

of the regions near Christchurch, (c) an aerial photo of CHA, and (d) a picture of the AWS installation location. In panel (b), the major

Christchurch area is coloured in grey, and Lake Ellesmere (TeWaihora) is coloured in blue. Map data contain New Zealand North Island
and South Island 25 m digital elevation data (, 2018; Landcare Research, 2020a), Christchurch 1 m digital surface data (Envirionment
Canterbury Regional Council, 2020), and the New Zealand land cover database V5.0 (Landcare Research, 2020b). The aerial photos contain
data from Land Information New Zealand (2021). Source: AWS image, Meteorological Service of New Zealand Limited (MetService) [Colour
figure can be viewed at wileyonlinelibrary.com]
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wherein 24 days (49%) are recorded between May and
August or austral autumn to late winter (Macara, 2016).
Despite the inevitable adverse impact of fog, to the best
of our knowledge, no prior studies have investigated fog
climatological characteristics in detail at CHA using
long-term automatic weather station (AWS) data. The
early work of Hume (1999) provided an overview of the
fog climatology for several New Zealand airports includ-
ing CHA, but most of their visibility data were manually
recorded and they did not illustrate the climatological
characteristics for different fog types. Macara (2016) sug-
gested that Christchurch is mainly affected by advection
fog and radiation fog, but did not present any fog type
analysis.

Fog type classification using climatological analysis is
expected to offer more insight into the processes driving
local fog formation than operational forecasting tools
(Roux et al., 2021). Tardif and Rasmussen (2007), hereaf-
ter TRO7, developed comprehensive fog type definitions
and an event-based objective classification algorithm for
fog climatology and typology in the New York City region
of the United States. Their work has since been adopted
for many fog studies around the world, such as
Cape Town, South Africa (Van Schalkwyk and
Dyson, 2013), South Korea (Belorid et al., 2015), Japan
(Akimoto and Kusaka, 2015), the Grand Casablanca
Region, Morocco (Bari et al., 2016), and Perth, Australia
(Roux et al., 2021). These studies emphasized the impor-
tance of the surrounding environment in relation to fog
development at the studied sites, especially at coastal
regions, where onshore flows are responsible for the
transport of moisture and subsequently fog development.
Advection fog is found to be more frequent around
islands, coastal areas, or inland areas near large lakes
(e.g., TRO7; Belorid et al., 2015).

The event-based method usually uses a fixed wind
speed threshold to distinguish advection fog events and
radiation fog events (e.g., fig. 4 presented in TR0O7, and
node 1 in fig. 2 presented in Bari et al., 2016) or strong-
wind type and weak-wind type (e.g., Akimoto and
Kusaka, 2015). A fixed wind speed threshold may lead to
incorrect classification of fog events. For example, while
an advection fog event reported by Liu et al. (2016) is
associated with wind speed below 2.5 m-s™' during its
entire lifecycle (refer to fig. 2 in Liu et al., 2016), a fog
event associated with wind speed below 2.5 m-s™* is not
usually classified as an advection fog event in most of the
previous fog type classification studies (e.g., TR07; Aki-
moto and Kusaka, 2015; Bari et al., 2016; Van Schalkwyk
and Dyson, 2013; Roux et al., 2021). Also, as highlighted
by Baker et al. (2002), the real requirement for radiation
fog is lack of turbulence instead of lack of wind because
the strength of the nocturnal inversion strongly controls
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the wind speed at the surface. Furthermore, a few criteria
were not defined quantitatively in previous event-based
classification methods. For example, while “cooling prior
to onset” is usually used to classify radiation fog events
(e.g., TRO7; Bari et al., 2016; Roux et al., 2021; Van
Schalkwyk and Dyson, 2013), the required temperature
gradient of cooling is not specified. When classifying fog
events due to cloud base lowering, the magnitude of the
lowering is also not quantified. In the illustration of radi-
ation fog classification presented by TRO7, “only slight
warming leading to onset” was used as a criterion, while
the definition of “only slight warming” is ambiguous. In
this study, the aim is to present a quantitative method to
be used for fog type classification at CHA.

In this study, we conducted a climatological study of
fog at CHA. The objectives of this study are (a) to classify
fog types, (b) to provide a climatology of fog events, and
(c) to identify the climatological characteristics of differ-
ent fog types in Christchurch. Here the form of the modi-
fied Richardson number (MRi) introduced by Baker et al.
(2002) was adapted to assess the dynamic stability of a
shallow 1.25 m near-surface layer of the atmosphere to
diagnose the dominant drivers of the fog event for fog
type classification. The primary drivers leading to radia-
tion fog are the nocturnal radiative cooling of the surface
and inversion in association with a stable near-surface
layer of the atmosphere (e.g., Gultepe et al., 2007;
Price, 2011; Syed et al., 2012; Smith et al., 2018). In con-
trast, the formation of advection fog is primarily driven
by advection of warm moist air over a cooler surface
(e.g., Willett, 1928; George, 1951; Gultepe et al., 2007),
which requires stronger winds rather than a stable and
stagnant near-surface layer of the atmosphere prior to fog
formation. The MRi fog type classification method clas-
sifies fog events into specific types and thereby the clima-
tological characteristics of each fog type are identified.

This article is organized as follows. Section 2
describes the data set and method used to identify fog
events from 2007 to 2019 at CHA. Details of the MRi fog
type classification method are presented in section 3. The
classification results are verified by the analysis of the cli-
matological characteristics of fog types presented in sec-
tion 4, followed by discussions and conclusions outlined
in section 5.

2 | DATA SET AND FOG EVENT
IDENTIFICATION
2.1 | Data description

This study used 1-min AWS measurements obtained at
CHA. The location of the AWS is shown in Figure 1. The
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data set covered a 12-year period from 1st October 2007
to 31st July 2019 and was provided by the Meteorological
Service of New Zealand Limited (hereafter MetService).
As visibility is used as an indicator of fog events, high
temporal records of visibility are required. However, most
of the AWSs operated across Christchurch either do not
measure visibility, only cover a short period of time (less
than 5 years), or have been discontinued over 5 years
ago. There is only one AWS, which is located at CHA,
that provides long data records (over 10 years) of required
surface observations at a fine temporal resolution of
1-min in the Christchurch region. As a result, the 1-min
observations of ground surface temperature, air tempera-
ture at 1.25 m above ground level (AGL), visibility at
1.8 m AGL, cloud base height, and wind speed and direc-
tion at 10 m AGL were used to identify fog events and
classify fog types. Note that the cloud base height is mea-
sured by a ceilometer.

2.2 | Fog event identification algorithm
Depending on the scope of a study, various definitions of
fog and different thresholds for visibility have been used
(TRO7). In this study, we used the World Meteorological
Organisation (WMO) definition of fog, which is a phenom-
enon at the Earth's surface with horizontal visibility
reduced to less than 1 km due to suspension of water drop-
lets in the air (e.g., WMO, 1992; Gultepe et al., 2007;
TRO7). Furthermore, we only focus on fog events with
adverse visibility conditions lasting more than 1 hr. Subse-
quently, short-lived, patchy and not well-established fog
events are excluded from the analysis. These fog events
should be avoided for robust statistical analysis (Roman-
Cascon et al., 2016). MetService has provided a record of
daily fog occurrences between 1st January 2010 and 1st
January 2020, and the universal time coordinated (UTC)
date is used. However, the time of fog onset, event dura-
tion, and fog types are not recorded. Their daily records
only include information on whether fog occurred, fog
was significant to aviation, or mist occurred.

The MetService reports a mist event when visibility is
at least 1 km but not more than 5 km, following the defi-
nition stated by International Civil Aviation Organization
(ICAO, 2018). It should be noted that various fog and
mist events are reviewed by a number of various individ-
ual forecasters at MetService. In contrast, we developed
an objective fog identification algorithm to (a) avoid
potential biases in subjective interpretations of fog events
and (b) provide references of onset time, duration, and
dissipation time for each fog event. The fog days reported
by MetService are used as a reference to examine the per-
formance of the identification algorithm described below.

A schematic of the fog identification algorithm is
shown in Figure 2. The fog events are identified on a
daily basis with time in UTC instead of New Zealand
standard time (NZST), that is, 0000 UTC is equivalent to
1200 NZST. We define a 24-hr period from 0000 to
2359 UTC as one UTC day. The UTC day covers the
entire nocturnal period at CHA. In Christchurch, fog
usually forms nocturnally and rarely extends to the after-
noon. Therefore, the daily analysis in UTC can capture
the fog lifecycle for most of the fog events without inter-
ruption. Also, the identified fog days with UTC as a time
reference can be validated against the MetService records.
The 1-min AWS data were processed into 5-min averages
which are sufficient to filter noise in the measurements,
and provide an adequate number of samples for statistical
analysis.

For each UTC day, the algorithm first looks for
periods with visibility less than 1 km. If the visibility was
greater than 1 km during the entire day, that day is
marked as not a fog day. For each timestamp with visibil-
ity less than 1 km, the algorithm calculates the mean visi-
bility for the 1 hr immediately after the timestamp. If the
1-hr mean visibility is less than 1 km, then the first time-
stamp of the day that satisfies this criterion is marked as
fog onset (tsy). All the periods with visibility less than
1 km after s, are marked as potential fog periods. The
3 hr immediately before ts, are marked as prefog periods.
Here, the 3-hr period is used to represent the dynamic
meteorological conditions before fog onset. A period lon-
ger than 3 hr may include more daylight hours for fog
events that occurred in the early evenings. A period
shorter than 3 hr may not be sufficient to describe the
characteristics of different fog types. The prefog periods
are used in the fog type classification described in sec-
tion 3. If all timestamps with visibility less than 1 km do
not have a following 1-hr average visibility less than
1 km, then the day is marked as not a fog day. In most
fog events, the visibility can decrease to less than 200 m.
The 1 km threshold of the 1-hr mean is used to include
fog events with a patchy start during which the observed
visibility may be above 1 km for a very short period
within an hour. In addition, precipitation events could
also lead to a reduction of observed visibility. Overall,
514 UTC days within the 12-year analysis period coin-
cided with precipitation and visibility less than 1 km
recorded on the same UTC day, but the reduced visibility
resulting from these events usually has a duration shorter
than 30 min. The 1-hr mean of the observed visibility less
than 1 km allows the algorithm to exclude precipitation
events. Within the 514 UTC days, the algorithm identi-
fied 101 fog events, wherein only nine events were associ-
ated with precipitation at fog onset or during fog
development. In the other 92 fog events, precipitation
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FIGURE 2

occurred either a few hours prior to fog formation or after
fog dissipated.

2.3 | Validation
The fog events identified by the algorithm were com-
pared to the MetService fog records over the period from
1st January 2010 to 31st July 2019. This period was cho-
sen based on the date range of the 1-min AWS data and
the daily fog records provided by MetService. For the
entire validation period (3,418 calendar days), 561 fog
days were observed by MetService, and the algorithm
identified 447 fog days, within which 383 days are
recorded as fog days and 28 days are recorded as mist
days by MetService. At MetService, a low-visibility event
is distinguished and reviewed manually each day, while
the identification algorithm does not provide the classifi-
cation of fog and mist. However, the observed visibility in
the 28 mist events reaches the threshold of less than
1 km with their duration exceeding 1 hr, having the
potential to further develop into fog. Therefore, these
28 mist events were included as fog events for further
analysis. Overall, 91.9% of the fog days identified by the
algorithm align with the MetService fog records. Regard-
ing the clear days, the algorithm identified 2,971 clear
days, wherein 2,870 days (96.6%) are recorded as a clear
day by MetService.

There are several explanations of the missed and false
detected fog days by the algorithm. Visibility is the only
indicator for fog events used in the algorithm. Manual

ts;and 1 hour +ts;

Mark 3 hours immediately
before tsg as pre-fog period

i

Mark all timestamp after tsg
with visibility < 1000 m as
potential fog periods

ean visibility
between Mark this timestamp (ts;) as

fog onset (tsg)

<1000 m?

Flowchart illustrating the fog event identification algorithm

investigation shows that most of the missed fog events
are relatively short (<1 hr) and only have visibility less
than 1 km with a duration less than 30 min during the
entire fog period, while the algorithm is designed to
exclude such short events. All the 38 false detection
events show a reduction in visibility to less than 1 km
with a duration of more than 1 hr. Within the false detec-
tion events, four events extended from one UTC day to
the day after. MetService recognizes such an event as one
fog event and only marks the day when fog formation
started as a fog day. The algorithm, however, analyses fog
events for each day separately, and therefore identifies
such events as two separate events.

Given that over 90% of the fog and clear events
detected by the algorithm align with the MetService fog
records, the identification algorithm is applicable to iden-
tify fog events and the identified fog events are therefore
used for further analysis described below.

3 | FOGTYPE CLASSIFICATION

31 | Fog types

Several studies have established comprehensive fog type
definitions (e.g., Willett, 1928; George, 1951; TR07). Here,
we follow the guidance of TR07 who described five dis-
tinct types of fog:

« Precipitation fog (PCP)
 Radiation fog (RAD)
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+ Advection fog (ADV)
+ Fog resulting from the lowering of cloud base (CBL)
« Morning evaporation fog (EVP)

In addition to the five types defined by TR07, we
include advection-radiation fog (ADV-RAD) described
by George (1951) who stated ADV-RAD is “one of the
biggest sources of confusion to forecasters.” ADV is usu-
ally defined as a result of a warm moist air mass advected
over a cooler surface by relatively strong wind
(e.g., Willett, 1928; Bari et al., 2016; TR07). RAD forms
with radiative cooling at the surface under clear skies in
stagnant air, and is marked by a surface temperature
inversion (Willett, 1928). ADV-RAD fog results from
both radiation and advection processes. Its formation is a
result of moist air being advected over land from a large
water body during the previous daylight hours and radia-
tive cooling later in the day (Ryznar, 1977; Bari
et al., 2016). The manual investigation of the observations
used in this study revealed that PCP rarely occurs at
CHA. Therefore, PCP is not included as a fog type in the
analysis. In contrast to other fog types, CBL events are
not mainly driven by surface processes, such as surface
radiative cooling, surface evaporation, and near-surface
advection of air mass. CBL is associated with radiative
cooling at cloud top, which destabilizes the cloud layer
and subsequently generates top-down turbulent mixing
towards the subcloud layer (Pilié et al., 1975). The turbu-
lent eddies transport the radiative cooled air downward.
The subcloud layer is continuously cooled by evaporation
of settling cloud drops, leading to a lowering of cloud
base (e.g., Dupont et al., 2012; Menut et al., 2014). Reduc-
tion of horizontal visibility resulting from such top-down
processes of the cloud layer is frequently observed at
CHA. EVP usually starts to form within 1 hr of sunrise
(TRO7). During sunrise, the surface is heated faster than
the air above, leading to evaporation of surface moisture.
The water vapour condenses and suspends in the cooler
air above the ground resulting in reduction of visibility.
EVP is observed at CHA. Hence, the five types of fog
retained in this study are RAD, ADV, ADV-RAD, CBL,
and EVP.

3.2 | Classification method

The event-based objective fog type classification algo-
rithm developed by TRO7 contains several unquantified
criteria. Therefore, in this study, an alternative method to
classify fog events at CHA using the MRi was developed
and is presented. The fog types are classified based on the
dominant drivers in fog formation and development. The
MRi is a quantitative index that provides an evaluation of

the dynamic stability of a shallow near-surface layer of
the atmosphere. All types of fog occur at a wide range of
dynamic stabilities. This includes the very stable condi-
tions associated with radiative cooling and the slightly
turbulent conditions associated with advection processes.
The dynamic stability in the lowest layers of the atmo-
sphere during prefog and fog periods is considered as the
key to classify fog events into different fog types. This
MRi fog type classification method is only used to classify
fog events that are mainly formed and modified by
surface-atmosphere interactions, that is, ADV, RAD,
ADV-RAD, and EVP. CBL events are identified following
the definition described by TRO7 (described below).

The bulk Richardson number (Ri) is usually used as a
parameter for the categorisation of the dynamic stability
of a particular layer of the atmosphere and thus the state
of turbulence. Ri compares the roles of buoyancy to
mechanical or shear forces in a flow (Oke, 2002). Ri
requires temperatures and winds being measured at the
top and bottom of a particular layer that are not provided
by the AWS at CHA. Thus, we adopt the form of MRi
introduced in Baker et al. (2002),

Toi—T
MRi:aerSfC (Km~2s?). (1)

Baker et al. (2002) used the MRi to forecast boundary
layer turbulence and subsequently forecast radiation fog
occurrence. For the purpose of fog forecast, Ty is the
forecast air temperature in the boundary layer (the tem-
perature in the lowest model layer or the third model
layer above the surface, whichever is warmer), Ty is the
forecast shelter temperature, and u is the forecast wind
speed in the lowest model layer (Colby, 1998; Baker
et al., 2002). All these variables were taken from opera-
tional forecasting model output provided by the
United States National Centers for Environmental Predic-
tion (NCEP) (Colby, 1998). The forecast example pre-
sented in Baker et al. (2002) showed that their objective
and process-oriented approach based on MRi is effective
for radiation fog forecasting. The MRi was later adopted
by Syed et al. (2012) to investigate the variability of fog
over their studied region, wherein they used the forecast
near-surface temperature as Tye. In addition, Syed et al.
(2012) reported that the spatial pattern and the magni-
tude of fog occurrence derived by their MRi-based fog
detection scheme are in good agreement with
observations.

In this study, we adopt the form of MRi to assess the
dynamic stability and turbulence state of the shallow
1.25 m layer of the atmosphere above the ground surface.
The MRi used here is not for fog forecasting. Rather,
the MRi is used as a quantitative index to represent the
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FIGURE 3 Flowchart showing the fog type classification
algorithm for morning evaporation fog (EVP), fog resulting from
the lowering of cloud base (CBL), advection fog (ADV), advection-
radiation fog (ADV-RAD) and radiation fog (RAD)

near-surface layer turbulent mixing and stability. The
required temperature and wind data to calculate MRi
were obtained from the AWS at CHA, rather than using
data from a numerical weather prediction model. There-
fore, we use the observed ground surface temperature as
Tss., the observed air temperature at 1.25 m AGL as Ty,
and the observed wind speed at 10 m AGL as u (in the
unit of m-s™"). The MRi is derived for both prefog (MRipye.
fog) and fog (MRis,g) periods identified in section 2. The
prefog period is considered because it represents the sta-
bility leading to fog formation, while the fog period is
used to consider whether the stable or unstable condi-
tions sustain throughout the fog lifecycle.

Figure 3 outlines the decision process of the fog type
classification. EVP and CBL events are classified indepen-
dently. EVP events occur within 1 hr of sunrise and result
from evaporation of surface water associated with turbu-
lence mixing in the surface layer. Since such evaporation
is caused by heating at the surface, EVP events occur
with MRifoe < 0 (Tstc > Tair)- Furthermore, TRO7 identi-
fied that an EVP event occurs under calm wind condi-
tions while the cloudiness during the preceding night
could be varying. Their research also emphasizes that, as
a result of evaporation of surface water, the incoming
solar radiation and local surface moisture play the most
important roles in EVP events. Therefore, the threshold
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of MRig,s < 0 and the time of the fog formation are suffi-
cient to represent the EVP event, and the cloud base
height and prefog conditions are not considered to clas-
sify EVP. According to TRO7, a CBL event is defined as a
fog event resulting from the cloud-base gradually lower-
ing from a height below 1 km within 5 hr prior to fog
onset. We follow this definition and define a CBL event
as a fog event associated with a mean cloud base height
less than 1,500 m within a 3-hr period prior to fog onset.
The cloud base height is measured by a ceilometer at
CHA, which may only represent the cloud cover condi-
tions over the instrument itself. Large variations in the
observed cloud base height may exist in some CBL
events. The threshold of 1,500 m is sufficient to include
these events, and to prevent the classification method
from identifying any other fog types as CBL.

ADV, ADV-RAD, and RAD events are classified
using the derived MRi for the prefog (MRiyreog) and fog
(MRi,) periods, and the classification criteria are listed
in Table 1. The mean temperatures and wind speed for
the prefog and fog periods are used to calculate MRijpefoq
and MRis,g.

After intensive testing of the thresholds based on
manual inspection of over 200 fog events, MRi > 1 is used
to represent a strong stable near-surface layer where the
turbulence suppressing force of buoyancy dominates.
Moderate stability is determined by a threshold of
0.5 < MRi < 1. Conditions with 0 < MRi < 0.5 are consid-
ered as weak inversion and/or near neutral conditions,
wherein T,;, is greater than Ty, but either the inversion
is weak or wind speed is high and hence turbulence is
not suppressed. A negative MRi represents unstable con-
ditions such that the surface is warmer than the overlying
air and radiative cooling does not occur at ground sur-
face. These thresholds were examined by the results pre-
sented in section 4.

RAD events are considered as fog events in which
radiative cooling associated with inversion and a stable
near-surface layer is the dominant factor, and the strong
stability is sustained throughout the prefog and fog
periods. MRijefos > 1 with MRig,, > 0 indicates that a
strong inversion develops before fog forms and the inver-
sion sustains. Only MRig,, > 0 is used because once fog
matures the radiative cooling zone moves to the top of
fog. For example, when a RAD event develops into a deep
adiabatic radiation fog, radiative cooling primarily occurs
at the fog top instead of the surface (Smith et al., 2018).
Such a deep adiabatic radiation fog event is usually lon-
ger lived, which may lead to a near-zero MRig,,. When a
fog event develops in the early evening, the inversion
may not be strong during the 3 hr before fog onset
(0.5 < MRiprerog < 1), but a stronger inversion can
develop during the fog period (MRir, > 1) where
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TABLE 1 Classification of ADV, ADV-RAD, and RAD based on MRi during prefog and fog periods
MRiyetog
MRig,g <0 0-0.5 0.5-1 >1
<0 ADV ADV ADV Unknown
0-0.5 ADV ADV ADV RAD
0.5-1 ADV-RAD ADV-RAD ADV-RAD RAD
>1 ADV-RAD ADV-RAD RAD RAD

Note: Fog events with MRip o > 1 and MRig,, < 0 are classified as unknown fog types and are excluded from the fog type classification.

turbulence is suppressed with light wind. In this case, the
fog formation is mainly driven by nocturnal radiative
cooling and inversion. Hence, such fog events are classi-
fied as RAD.

Fog events that do not occur with high stability prior
to fog formation and during fog periods are not primarily
driven by local radiative cooling. For these fog events,
advection is considered as a primary factor for fog forma-
tion. Some ADV events could be a fog layer advected
from elsewhere, while other ADV events require rela-
tively strong winds to advect warm moist air over the
colder land surface (as described by, e.g., TR07; Gultepe
et al., 2007). In ADV events, the strong stability does not
sustain throughout the entire prefog and fog periods. As
the MRi only assesses the stability locally, the prefog sta-
bility for ADV events could vary (MRiyefo < 1). Radia-
tive cooling may still occur in the early evening before
the advection fog occurs. However, since the cooling is
short-lived, a strong inversion does not develop
(MRipreog < 1). During the fog period, advection is sus-
tained, as it is the dominant factor for ADV events,
resulting in an MRis,, value of <0.5. Values of MRizg < 0
indicate unstable conditions, where no temperature
inversion is present and the advected air or fog is cooler
than the surface. The threshold of 0 < MRif,, < 0.5 was
chosen to identify ADV because air could be warmer
than the land surface following the definition of ADV,
while the MRig,, cannot be greater than 0.5 due to the
presence of rapid flow coinciding with the advection.

In ADV-RAD events, both the advection of moisture at
earlier hours and nocturnal radiative cooling are the pri-
mary drivers leading to fog formation and development.
When sufficient moisture is advected inland during the pre-
vious daylight hours, the dew point temperature is
enhanced locally. As a result, less radiative cooling is
required for T,;, to converge to dew point, and an ADV-
RAD event usually occurs with a weaker inversion than
a RAD event. Therefore, an ADV-RAD event is associ-
ated with prefog conditions similar to ADV events
(MRipretog < 0.5), while moderate or strong inversion
occurs during fog periods (MRig,s > 0.5). The particular

fog events associated with moderate inversion condi-
tions during both the prefog and fog period
(0.5 < MRipreog < 1 and 0.5 < MRig,g < 1) are classified
as ADV-RAD. These events are identified as the result
of both moderate advection during prefog periods and
moderate radiative cooling during fog periods. Without
the presence of either process, fog may not form.

The events with MRiefoq > 1 and MRig,, < 0 are not
included in the fog type classification. These events rarely
occur (only three events recorded at CHA during the
entire observational period) and do not show consistent
fog characteristics. Thus, they are classified as unknown

fog types.

4 | FOGTYPE ANALYSIS

41 | Frequency of occurrence

The characteristics of each fog type are examined by
duration, diurnal and seasonal variability of fog onset
and dissipation times, and the reduced horizontal visibil-
ity during the fog event (e.g., TRO7; Bari et al., 2016). The
seasonal and diurnal variability of fog events are repre-
sented using the monthly/diurnal frequency,

Fm,h=(Nm,h/N[0[)X100%, (2)
where F,,, is the frequency of fog events at hour h in
month m, N, is the number of events which occurred
at hour h in month m, and Ny is the total number of fog
events over the analysis period (TR07). The monthly fre-

quency is

Fp=> Fpnpx100%. (3)
h

The hourly frequency is

Fp=)_Fpupx100%. (4)
m



LIN ET AL.

International Journal RMetS

4.2 | Fog type characteristics

The seasonal and diurnal frequency distribution of fog
events are presented in Figure 4. The frequency is calcu-
lated as described in section 4.1. The intensity of each fog
type is expressed as the duration and the minimum visi-
bility of each fog event and shown in Figure 5.

As shown in Figure 4a, April and August have the
highest frequency of fog events at CHA. Most fog events
occur after sunset and dissipate within 2 hr after sunrise.
ADV events last the longest among all fog types
(Figure 5a). ADV events can extend over 5 hr after sunrise
(Figure 4b). Figure 6 compares the frequency distribution
of fog events with the variability of daily mean T,; and sea
surface temperature (SST) in each month. The SST data
were obtained from ERAS5 data set, the fifth generation of
European Centre for Medium-Range Weather Forecasts
(ECMWF) atmospheric reanalysis of the global climate
(Hersbach et al., 2019). The maximum frequency of ADV
is evident in August, while the lowest numbers are in late
spring (November) and summer (December and January)
(Figure 6a). The peak in August coincides with the lowest
SST and a relatively cold boundary layer (Figure 6b). A
cold boundary layer is favourable for the fog layer to prop-
agate inland with an onshore push resulting from the
northeasterly winds driven by the orography.

ADV-RAD events are frequently observed during the
second half of the evenings, especially in spring (March,
April, and May) and autumn (September, October, and
November; Figure 4c). Similar to ADV events, ADV-
RAD events seldom occur in summer. Radiative cooling
plays an important role in ADV-RAD events, while
boundary layer cooling and reduction of the turbulent
mixing during summer nights are usually not sufficient
to produce fog. In spring or autumn, the daylight time is
still longer than that in winter months; therefore, advec-
tion of moisture associated with turbulent mixing during
daylight hours hinders the development of sufficient radi-
ative cooling in the first half of the evening. After sunset,
with decreasing turbulent mixing during the earlier
hours in the evening, a stable layer begins to establish
leading to ADV-RAD fog formation in the second half of
the evening. With decreasing solar radiation during the
day, the boundary layer cools faster in winter months,
and therefore ADV-RAD events can occur in the first
half of the evening. Although ADV-RAD events are
denser than other types of fog with the lowest median of
minimum visibility as shown in Figure 5b, they usually
dissipate within 1 hr after sunrise (Figure 4c). The
increase of solar radiation and subsequently increase of
temperature in the boundary layer lead to strengthening
of vertical turbulent mixing and a decrease in near-
surface relative humidity.

of Climatology

The onset of RAD events shows a strong correlation
with sunset time (Figure 4d). RAD events can occur
within 2 hr after sunset in winter months and the num-
ber increases to 7 hr after sunset in summer months. Sim-
ilar to ADV-RAD events, RAD events generally dissipate
within 1 hr after sunrise. April, July, and August exhibit
the highest frequencies of RAD events (Figure 6a) at
CHA. These months have relatively long nights to allow
the development of radiative cooling, and the surface
temperature is not too low, which allows water droplets
to be suspended in the atmosphere. June and July are the
coldest months at CHA (Figure 6b). When the ground
surface is below freezing temperature, the saturation
vapour pressure over water is greater than that for ice,
and therefore frost is more likely to occur rather than fog
(Hume, 1999; Sturman and Tapper, 2006).

EVP events occur within 1 hr of sunrise and most of
the events have duration around 2 hr (Figure 4e). Com-
pared with other types of fog, EVP events are short-lived
and less dense (Figure 5). Frequencies of EVP events
maximize in January and March (Figure 6a). However,
over the entire analysis period, only 18 EVP events are
identified, which may not provide sufficient samples to
represent their characteristics in detail.

In agreement with TRO7, the seasonality and diurnal
variability in CBL events are less evident compared with
other types of fog (Figure 4f). The onset and dissipation
time of CBL events still show correlations with sunset
and sunrise time, respectively. Similar to ADV-RAD and
RAD events, the number of CBL events is greater in late
spring and winter months, and is lowest in summer
months (Figure 6a). This suggests that boundary layer
cooling could still be an important process in CBL events.
Although CBL events are less intense regarding reduction
of visibility (Figure 5b), they tend to have longer duration
(Figure 5a). CBL events could last more than 10 hr, sec-
ond only to the duration of ADV events.

4.3 | Synoptic and local wind flows

The mean sea level pressure (MSLP) over New Zealand
nearest to fog onset for each fog type is shown in
Figure 7. The MSLP data were obtained from the ERA5
data set. In general, all fog events at CHA are associated
with anticyclonic conditions, while variability exists in
the locations of the anticyclone centre. For EVP, CBL,
and ADV events, the centre of the high MSLP is located
to the east of New Zealand. ADV-RAD events are associ-
ated with high MSLP over the North Island, while the
centre of the high MSLP is located to the north of the
South Island and the west of North Island for RAD
events. EVP, CBL, ADV, and ADV-RAD events all show
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zonal flow across the South Island which converges on
the Canterbury area resulting in a trough at the lee side
of the Southern Alps. The deep orographic lee trough is
not observed in RAD events, suggesting clear sky condi-
tions, which is favourable for nocturnal radiative cooling.
However, the synoptic analysis failed to capture the vari-
ation of local flows, which is modified by the surrounding
environment of CHA. The synoptic weather systems are
dynamic and fog is very sensitive to the location of synop-
tic circulations. While the synoptic conditions show sub-
tle difference across most fog events, the local dynamics
also vary case by case. Figures 8 and 9 present the fre-
quencies of wind speed and direction for each fog type
during prefog and fog periods, respectively. During prefog
periods, the dominant wind is northeasterly for all fog
events regardless of fog types (Figure 8a), while both the
northeasterlies and the northwesterlies have a frequency
over 10% in all fog events during fog periods (Figure 9a).
ADV events are associated with southwesterlies and
northeasterlies during the prefog periods (Figure 8b). The
southwesterlies advect warm moist air or a blanket of fog
from Lake Ellesmere, which is located to the southwest of
Christchurch (Figure 1). The northeasterlies are due to either
the sea breeze or an orographically driven circulation. In
contrast to their prefog periods, ADV events during fog
periods are associated with a higher frequency of southwest-
erlies and a lower frequency of northeasterlies (Figure 9b).
The evident signal of southwesterlies is likely to be an associ-
ation with advection of a blanket of fog over CHA. Fog may
have formed near Lake Ellesmere before advection occurs.

The prefog periods in ADV-RAD events are mainly
associated with northeasterlies (Figure 8c). The north-
easterlies are responsible for advection of moist air from
the warm ocean, which keeps the dew point high over
Christchurch. In contrast to ADV events, ADV-RAD
events show a significantly lower ratio of southwesterlies
during prefog periods (Figure 8c). Scattered cloud and
sometimes overcast conditions are frequently present
with southwest winds (Sturman and Tyson, 1981). Such
conditions are not favourable to development of radiative
cooling, and hence ADV-RAD events rarely occur with
southwesterlies. In ADV-RAD events, significant num-
bers of northwesterlies are observed during fog periods
(Figure 9c). In Christchurch, northwesterlies are often
associated with the foehn effect, which leads to rapid
increases in temperature and wind speed, and decrease
in relative humidity (Sturman and Tapper, 2006). Fog is
unlikely to form under these conditions. However, as
shown in Figure 9c, the wind speed is relatively low
(below 2 m-s™"), which is more likely to be a result of the
drainage flow and stagnant air masses as reported by
Corsmeier et al. (2006). The cold northwesterly drainage
flow is associated with a stable boundary layer suggesting
the sustenance of radiative cooling during the fog life-
cycle, which agrees with the definition of ADV-RAD.

RAD prefog periods show a strong signal of light
northwesterlies (Figure 8d), which is considered as an
indicator of the drainage flow and a stable boundary
layer. During both prefog and fog periods, a greater num-
ber of northwesterlies is observed in RAD events than in


http://wileyonlinelibrary.com

12 International Journal

RMetS

LIN ET AL.

of Climatology

(@)

FIGURE 6 (a) The monthly number of

35 1

30 1

25

20

15 1

Number of events

10 1

Jan
Feb
Mar
Apr
May
Jun

Jul
Aug
Sep

(b)

Oct

BROEN

events for each fog type. (b) Monthly variability

EVP
ADV
ADV-RAD
RAD
CBL

in daily mean air temperature observed at
CHA (T,;;) and the daily SST at the nearest
grid points from CHA. The SST data are taken
from ERAS5 data set (Hersbach et al., 2019)
[Colour figure can be viewed at
wileyonlinelibrary.com]

Nov
Dec

22.5 1

20.0 1

17.5 1

15.0 1

12.5 1 1

HiIH

10.0

Tempearture (°C)

7.5 1

5.0 1 1

2.5 1

Mar -
Apr -
May -
Jun -
Jul -
Aug
Sep

ADV-RAD events. This agrees with the definitions of
RAD and ADV-RAD. Due to absence of moisture
advected from large water bodies, RAD requires stronger
radiative cooling and subsequently stronger surface temper-
ature inversion for its formation than ADV-RAD. The
northeasterlies in RAD and ADV-RAD events may be a sig-
nature of the sea breeze or the orographically driven north-
easterlies in the early evenings. Sturman and Tyson (1981)
illustrated that the northeasterlies in Christchurch is initi-
ated more frequently later in the day, especially in winter.
The wind speed for RAD prefog periods is lower compared
with other types of fog, indicating weak turbulence mixing.
A small number (approximately 15.7%) of EVP prefog
periods show strong southwesterlies (wind speed greater
than 4.0 m-s™") (Figure 8e), which may indicate that the
southwesterlies advect moisture to CHA in EVP events.
The signal of the northeasterly flows also appears in EVP
events. Despite the inadequate samples, most of the EVP
events occurred in January and March (summer and

Oct

Nov
Dec -

early autumn), while northeasterly is the dominant wind
during summer as illustrated in (Sturman and
Tyson, 1981). Figures 8e and 9e show a notable drop in
wind speed from prefog periods to fog periods. Such drop
is associated with reduction in turbulence mixing, which
may be responsible for EVP formation.

CBL events are associated with a significant number
of strong northeasterlies and a small number of south-
westerlies, suggesting that clouds are pushed inland
under the impact of synoptic-scale weather systems
(Figure 8f). The high ratio of northeasterlies during CBL
events suggests that the continuous input of clouds dur-
ing CBL fog periods is mainly from the ocean. The ratio
of northwesterlies during fog periods is greater than that
during prefog periods in CBL events (Figure 9f). Similar
to ADV-RAD and RAD events, the northeasterlies could
be associated with a stable boundary layer suggesting the
potential influence of boundary layer stability in CBL
events.
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5 | DISCUSSIONS AND
CONCLUSIONS

In this study, we identified the climatological characteris-
tics of fog at CHA over a 12-year period between 2007
and 2019. Fog events were identified using the 1-min visi-
bility data obtained from the AWS at CHA. A novel
quantitative method based on MRi was used to perform
fog type classification of the identified fog events. In con-
trast to previous fog climatological studies (e.g., TRO7;
Akimoto and Kusaka, 2015; Bari et al., 2016; Belorid
et al., 2015; Roux et al., 2021; Van Schalkwyk and
Dyson, 2013), the MRi method does not apply a fixed
threshold to wind speed to distinguish different fog event
types. Rather, the MRi (using temperatures and wind
speed) was calculated to assess the dynamic stability of
the near-surface layer in the atmosphere during prefog
and fog periods. Based on that stability we classified fog
events into different fog types. Also, the use of MRi over-
comes the ambiguous descriptions of “cooling prior to
onset” or “slight warming leading to onset” that was used
in previous climatological studies to identify fog types.
Fog events were classified into five different types:
ADV, ADV-RAD, RAD, EVP, and CBL. Fog characteris-
tics are represented using the fog event duration, mini-
mum visibility, diurnal and seasonal variability of fog
occurrences. In addition, the synoptic and local wind
flows at CHA during prefog and fog periods for each fog
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Similar to Figure 8, but for the fog periods [Colour figure can be viewed at wileyonlinelibrary.com]

type were examined. The climatological characteristics of
each fog types found in this study are in agreement with
climatological fog type studies at other sites around the
world (e.g., TRO7; Akimoto and Kusaka, 2015; Bari
et al., 2016; Belorid et al., 2015; Roux et al., 2021; Van
Schalkwyk and Dyson, 2013). Overall, the results of fog
characteristics show that ADV events have the longest
duration, followed by CBL events. ADV events occur
most frequently in August (late winter) associated with a
relatively cool boundary layer and the lowest SST. Fre-
quencies of ADV-RAD events peak in May and August,
and most ADV-RAD events occurred during the second
half of the evenings. Compared with other types of fog,
ADV-RAD events have a relatively greater impact on
reduction of visibility. RAD is the most common fog type
at CHA, followed by CBL. EVP events are short-lived and
their impact on visibility reduction is the least significant
among all types of fog.

The presented results show that the MRi fog type clas-
sification method managed to capture the primary drivers
to classify the ADV, ADV-RAD, and RAD events, while
quantifying the criteria for fog type classification. In addi-
tion, the dynamic stability of both prefog and fog periods
were considered, whereas the event-based method
described in TRO7 only focuses on the periods prior to or
at fog onset. The MRi method has the potential to be
applied to other regions where temperatures measure-
ments at two different vertical levels, winds, and visibility
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observations are available. When applying this method to
data from other sites, the thresholds that categorize the
strength of stability may change depending on the thick-
ness of the measured layer. Extra care should be taken
towards the unit of wind speed. Baker et al. (2002) and
Syed et al. (2012) used knots, while our study uses m-s™".
Although the units do not alter the physical basis for MRi
and its assessment of the dynamic stability, the values
used for the MRi thresholds could vary. Due to the lack
of fog type observations, the MRi method is only verified
using the climatological characteristic results shown in
section 4. Furthermore, only 13 EVP events were identi-
fied at CHA over the 12-year observational period. Such a
low sample size may not be sufficient for a robust analy-
sis of EVP events. In addition, due to the limitation of
available data, only the local dynamic stability at CHA is
assessed. Targeted fog type observations and/or field
studies at multiple observational sites are required for
future investigation of (a) verifying the MRi method fur-
ther, and (b) comparing and combining the MRi method
with TRO7 to gain a better understanding of the processes
involved in different fog types.

The classification of CBL events is mainly dependent on
the observed cloud base height, which could be biased
depending on the observation method. For example, in Bari
et al. (2016), the cloud base height is determined by human
observers, while our study uses cloud base height derived
from ceilometer measurements. When fog forms at CHA,
the ceilometer may record a sudden decrease of cloud base
height from a few kilometres to a few hundred meters. This
is commonly presented in ceilometer measurements
(e.g., Nowak et al., 2008; Arun et al., 2018; An et al., 2020),
and different ceilometers may give different cloud layer
measurements when fog occurs (e.g., Liu et al., 2015). A
more reliable classification for CBL events may be achieved
by conducting case studies in numerical models to improve
our understanding towards the relation between ceilometer
observations and the processes involved in CBL events.

This study is the first to identify, classify, and analyse
fog events at CHA using AWS data for a period over
10 years. The climatological study presented here aims to
provide a general guidance of the characteristics of each
fog type. This is a crucial first step of fog research at CHA
which could aid forecasters' understanding of the pro-
cesses and dynamics involved in local fog events. The
results serve as a basis for more detailed fog research in
the future. Future studies could investigate the applica-
tion of climatological statistics in radiation fog forecast as
described by Menut et al. (2014) and Romén-Cascon et al.
(2016). Further applications of MRi for fog forecasting as
described by Baker et al. (2002) should be investigated in
future field studies and/or with numerical weather pre-
diction models and forecasters' guidance.

of Climatology
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