
Atmos. Chem. Phys., 23, 14451–14479, 2023
https://doi.org/10.5194/acp-23-14451-2023
© Author(s) 2023. This work is distributed under
the Creative Commons Attribution 4.0 License.

R
esearch

article

Investigating multiscale meteorological controls and
impact of soil moisture heterogeneity on radiation fog

in complex terrain using semi-idealised simulations

Dongqi Lin1,2, Marwan Katurji2, Laura E. Revell1, Basit Khan3,a, and Andrew Sturman2
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Abstract. Coupled surface–atmosphere high-resolution mesoscale simulations were carried out to understand
meteorological processes involved in the radiation fog life cycle in a city surrounded by complex terrain. The
controls of mesoscale meteorology and microscale soil moisture heterogeneity on fog were investigated using
case studies for the city of Ōtautahi / Christchurch, New Zealand. Numerical model simulations from the synop-
tic to microscale were carried out using the Weather Research and Forecasting (WRF) model and the Parallelised
Large-Eddy Simulation Model (PALM). Heterogeneous soil moisture, land use, and topography were included.
The spatial heterogeneity of soil moisture was derived using Landsat 8 satellite imagery and ground-based me-
teorological observations. Nine semi-idealised simulations were carried out under identical meteorological con-
ditions. One contained homogeneous soil moisture of about 0.31 m3 m−3, with two other simulations of halved
and doubled soil moisture to demonstrate the range of soil moisture impact. Another contained heterogeneous
soil moisture derived from Landsat 8 imagery. For the other five simulations, the soil moisture heterogeneity
magnitudes were amplified following the observed spatial distribution to aid our understanding of the impact
of soil moisture heterogeneity. Analysis using pseudo-process diagrams and accumulated latent heat flux shows
significant spatial heterogeneity of processes involved in the simulated fog. Our results showed that soil mois-
ture heterogeneity did not significantly change the general spatial structure of near-surface fog occurrence, even
when the heterogeneity signal was amplified and/or when the soil moisture was halved and doubled. However,
compared to homogeneous soil moisture, spatial heterogeneity in soil moisture can lead to changes in fog dura-
tion. These changes can be more than 50 min, although they are not directly correlated with spatial variations in
soil moisture. The simulations showed that the mesoscale (10 to 200 km) meteorology controls the location of
fog occurrence, while soil moisture heterogeneity alters fog duration at the microscale on the order of 100 m to
1 km. Our results highlight the importance of including soil moisture heterogeneity for accurate spatiotemporal
fog forecasting.
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1 Introduction

Dense fog has been identified as one of the greatest haz-
ardous meteorological phenomena in the atmospheric bound-
ary layer (ABL) (Duynkerke, 1991; Mason, 1982). Fog is a
result of water droplets and/or ice crystals occurring in sus-
pension near the Earth’s surface, which limits visibility to
less than 1 km (Brown and Roach, 1976; Gultepe et al., 2007;
Steeneveld et al., 2015; WMO, 1992). Fog can be classified
into several types based on the main driving meteorological
processes (e.g. Gultepe et al., 2006; Tardif and Rasmussen,
2007; Van Schalkwyk and Dyson, 2013; Belorid et al., 2015;
Bari et al., 2016; Roux et al., 2021; Lin et al., 2023a). For
instance, advection fog is usually related to a moist warm
air mass moving over a colder surface, while radiation fog
is driven by more localised processes, particularly radiative
cooling of the ground surface. The main focus of this paper
is radiation fog. Over 30 years ago, Duynkerke (1991) iden-
tified land surface physical characteristics as the most im-
portant factor for fog occurrence among several thermal and
dynamical processes in the ABL. The physical characteristics
of the land surface, including land use, soil moisture, and soil
temperature, have a significant impact on the coupled energy
and water exchanges between the land surface and the ABL
(e.g. Bou-Zeid et al., 2004; Maronga et al., 2014; Rihani
et al., 2015; Shao et al., 2013; Srivastava et al., 2020). Gul-
tepe et al. (2007) pointed out that radiation fog over a hetero-
geneous land surface is difficult to forecast. The spatial het-
erogeneity in land–atmosphere interactions and the surface
energy balance can impact energy transfer between the atmo-
sphere, ground surface, and soil (e.g. Courault et al., 2007;
Huang and Margulis, 2013; Maronga et al., 2014). Here, we
recognise heterogeneity as spatial variability in land surface
characteristics, while homogeneity means that such charac-
teristics are spatially uniform.

Over the past decade, many studies have included hetero-
geneous land surface characteristics in radiation fog simula-
tions in order to understand the microscale processes (occur-
ring from 1 cm to 1 km and from seconds to hours) and as-
sociated feedback during the fog life cycle. High-resolution
numerical weather models, including large-eddy simulation
(LES) models, are useful tools for improving the understand-
ing of dynamical processes involved in the radiation fog life
cycle within a complex environment. With higher resolution,
the microscale processes related to surface heterogeneities
can be better resolved and represented. Bergot et al. (2015)
investigated the impact of the heterogeneously built environ-
ment over flat terrain at Paris Charles de Gaulle airport, while
Mazoyer et al. (2017) demonstrated the impact of a plant
canopy on a radiation fog event observed during the Paris-
Fog field campaign (Haeffelin et al., 2010). Both studies ap-
plied simulations at grid spacings ≤ 5 m using an LES model
and found that variations in land use lead to spatial hetero-
geneities of fog.

While numerical simulations at the metre scale are highly
valuable, they are also highly computationally expensive. In
the last few years, to compromise between computational
cost and simulation scale, several studies have carried out
simulations over complex heterogeneous topography at the
sub-kilometre scale (with grid spacing of a few hundred me-
tres). For example, Bergot and Lestringant (2019) carried
out a case study with two horizontal numerical grid spacings
(500 and 50 m) in a region of northeastern France. Ducongé
et al. (2020) conducted simulations with 100 m horizontal
grid spacing in the Shropshire Hills (UK), and Smith et al.
(2020) applied sub-kilometre simulations (1.5 km, 333, and
100 m) over the Cardington and Shropshire regions. All these
studies highlighted that, even over a relatively small area
(less than 4 km2), when a complex and heterogeneous en-
vironment is present, fog occurrence and types can vary sig-
nificantly.

In addition to topography, soil moisture is identified as an
important attribute of land surface characteristics. Changes in
soil moisture lead to variability in the surface energy balance
and consequently to changes in fog formation and dissipation
times (Bergot and Guedalia, 1994; Maronga and Bosveld,
2017; Rémy and Bergot, 2009). Maronga and Bosveld (2017)
investigated the impact of perturbations in soil moisture at
model initialisation on radiation fog and found that such per-
turbations only affect the lifting and dissipation of the fog
layer, while fog formation time was not impacted. They high-
lighted that drier soil was associated with more energy at the
surface contributing to greater surface sensible heat flux. As
a consequence of increased surface sensible heat flux, the
rate of surface heating increased, leading to earlier dissipa-
tion of the fog layer. However, Maronga and Bosveld (2017)
only conducted their simulations over grassland with flat ter-
rain and homogeneous soil moisture. Smith et al. (2020) in-
cluded complex topography and demonstrated the impact of
soil thermal conductivity and different choices of land sur-
face parameterisation on fog formation, dissipation, and du-
ration. Temperature biases were found in the heterogeneous
hill and valley structures, with simulated temperatures over
hills being too cold, leading to too much fog, while the tem-
peratures over the valleys were too warm, leading to too lit-
tle fog. In addition, they showed that fog formation time is
highly sensitive (with up to a 4 h difference) to soil and land
surface parameterisations, while dissipation time is relatively
insensitive (with a 1.5 h difference at most). However, to the
best of our knowledge, no study has investigated the impact
of soil moisture heterogeneity on radiation fog in combina-
tion with heterogeneous land use and topography.

Despite numerous fog studies worldwide, only a small
number have been carried out for Ōtautahi / Christchurch
(or, for that matter, New Zealand) (e.g. Lin et al.,
2023a; Osborne, 2002; Hume, 1999). Ōtautahi / Christchurch
(43.5321◦ S, 172.6362◦ E) is located on the Canterbury
Plains, on the east coast of the South Island, New Zealand
(Fig. 1). The city experiences fog events approximately 44–
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Figure 1. Maps of the case study simulation domains: (a) a New Zealand topographic map with a red square indicating the location of the
simulation domains; (b) a topographic map (height above sea level) showing the simulation domain configuration for the case study; (c) a
topographic map of simulation domains 3 and 4 (D03 and D04), the locations of the FENZ (Fire and Emergency New Zealand) weather
stations, and the location of the sodar operated at Christchurch Airport; and (d) a land use map of D04 with buildings and streets in white.
The simulation domain 1 (D01) is configured as flat terrain with short grass, and hence, no topography is shown in panel (b). The logarithmic
topographic height colour map in panel (b) applies to panels (b) and (c), while grey indicates the ocean.

49 dyr−1 (Macara, 2016; New Zealand Meteorological Ser-
vice, 1982). As the largest city of New Zealand’s South
Island, it is a vital port for aviation, shipping, and sur-
face transport. Hence, an accurate fog forecast is important
for Ōtautahi / Christchurch and its international airport. Al-
though Ōtautahi / Christchurch is a moderate-sized city (area
of 1426 km2), great spatial heterogeneity exists in its land
surface characteristics, which makes accurate fog forecast-
ing difficult. Mesoscale flow systems are modified by the
Southern Alps (highest peak elevation of 3754 m) to the west
and the Banks Peninsula (highest peak elevation of 920 m)
to the south. An example of the impact of local flow phe-
nomena (in this case, mesoscale in nature) is when west-
erly flows passing over the Southern Alps interact with the
northeasterly airflow along the coast, creating a wind con-
vergence zone over Ōtautahi / Christchurch (e.g. Corsmeier

et al., 2006; Sturman and Tapper, 2006). At nighttime, local
airflow is also affected by cold-air drainage from both the
foothills of the Southern Alps and the Canterbury Plains to
the west and the Port Hills on the southern boundary of the
city. In the Ōtautahi / Christchurch area, radiation fog is the
predominant type of fog, and such fog events usually coin-
cide with stagnant air zones associated with local drainage
flows (Lin et al., 2023a).

In order to include forcing from local circulation and/or
the terrain-induced drainage flows, the domain size of the
simulations should be of the order of a few tens of kilo-
metres (Ducongé et al., 2020), while several LES fog sim-
ulations at the metre scale have usually had a domain size
of less than 1 km (e.g. Bergot et al., 2015; Maronga and
Bosveld, 2017; Schwenkel and Maronga, 2019). Consider-
ing the high computational cost, the optimal approach is
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Table 1. Sources and description of geospatial data sets used in this study.

Data set Data source Description

Christchurch digital elevation model
(DEM) with spatial resolution of 1 m

Environment Canterbury Regional Council
(2020)

Topographic height data for city of
Ōtautahi / Christchurch

Christchurch digital surface model (DSM)
with spatial resolution of 1 m

Environment Canterbury Regional Council
(2020)

Data for city of Ōtautahi / Christchurch, in-
cluding altitude and height of surface ge-
ometries, such as buildings and trees

New Zealand South Island DEM with spa-
tial resolution of 25 m

Landcare Research (2018) Topographic height data for South Island
of New Zealand

New Zealand Land Cover Database
(LCDB) V5.0

Landcare Research (2020) Land use categories for New Zealand

OpenStreetMap https://planet.openstreetmap.org/ (last ac-
cess: 14 April 2022)

Locations and outlines of buildings, pave-
ments, and streets

to carry out high-resolution mesoscale simulations (Cuxart,
2015) at sub-kilometre grid spacing. The surface and to-
pographic heterogeneities can be partially resolved in such
high-resolution mesoscale simulations, and consequently, the
dynamical processes and spatial variability of fog can be
captured (Vosper et al., 2013, 2014). This study therefore
aims to investigate the impact of soil moisture on radiation
fog duration using high-resolution mesoscale simulations for
Ōtautahi / Christchurch. In addition, we want to identify the
meteorological controls that may be relevant for fog fore-
casting. The main objectives of this study are therefore as
follows:

1. to investigate the major meteorological controls
on radiation fog in the complex environment of
Ōtautahi / Christchurch

2. to investigate the impact of soil moisture heterogeneity
on radiation fog.

A radiation fog scenario was created in semi-idealised
numerical simulations containing nested domains with the
finest grid spacing of 81 m. Data were obtained from nu-
merous sources, including meteorological observations and
the Weather Research and Forecasting modelling system
(WRF; https://www.mmm.ucar.edu/models/wrf, last access:
20 November 2023). The fog simulations themselves were
conducted using the Parallelised Large-Eddy Simulation
Model (PALM) (Maronga et al., 2015, 2020). The WRF
model is a state-of-the-art numerical atmospheric model that
has high applicability in multiple world regions and has been
extensively used in numerous atmospheric and climate stud-
ies (Skamarock et al., 2021). PALM has been used for bound-
ary layer studies for more than 20 years, including radiation
fog studies in a stable boundary layer (Maronga and Bosveld,
2017; Schwenkel and Maronga, 2019). High-resolution soil
moisture data were derived from Landsat 8 imagery (at a
resolution of 30 m) and were used to construct experimen-

tal initial conditions of soil moisture in PALM. The experi-
ments included a range of spatially heterogeneous soil mois-
ture conditions in order to assess the impact of soil moisture
on radiation fog. Pseudo-diagrams described in Steeneveld
and de Bode (2018) and Bergot and Lestringant (2019) were
adopted to investigate the driving processes of the simulated
fog.

2 Data description

Data sources used in this study are shown in Tables 1 and 2.
To conduct PALM simulations, two types of input are impor-
tant. One is the static driver, which includes geospatial data
of land surface information and characteristics, such as to-
pography, buildings, streets, vegetation, soil types, and water
bodies. The other is the dynamic driver which contains the
vertical profiles of the atmosphere and soil. The WRF sim-
ulations were initialised using data from the fifth generation
of the European Centre for Medium-Range Weather Fore-
casts’ (ECMWF) atmospheric reanalysis of the global cli-
mate (ERA5) (Hersbach et al., 2019), and the WRF model
configuration is identical to that described in Lin et al.
(2021).

2.1 Geospatial data sets

As shown in Table 1, digital elevation model (DEM) and
digital surface model (DSM) data were obtained from En-
vironment Canterbury Regional Council (2020) for the ma-
jor urban area of Ōtautahi / Christchurch. Both the DEM
and the DSM have a spatial resolution of 1 m. The DEM
provides information of ground surface altitude only, while
the DSM includes the heights of all surface objects, includ-
ing buildings and trees. For areas outside of the major ur-
ban area, 1 m resolution DEM data are not available so we
used a DEM with a spatial resolution of 25 m provided by
Landcare Research (2018). No DSM is available outside of
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Table 2. Sources and description of meteorological data sets used in this study.

Data set Data source Description

ERA5 ECMWF Meteorological input data for WRF sim-
ulation and water temperature in PALM
simulations

Upper-air observations CliFlo (https://cliflo.niwa.co.nz/, last ac-
cess: 20 November 2023)

Vertical profiles of wind, temperature,
pressure, and measurement heights for
PALM initialisation

Sodar observations University of Canterbury, New Zealand Radiation fog event identification and ver-
ification

Landsat 8 satellite soil observations Sentinel Hub EO Browser (Sinergise Ltd,
2022a, b, last access: 14 April 2022)

Landsat 8 satellite imagery providing the
pattern of soil moisture heterogeneity

Ground-based soil moisture content obser-
vations

New Zealand Modelling Consortium,
Open Environmental Digital Library
(https://envlib.org, last access: 21 October
2022)

Soil moisture content observational data
obtained from automatic weather stations
(AWSs) operated by Fire and Emergency
New Zealand (FENZ)

the main Ōtautahi / Christchurch metropolitan area. As we
mainly focus on the area inside Ōtautahi / Christchurch, the
25 m DEM is sufficient to resolve the features and impacts of
the surrounding areas. Land use information was obtained
from the Land Cover Database (LCDB) of New Zealand
(Landcare Research, 2020), while urban surface data, such
as building outlines, streets, and pavements, were obtained
from OpenStreetMap (https://planet.openstreetmap.org/, last
access 14 April 2022). Land surface information and all
geospatial data were included in the static driver input of
PALM. In the static driver input files, the water temperature
was set to 282.45 K based on the August mean of 2001 ob-
tained from the ERA5 reanalysis. The projection used for the
static data is the New Zealand Transverse Mercator (NZTM)
– EPSG:2193. The static driver input files were created using
a similar procedure to that described in Heldens et al. (2020),
Lin et al. (2021), and Lin et al. (2023b).

2.2 Meteorological data sets

One particular challenge of conducting fog research in
Ōtautahi / Christchurch is its poor observational network.
Despite being the second-largest city in New Zealand,
Ōtautahi / Christchurch has limited availability of meteo-
rological observational data. Only the automatic weather
station (AWS) operated at Christchurch International Air-
port (CHA) provides visibility measurements over the last
20 years. There are also no regular radiosonde launches
in Ōtautahi / Christchurch, meaning no long-term vertical
profiling data are available for investigation of the vertical
structure of fog. Therefore, here we only conducted semi-
idealised simulations by taking vertical profiles from both
observations and WRF simulation. The scope of this study
is not to replicate a real fog event. Rather, we only aim to

create a radiation fog scenario to investigate the impact of
soil moisture heterogeneity on radiation fog.

The vertical profiles of temperature, wind speed and direc-
tion, pressure, and measurement height were obtained from
the national climate database (CliFlo; https://cliflo.niwa.co.
nz/, last access: 20 November 2023) operated by the National
Institute of Water and Atmospheric Research (NIWA). These
upper-air measurements were recorded by sensors on aircraft
arriving at and departing from Christchurch Airport. The
measurement frequencies for temperatures and winds are ev-
ery 12 and 6 h, respectively, when aviation is not impacted by
weather conditions. Water vapour mixing-ratio data were ob-
tained from WRF simulations as these are not available from
the observations. For more details of the observed fog event
mentioned in this study, readers are referred to Appendix A.

In terms of the soil moisture data set, we do not aim to
reproduce the soil moisture profiles during the selected radi-
ation fog event. Rather, satellite observations are used as a
tool to derive spatial patterns of soil moisture heterogeneity
that can be included in the simulations to investigate its im-
pact on the radiation fog life cycle. Based on data availabil-
ity, Landsat 8 data were used in this study to provide high-
resolution soil moisture observations. The Moderate Reso-
lution Imaging Spectroradiometer (MODIS) is another po-
tential data source, but MODIS only provides data at resolu-
tions between 250 m and 1 km (Justice et al., 2002). In con-
trast, Landsat 8 has a spatial resolution of 15 to 100 m (Roy
et al., 2014), and the surface soil moisture heterogeneity can
be well-captured with such a high spatial resolution. Esti-
mation of soil moisture from satellite observations requires
ground-based measurements of surface soil moisture content.
In New Zealand, such observations are only available from
the AWSs operated by Fire and Emergency New Zealand
(FENZ; for locations, see Fig. 1), and most soil sensors were
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only deployed at the AWSs in Ōtautahi / Christchurch after
2018. Consequently, Landsat 8 observations from 2 August
2019 were used to derive the heterogeneously distributed soil
moisture profile for this case study, and these were obtained
from the Sentinel Hub EO Browser (Sinergise Ltd, 2022a, b,
last access: 14 April 2022).

There are several reasons why this day was chosen. First, a
winter case was selected so that the soil moisture data repre-
sent winter soil conditions over Ōtautahi / Christchurch. Sec-
ond, cloud coverage varies with every satellite pass, and for
2 August 2019, only a few clouds were present when the
measurements were made. Therefore, surface soil moisture
can be obtained for the entire simulation domain for this day.
In addition, no significant precipitation or drought event oc-
curred prior to 2 August 2019. The derived values of soil
moisture fall within the range of long-term measured min-
imum and maximum values for the Canterbury region, as
described in Sohrabinia et al. (2014). This means that the
derived soil moisture is suitable for conducting simulations
representing winter conditions. Furthermore, the surface soil
moisture values observed by the four FENZ stations (loca-
tions shown in Fig. 1c) are similar to those obtained from the
WRF simulations (not shown), and only minor adjustment is
needed to include the derived soil moisture heterogeneity in
the PALM simulations.

3 Model and simulation configuration

The non-hydrostatic PALM model system 6.0 (r4829) was
used to conduct the fog simulations. The PALM simulation
configuration is shown in Table 3. All simulations used a
modified three-dimensional Deardorff 1.5-order turbulence
closure scheme, in which the energy transport by sub-grid-
scale eddies is assumed to be proportional to the local gra-
dient of the average quantities (Deardorff, 1980; Moeng and
Wyngaard, 1988; Saiki et al., 2000; Maronga et al., 2015).
Considering the order of magnitude of their sizes, most of the
eddies (over 60 %) are parameterised in the simulations pre-
sented in this study (which used 81 m horizontal grid spacing
and 18 m vertical grid spacing). Therefore, following the ter-
minology discussed by Cuxart (2015), our simulations are
high-resolution mesoscale simulations rather than LESs, de-
spite using the LES model PALM. The simulation includes
four model domains (Fig. 1) using a one-way nesting mode.
Figure 2 shows the vertical profiles of the atmosphere and
soil used for model initialisation. The vertical profiles of po-
tential temperature (θ ), the west–east component of wind (u),
and the south–north component of wind (v) were obtained
from the upper-air measurements. In addition, data from
WRF simulations were used to derive the vertical profiles of
water vapour mixing ratio (qv), soil moisture, and soil tem-
perature. These data obtained from WRF are not available
from the observational network of Ōtautahi / Christchurch.
The initialisation time was 00:00 LST (local standard time)

on 5 August. The soil moisture and soil temperature pro-
files were derived from the mean values of the WRF grid
points within the PALM simulation domain 4 (D04). The ver-
tical profiles of soil moisture and soil temperature shown in
Fig. 2e and f are used for the homogeneous setup (hereafter
HOM), with the values of soil moisture and temperature be-
ing identical horizontally for each soil layer. To include the
spatial heterogeneity of soil moisture, a 3D field of soil mois-
ture (west–east and south–north and eight vertical soil layers)
was used at initialisation. For the heterogeneous setup (here-
after HET), the vertical profile of soil moisture was adjusted
corresponding to the surface soil moisture heterogeneity de-
rived from Landsat 8. The vertical profiles obtained from the
upper-air measurements and WRF were processed to create
the dynamic driver input files for PALM by using the initiali-
sation profile interpolation functions applied in WRF4PALM
(Lin et al., 2021).

This study does not aim to accurately reproduce the en-
tire radiation fog event. Rather, the aim is to create a radia-
tion fog scenario for a stable boundary layer and to use the
simulations to provide guidance on the processes involved
in the radiation fog life cycle. Therefore, the dynamic driver
is only used to initialise the simulations, and cyclic lateral
boundary conditions are used to drive the model. All fog
simulations in this study have a 48 h run time, and the first
24 h of the simulations are considered to be model spin-up
time. Only the second 24 h of the simulations are therefore
included in the analysis. As previously mentioned, the first
domain (D01) is configured as flat terrain, with the land use
type configured as grassland only. This is because grassland
is the dominant land use type in the rural area surrounding
Ōtautahi / Christchurch. The purpose of this domain is to pass
down the synoptic forcing to the finer domains and to avoid
numerical instability caused by steep terrain near the peri-
odic lateral boundaries. The heterogeneous terrain and land
use are enabled for the nested domains to represent the com-
plex rural–urban environment. We focus on D04 to investi-
gate the impact of soil moisture heterogeneity on radiation
fog. Therefore, the urban surface model, the plant canopy
model, and the bulk cloud model are only enabled for D04.
In domains 2 and 3 (D02 and D03, respectively), different
types of vegetation, soil, and water bodies were included (as
described in Table 3). Only D04 includes leaf area density,
plant canopy, and urban canopy (buildings, pavements, and
streets). The bulk cloud model was switched off for domains
D01, D02, and D03 to simplify the processes involved in the
simulated fog.

In the fog simulations, the land surface model (Gehrke
et al., 2021), urban surface model (Resler et al., 2017), radia-
tion model (RRTMG) (e.g. Clough et al., 2005), plant canopy
model (Maronga et al., 2020), LES–LES nesting, and one-
moment bulk cloud model (Kessler, 1969) are used. Two-
moment schemes are not compatible with the plant canopy
model of PALM. Cloud water sedimentation based on Acker-
man et al. (2009) is enabled. Fog is identified when liquid wa-
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Table 3. Configuration of PALM simulation.

Domains D01 D02 D03 D04

Grid spacing
west–east (dx)

729 m 729 m 243 m 81 m

Grid points
west–east (nx)

144 108 132 216

Grid spacing
south–north
(dy)

729 m 729 m 243 m 81 m

Grid points
south–north
(ny)

144 108 96 216

Vertical grid
spacing (dz)

162 m 162 m 54 m 18 m

Vertical grid
points (nz)

32 18 24 36

Topography Flat Derived from DEM Derived from DEM Derived from DEM

Radiation
model

RRTMG RRTMG RRTMG RRTMG

Land use Short grass Different types of vegetation,
soil, and water bodies, derived
from New Zealand LCDB v5.0

Different types of vegetation,
soil, and water bodies, derived
from New Zealand LCDB v5.0

Different types of vegetation,
soil, and water bodies and leaf
area density, plant canopy,
buildings, streets and pave-
ments, derived from New
Zealand LCDB v5.0 and
OpenStreetMap

Bulk cloud
model

Off Off Off On (Kessler)

Soil moisture Homogeneous Homogeneous Homogeneous Heterogeneous

Boundary
conditions

Cyclic Nested Nested Nested

ter is present at the first model level, i.e. when the liquid wa-
ter mixing ratio (ql) is greater than zero. Due to the inclusion
of the plant canopy model and bulk cloud model in PALM,
the three-dimensional radiative transfer model (RTM; Krč
et al., 2021) was switched off. The surface radiation transfer
is then directly computed by the RRTMG model embedded
in PALM. This configuration of the radiation model in PALM
fog simulations is similar to those described in Maronga and
Bosveld (2017) and Schwenkel and Maronga (2019). For
more detailed technical descriptions of PALM, the reader
is referred to Maronga et al. (2015), Maronga and Bosveld
(2017), Maronga et al. (2020), and Krč et al. (2021).

4 Meteorological controls in the baseline scenario

In this section, the meteorological controls involved in the
simulated fog event are presented and discussed. We only
present the results for D04 obtained from HOM as a refer-

ence as the initialisation profiles of the atmosphere used for
all the simulations are identical. Figure 3 shows the fog du-
ration, qv, and the modified Richardson number (MRi) at the
lowest model level. In Fig. 3, qv and MRi were obtained at
the time when fog was first detected at each grid point. The
MRi is calculated as follows:

MRi=
Tair− Tsfc

u2 [Km−2 s2
], (1)

where Tsfc is surface temperature, and Tair and u are temper-
ature and wind speed at the first model level (9 m above the
ground surface), respectively. Here the MRi was used to as-
sess the dynamic stability of the near-surface layer (Baker
et al., 2002; Lin et al., 2023a). MRi> 0 indicates a sta-
ble surface layer with a surface temperature inversion. The
more positive the MRi, the stronger the near-surface temper-
ature inversion and the smaller the wind speed. MRi< 0 indi-
cates that the surface layer is unstable, with the surface being
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Figure 2. Vertical profiles at simulation initialisation: (a) u wind component, (b) v wind component, (c) water vapour mixing ratio (qv),
(d) potential temperature (θ ), (e) soil moisture, and (f) soil temperature. Note that the profile of soil moisture shown here was only applied
in the simulation with homogeneous soil moisture.

warmer than the overlying air so that turbulence is not sup-
pressed.

We focus on four sites in D04 where fog events are
the most recognisable and have a relatively long dura-
tion. The four sites are marked in Fig. 3 and are noted
as Hagley Park (HAP), Port Hills (PTH), the southwest
of Ōtautahi / Christchurch (SWC), and Waimakariri River
(WMR). We recognise that fog occurred when ql is detected
at a grid point at the lowest model level. The study period
is between 20:00 LST on 5 August 2001 and 11:00 LST on
6 August 2001. As the presented simulations here are semi-
idealised, we hereafter refer to 5 August as day 1 and 6 Au-
gust as day 2. In general, fog forms at locations with ei-
ther a high positive MRi (strongly stable) or a relatively high
qv (> 5.0 gkg−1). This agrees with known characteristics of
radiation fog, namely that sufficient radiative cooling and
moisture availability play major roles in its formation and
development (e.g. Duynkerke, 1991; Gultepe et al., 2007).

Significant spatial variation of fog occurred in the simu-
lation, and several meteorological controls appeared to im-
pact on fog formation, development, and dissipation. To pro-

vide more insight into the fog simulation, the spatial distri-
butions of ql and MRi on the first model level for D04 be-
tween 00:30 and 08:30 LST are shown in Figs. 4 and 5; 1 h
averages were applied to the horizontal cross-sections. The
sunset time for this case study was around 17:25 LST on day
1. Sunrise was around 07:34 LST on day 2. In addition, the
1 h averaged vertical cross-sections over central Hagley Park
of θ , qv, and ql between 01:00 and 07:00 LST are shown
in Fig. 6. The south–north vertical cross-sections were ob-
tained at the 150th grid point along the west–east axis (ap-
proximately 12.2 km, location shown in Fig. 3a).

Fog formation started around HAP, where the tempera-
ture decreased faster than its surroundings (Figs. 4a and 6a).
The area within 1 km centred at HAP is located in the low-
lying centre of the city (at about 9 m above mean sea level)
and is sheltered relative to the surrounding area (Fig. 3a).
During the entire simulation period, the surface wind speed
over this area did not exceed 1.5 ms−1, remaining well be-
low 0.5 ms−1 during the nighttime. The low wind speed en-
hances the sheltering effect, and the flow within the low-
altitude area of HAP became decoupled from the flow out-

Atmos. Chem. Phys., 23, 14451–14479, 2023 https://doi.org/10.5194/acp-23-14451-2023



D. Lin et al.: Impact of soil moisture heterogeneity on radiation fog 14459

Figure 3. (a) Topographic map of D04 with black contour lines indicating terrain height between 9 and 36 m. (b) Fog duration in minutes
in the HOM simulation. Panels (c) and (d) show water vapour mixing ratio and the modified Richardson number (MRi) when fog was first
detected at the grid cell at the first model level for D04 in HOM, respectively. Contour lines in panels (b–d) indicate terrain height labelled
in panel (a). Grey areas in (b–d) are where no fog occurred. Hagley park (HAP), Port Hills (PTH), the southwest of Ōtautahi / Christchurch
(SWC), and Waimakariri River (WMR) are marked by red dots in each panel. The dashed red line in panel (a) indicates the location of the
vertical cross-sections shown in Fig. 6.

side. A stable layer therefore started to form with reduced
downward turbulent heat flux. The stable near-surface layer
over HAP is highlighted by the high positive MRi shown in
Fig. 5a–c. While the stable layer and fog were developing,
the northwesterly flow coming across the Canterbury Plains
from the foothills of the Southern Alps and the southeast-
erly flow coming from the Port Hills were converging across
Ōtautahi / Christchurch. The convergence zone is visible in
the wind vector fields shown in Fig. 4a–c, which agrees with
the wind field described in Corsmeier et al. (2006).

Between 01:00 and 03:00 LST, as the stable layer devel-
oped further around HAP, fog started to form and develop
in the surrounding areas (Fig. 4a–d). During this period, the
northern part of D04 remained less stable, coinciding with
a relatively strong (1.5 ms−1) northwesterly flow. This flow
lifted above the cold-air drainage from the Port Hills, the sta-
ble layer, and the fog top over HAP (Fig. 6j), thereby con-
trolling the fog thickness. Consequently, the fog layer over
HAP was unable to develop above approximately 100 m. The
interaction between the relatively strong northerly flow and
the fog top is considered to be an important factor leading
to fog dissipation over HAP. Vertical entrainment appears to
have resulted in turbulent mixing at the fog top over this area,
while the northerly flow pushed the convergence zone to the

south. As a result, fog dissipated over HAP and its surround-
ing areas and started to retreat to the south along the base of
Port Hills (Fig. 4d–g). The fog kept developing in pockets
along the edge of the Port Hills where the surface layer was
highly stable in association with high water vapour mixing
ratio near the surface (Figs. 3e–g, and 4e–g). The fog was
not sustained over the valleys where the flows were chan-
nelled down from the Port Hills (Fig. 4e–h).

At around 06:30 LST, the southeasterly flow from the Port
Hills converged with the northerly flow near SWC. Another
cold-air drainage zone developed due to the flow conver-
gence, where the turbulence was suppressed and where a sta-
ble layer started to grow. Figure 4e–g show that patchy fog
appeared around SWC. The fog was later advected further to
the southwest of D04 by the converged flow turning to be-
come northeasterly. In addition, one can notice that another
fog event occurred near WMR (Fig. 4h and i), forming at
around 07:30 LST. This was considered to be a result of wa-
ter vapour evaporating from the Waimakariri River located
to the northwest of Ōtautahi / Christchurch and condensing
into liquid water. High qv was present over the Waimakariri
River at fog formation (Fig. 3c). The duration of these two
fog events later in the morning was relatively short as they
both occurred near sunrise and dissipated soon after due to
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Figure 4. Liquid water mixing ratio (ql) and wind vectors at the first model level between 00:30 and 08:00 LST on day 2. An interpretation
of the drainage flow (solid red arrows) and the convergence zone (dashed red lines) is shown in panels (a–c). Grey contour lines in each panel
indicate terrain height labelled in Fig. 3a. The four sites of interest are marked by red dots.

an increase in incoming shortwave radiation and turbulent
mixing. After sunrise, the stable near-surface layer over the
entire domain decayed and became unstable (Fig. 6g–i).

During the entire simulation, fog rarely formed over the
northern half of the domain, and as shown in Fig. 5a–c, the
MRi values were either near zero or negative over this area.
This is likely caused by the layer of low stratus that formed
over this area at around 400 m above the ground, while the
southern part of the simulation domain was under clear-sky
conditions (see Fig. 6i). The formation of the low stratus
layer is considered to result from high qv at around 400 m
at model initialisation (Fig. 2c), with high values of qv at
approximately 400 m also visible in Fig. 6e–h. The layer of

low stratus absorbed the outgoing longwave radiation from
the surface and re-radiated it to the surface over the northern
section of D04, which is likely to have led to reduced surface
cooling and subsequently a less stable near-surface layer over
this area. Besides the low stratus clouds, the simulation fea-
tured clear-sky conditions. The clouds and fog started to lift
and dissipate around sunrise time (07:36 LST), while patchy
clouds were still present 3 h after sunrise. More investigation
is required into the potential impacts of cloud. Since this is
out of the main scope of this study, such impacts will not be
discussed further.
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Figure 5. Similar to Fig. 4 but for the modified Richardson number (MRi) and wind vectors. The four sites of interest are marked by white
dots.

5 Investigation of the impact of soil moisture
heterogeneity

In this section, the soil moisture heterogeneity configura-
tion is introduced. Although there is significant spatial het-
erogeneity across the domain presented in the baseline sce-
nario, for efficiency, we only explore the impact of soil mois-
ture heterogeneity on fog for four selected sites (HAP, PTH,
SWC, and WMR). The spatial heterogeneity of fog is first
studied for these four sites followed by an analysis of the
impact of soil moisture heterogeneity using pseudo-process
diagrams and accumulated latent heat flux.

5.1 Soil moisture heterogeneity configuration

To include soil moisture heterogeneity in the simulations,
this study adopted the soil moisture index (SMI) calculation
method for Landsat 8 imagery described by Avdan and Jo-
vanovska (2016); Potić et al. (2017). SMI describes the pro-
portion of actual soil water content relative to a known wilt-
ing point and field capacity (e.g. Zeng et al., 2004; Hunt et al.,
2009). Our case study focuses on the spatial heterogeneity
rather than accurate values of soil moisture. The derived SMI
was therefore used directly as soil moisture here. The spa-
tially heterogeneously distributed soil moisture of the simu-
lation domain was first adjusted to have the same mean value
as HOM. The soil moisture was then adjusted to amplify the
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Figure 6. South–north vertical cross-sections over central Hagley Park (west–east distance at approximately 12.2 km; see location marked
in Fig. 3a) showing wind vectors (v), potential temperature (θ ) (a–d), water vapour mixing ratio (qv) (e–h), and liquid water mixing ratio
(ql) (i–l). The solid back line at the bottom of each panel is the topography height based on the geospatial data input. Grey areas indicate the
topography structure simulated by PALM. Note that a logarithmic scale is used on the y axis. The red dots in each panel indicate the relative
south–north locations of PTH and HAP.

signal of soil moisture heterogeneity. Finally, the soil mois-
ture at each grid point was adjusted again such that the mean
value of the entire domain was identical to HOM. The second
adjustment (hereafter readjustment) was designed to amplify
and help us understand the impact of soil moisture hetero-
geneity on fog development. Both the aforementioned adjust-
ments were applied first to surface soil moisture and then to
soil moisture at all soil vertical levels by adjusting the value
at each grid point such that the slope of the profile shown in
Fig. 2 did not change. Details of the adjustment are explained
further in Appendix B.

The readjustment method was applied to an N -by-N read-
justment area, where N is a selected number of grid points,
with N being applied in both west–east (x) and south–north
(y) directions. For eachN -by-N readjustment area, the mean
soil moisture (SMmean) was calculated. Then, if SMmean was
greater than or equal to the soil moisture value for the ho-
mogeneous simulation (SMHOM), the soil moisture did not
change for the grid points inside the N -by-N readjustment
area with soil moisture greater than and equal to SMmean.
For grid points inside the N -by-N readjustment area with
soil moisture less than SMmean, the soil moisture of the
grid points was increased to SMmean. On the other hand,
if SMmean was less than SMHOM, the soil moisture value

did not change for the grid points inside the N -by-N read-
justment area with soil moisture less than SMmean. For grid
points inside the N -by-N readjustment area with soil mois-
ture greater than SMmean, the soil moisture of the grid points
was decreased to SMmean. An example of this soil moisture
readjustment is shown in Fig. B1. Following this readjust-
ment, anN -by-N area with a higher mean value became wet-
ter, while an area with a lower mean value became drier, al-
though the internal heterogeneity of each N -by-N area was
preserved.

In this study, the following numbers of west–east and
south–north grid points were chosen in order to apply
the readjustment method: 12, 18, 36, 54, and 108 (here-
after denoted as HET12p, HET18p, HET36p, HET54p, and
HET108p, respectively). These numbers of grid points were
chosen as the total number of grid points in each direction
(216) if the D04 domain was divisible by them. The soil
moisture content of the first soil layer of HET (no read-
justment applied) and the soil moisture difference between
HOM and all the heterogeneous simulations are shown in
Fig. 7. The soil moisture difference was calculated by sub-
tracting the soil moisture of HOM from that of the het-
erogeneous simulation. This readjustment method amplifies
the dry and wet signal from the original soil moisture het-
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Figure 7. Soil moisture for D04 in HET (a) and soil moisture difference between the heterogeneous simulations and the homogeneous
simulation (HOM) for (b) HET, (c) HET12p, (d) HET18p, (e) HET36p, (f) HET54p, and (g) HET108p. Colour legend (A) applies to
panel (a) only. Colour legend (B) applies to panels (b–g). The difference was a result of the soil moisture in the homogeneous simulation
subtracted from that of the heterogeneous simulation. Green areas in panels (b–g) indicate that soil moisture in the heterogeneous simulation
is higher than in HOM, while brown areas indicate drier soil in the heterogeneous simulation. The four locations of interest are marked by
red dots.
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erogeneity while keeping the magnitude of soil moisture
changes within a realistic range. Furthermore, to simulate the
effects of the lowest and highest soil moisture availability,
we conducted two extra simulations with halved and dou-
bled soil moisture of HOM (hereafter Half and Double, re-
spectively).

5.2 Results

5.2.1 Changes in fog duration and occurrence

In the environmental conditions of heterogeneous topogra-
phy, land use, and soil moisture, the simulated formation and
dissipation times of fog at each grid point are different in
each simulation. Therefore, we focus on surface fog duration
and occurrence to assess the sensitivity of fog to changes in
soil moisture heterogeneity. Fog duration at the first model
level was calculated for all nine simulations, and the results
are compared in Fig. 8. Figure 9 presents the difference in
the locations of fog occurrence between HOM and the other
simulations. The comparison shows significant spatial varia-
tion in fog duration between HOM and the other simulations.
However, the strong topographical and meteorological steer-
ing restricts deviations in the simulated locations of fog oc-
currence under this typical meteorological scenario. Double
and Half have led to an increase and decrease in the areas
of fog occurrence, respectively (Fig. 9a and h), although the
changes in fog location for the heterogeneous simulations are
not significant, as shown in Fig. 9. While Double and Half
represent the highest changes in the total soil moisture con-
tent, the changes in fog duration and the locations of occur-
rence are not consistent for the two simulations. In Double,
fog duration increased near WMR, HAP, and PTH but de-
creased around SWC compared to HOM (Fig. 8a). The in-
crease in soil moisture of Double led to more fog occurring
to the south of WMR, while there is no significant change
for the rest of the domain. For Half, fog duration decreased
around HAP, PTH, and SWC, while the duration difference
was low around WMR (Fig. 8h). As a result of water con-
tent being removed from soil, the area of fog occurrence was
smaller in Half compared to HOM.

In this particular fog case study, the amplified soil moisture
heterogeneity does not significantly alter the fog occurrence
patterns. Nevertheless, fog duration shows high sensitivity to
soil moisture heterogeneity, and the resulting changes in fog
duration can be more than 50 min for some areas (Fig. 8b–g).
However, there is no direct evidence to link the changes in
soil moisture to the changes in fog duration and occurrence
locations. When compared at each grid point, the changes
in fog duration and occurrences shown in Figs. 8 and 9 do
not mirror the changes in soil moisture shown in Fig. 7.
For example, HET and HET108p have significantly differ-
ent soil moisture patterns (Fig. 7b and g), while the decrease
or increase in fog duration (Fig. 8b and g) does not show
considerable variation between the two simulations. Fog oc-

currence locations are also similar in the two simulations
(Fig. 9b and g). However, both HET12p and HET18p show
areas of increase in fog duration near PTH in the southeast
of D04 (Fig. 8c and d), while this pattern is absent in other
heterogeneous simulations. The HET simulation results in a
decrease in fog duration over the area near SWC (Fig. 8b),
while HET12p shows an increase in fog duration in this
area (Fig. 8c). This pattern was not present in HET18p and
HET36p (Fig. 8d and e), where the heterogeneous signals
were further amplified.

5.2.2 Spatial heterogeneity of fog

Due to high spatial heterogeneity in the simulated fog, point-
by-point comparison does not show a clear correlation be-
tween fog duration and soil moisture heterogeneity. There-
fore, here, we focus on the simulation results at 1 and 3 km
scales at the four selected locations (HAP, PTH, SWC, and
WMR). First, similarly to Bergot and Lestringant (2019), the
spatial coverage of fog was calculated in the squares centred
at the sites of interest with sides of 1 and 3 km (Fig. 10).
For HAP and WMR in HOM, the fog coverage frequency
at a 1 km scale is similar to the fog occurrence at the grid
point (Fig. 10a and j), indicating a relatively homogeneous
fog layer. At PTH, the fog coverage at 1 km is patchier, with
fog coverage only reaching 95 % approximately 2 h after fog
was first detected (around 02:00 LST; Fig. 10d). At SWC, the
fog detected around 04:00 LST was patchy, and the fog cov-
erage at both 1 and 3 km scales was below 20 %. We there-
fore only focus on the fog event at SWC between 06:00 and
09:00 LST in the following discussion. At a 3 km scale, the
maximum fog coverage barely exceeded 80 % at all the four
sites, suggesting significant spatial heterogeneity of fog oc-
currence throughout the entire fog life cycle for all four sites.

Table 4 shows the sensitivity of fog formation and dis-
sipation times at a 1 km scale. Here, based on Bergot and
Lestringant (2019), the fog formation phase is recognised
as the time when fog coverage is between 5 % and 95 %.
We recognise the dissipation phase as being when fog cov-
erage falls from 95 % to 5 %. Regarding HAP, no signifi-
cant variation can be seen during the fog formation phase.
The formation and dissipation times for HET are similar to
HOM, while the differences in dissipation time are greater in
other heterogeneous simulations. Halved soil moisture coin-
cided with an earlier dissipation of 29 min, while doubled soil
moisture presents a late dissipation by 16 min. Nevertheless,
the changes in dissipation time do not show direct correla-
tion with the local soil moisture content in the heterogeneous
simulations. The 1 km square around HAP is associated with
a lower soil moisture in HET108p (Fig. 7g), but HET108p
still showed a later dissipation time compared to HOM.

For PTH, at 1 km scale, the formation phase of fog is sig-
nificantly delayed by almost 2 h in Half, while the changes
in Double are less noticeable. The changes in formation and
dissipation times do not show consistency with respect to

Atmos. Chem. Phys., 23, 14451–14479, 2023 https://doi.org/10.5194/acp-23-14451-2023



D. Lin et al.: Impact of soil moisture heterogeneity on radiation fog 14465

Figure 8. Fog duration difference in minutes between each simulation and HOM for Double (a), HET (b), HET12p (c), HET18p (d),
HET36p (e), HET54p (f), HET108p (g), and Half (h). The fog duration difference is the result of the heterogeneous simulations subtracted
from HOM. Red indicates longer fog duration in HOM, and blue indicates the opposite. Grey areas are where fog did not occur in both HOM
and the corresponding simulation. The four locations of interest are marked by black dots. Dark-grey contour lines in each panel indicate
terrain height labelled in Fig. 3a.

changes in soil moisture heterogeneity. The differences be-
tween each heterogeneous simulation can be over 50 min.
HET18p presents a delayed fog formation by 36 min, while
fog formation was 15 min earlier in HET36p. Similarly to
HAP, lower soil moisture at PTH in HET108p does not coin-
cide with less fog duration as shown in Half.

At SWC, soil moisture heterogeneity led to significant spa-
tial heterogeneity of fog at both 1 and 3 km scales. At the
1 km scale, HET36p, HET54p, and HET108p did not reach
90 % during the entire fog period. For comparison purposes,
the formation phase is hence defined as the period when fog
coverage is between 5 % and 70 % at SWC. The changes in
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Figure 9. Similar to Fig. 8 but for the difference in locations of fog occurrence between the other simulations and HOM. Red indicates
locations where fog only occurred in HOM, and blue indicates locations where fog only occurred in the corresponding simulation of each
panel.

soil moisture and its heterogeneity generally led to a delay
in fog formation, while the dissipation time varied within a
20 min range. At the 3 km scale, compared to HOM, the max-
ima of the spatial fog coverage decreased in all other simu-
lations, with Half and HET108p being at almost 50 %. Dou-
bled soil moisture did not lead to higher fog coverage at both
1 and 3 km scales at SWC.

The variation at WMR between all simulations is the least
significant regardless of the scale. The changes in formation
and dissipation times are within 10 min. This is in agreement
with the suggestion that the fog event at WMR is related to
evaporation and advection near the Waimakariri River, as de-
scribed in Sect. 4. These results at the four sites indicate that
local soil is not the only source of moisture availability in
the atmosphere and that advection of air parcels may play a
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Figure 10. Time series of fog coverage for HOM (a, d, g, j) and for all simulations over a 1 km by 1 km square (b, e, h, k) and a 3 km by
3 km square (c, f, i, l) for HAP, PTH, SWC, and WMR. In panels (a, d, g, j), the thin black line indicates fog occurrence at the specific site.
Colours are indicated in the panel (b) legend.

Table 4. Fog formation and dissipation time marks (differences in minutes) for HAP, PTH, SWC, and WMR at 1 km scale for all fog
simulations.

HAP PTH SWC WMR

Formation Dissipation Formation Dissipation Formation Dissipation Formation Dissipation

HOM 01:45 LST 05:09 LST 03:40 LST 08:24 LST 07:13 LST 08:28 LST 07:41 LST 09:34 LST
Half +5 −29 +115 +7 +10 −17 −1 +5
Double +6 +16 −10 +2 +13 +1 +1 +7
HET +3 −1 −10 +19 +17 −4 +0 +2
HET12p +4 +13 +0 +14 −1 +5 +2 +1
HET18p +0 +11 −36 −10 −1 +1 −1 +1
HET36p −2 +6 +15 +9 +33 +3 −1 +4
HET54p −1 +25 +1 +11 +14 −10 −2 +3
HET108p −1 +14 −1 +12 +14 −13 +1 −3

more important role with regard to the transportation of water
vapour. At the four sites, the dominant processes driving the
fog are different. Therefore, no consistency across the four
sites can be found regarding the impact of soil moisture and
its spatial heterogeneity.

5.2.3 Driving processes of fog heterogeneity

To obtain greater insights into the role of soil moisture het-
erogeneity, we investigate the dominant processes driving the
fog at the four selected sites. We have adopted the pseudo-
process diagram used in Steeneveld and de Bode (2018)
and Bergot and Lestringant (2019). Similarly to Bergot and
Lestringant (2019), pseudo-process diagrams of surface net
radiation (Rnet) versus vertical temperature gradient (dT/dz)
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Rnet

Figure 11. Pseudo-diagrams of surface stability (dT/dz) and net radiation (Rnet) for the four selected sites: HAP (a–c), PTH (d–f), SWC (g–
i), and WMR (j–l). The first column (a, d, g, j) shows diagrams at 1 km scale for HOM, the second column (b, e, h, k) shows diagrams at
3 km scale for HOM, and the third column (c, f, i, l) shows the trajectories for all simulations. The trajectory for the selected site is marked by
the solid line. In the first two columns, the grey dots are obtained from all grid points at 1 and 3 km scales, respectively. Colours for panels (c,
f, i, l) are indicated in the panel (i) legend. Data point frequency is every 10 min.
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were created for all grid points within the 1 and 3 km scales
for HAP, PTH, SWC, and WMR (Fig. 11). Since we only fo-
cus on fog that occurred near the surface, dT/dzwas only de-
rived using surface temperature and temperature at the lowest
model level. The goal of these diagrams is to identify whether
fog formed and developed locally or whether it was a result
of advection. Typical radiation fog is associated with strongly
negative Rnet and a temperature inversion (dT/dz> 0) at for-
mation, as well as nearly constant stability and a slow in-
crease in Rnet while the near-surface layer becomes saturated
and the fog layer grows vertically. When advection processes
are involved, the near-surface layer is weakly stable or unsta-
ble (dT/dz< 0), associated with a rapid increase in Rnet.

At HAP, significant variability exists in Fig. 11 at both 1
and 3 km scales. This is due to heterogeneity in land use,
topography, and the spatial heterogeneity of the fog layer it-
self. This variability is more pronounced at the 3 km scale
(Fig. 11b). The first phase of the trajectory shows an in-
crease in stability associated with an increase in Rnet, sug-
gesting that the formation of this fog event is associated with
cooling in a stable near-surface layer. Saturation is reached
when dT/dz becomes nearly constant with varying Rnet, af-
ter which no correlation is presented between dT/dz and
Rnet. This is likely caused by the increase in turbulence mix-
ing when fog dissipated at HAP around 04:30 LST, as de-
scribed in Sect. 4.

At PTH, the pseudo-diagrams present less variability of
the processes involved. The first phase is similar to HAP such
that both Rnet and the stability increased. This fog, however,
did not develop into a deep adiabatic fog layer. Bergot and
Lestringant (2019) showed that Rnet and dT/dz are close to
zero when a fog layer becomes deep adiabatic. In this case,
the near-surface layer became unstable,Rnet exceeded zero at
around sunrise time (07:34 LST), and fog started to dissipate.

At both SWC and WMR, the trajectories started with
weakly negative Rnet and a stable near-surface layer. The
evolution of the trajectories showed an increase in Rnet as-
sociated with a decrease in stability, implying that the fog
may not be a radiation fog and is more likely to be advection
of a fog layer. As this study mainly focuses on radiation fog,
the processes involved are not further discussed.

Comparison between all simulations for the four selected
sites shows similar patterns in the pseudo-diagrams (Fig. 11c,
f, i, and j). At HAP and PTH, the first phase (an increase
in both Rnet and dT/dz) is almost identical for all simula-
tions. However, the saturation phase (dT/dz nearly constant)
shows significant variability across the simulations for HAP
and PTH. Cross-simulation variability is low for SWC and
WMR, confirming that advection processes are the primary
drivers for the corresponding fog events.

To further analyse the impact of soil moisture heterogene-
ity, Fig. 12 relates accumulated latent heat flux (LHFAcc) to
accumulated liquid water mixing ratio (qlAcc) during the pe-
riod of 3 h into fog formation for the four selected sites at
the 1 km scale. Data points in Fig. 12 were obtained from all

simulations. LHFAcc was calculated for the 3 h period be-
fore sunset, the period between sunset and fog formation,
and the 3 h period into fog formation (shown in Fig. B2).
The LHFAcc values for the former two periods do not show a
correlation with the qlAcc for the 3 h into fog formation (not
shown). Therefore, here, we only focus on the 3 h period into
fog onset, which aligns with the saturation phase at HAP and
PTH shown in the pseudo-diagrams (Fig. 11).

As shown in Fig. 12a, at HAP, higher LHFAcc is generally
associated with higher qlAcc. In addition, although higher
soil moisture shows a positive correlation with LHFAcc for
fixed values of qlAcc, an increase in soil moisture does not
coincide with a higher qlAcc. At PTH, the relationship be-
tween LHFAcc and qlAcc is not linear, while a positive corre-
lation can be found for LHFAcc, ranging between−2000 and
−1500 Wm−2 and between −1000 and 0 Wm−2 (Fig. 12b).
This may be due to variability in land use and vegetation
type over the Porth Hills area (Fig. 1d). At HAP, the main
vegetation type includes bare soil, short grass, and decidu-
ous needleleaf trees. At PTH, in addition to short grass and
bare soil, the land surface includes mixed farming, tall grass,
and deciduous broadleaf trees. The topography at PTH is also
more complex compared to HAP (Fig. 3a). Therefore, we
consider it to be that LHFAcc generally correlates positively
with qlAcc at PTH, but different sectors are presented. These
profiles agree with the conclusion that localised cooling and
the consequent condensation of water vapour are the main
drivers at HAP and PTH. However, similarly to HAP, no
correlation was present between soil moisture and qlAcc, al-
though high soil moisture is associated with higher LHFAcc.

At SWC, all three variables do not show any relationship,
while at WMR, an increase in LHFAcc is related to an in-
crease in qlAcc. Both sites do not show a significant impact
of soil moisture. The LHFAcc is positive for the two sites,
which aligns with the conclusion that both fog events at SWC
and WMR are caused by advection processes. The difference
between Fig. 12c and d implies that the primary processes
involved in the two fog events are not the same. In addition,
the changes in soil moisture impact the fog events at SWC
and WMR differently. When soil moisture is doubled, the
area close to WMR coincides with an increase in both fog
duration and fog occurrence (Figs. 8a and 9a). This is the op-
posite for SWC as its surrounding area shows a decrease in
fog duration in the Double simulation, while a slight decrease
appears in the area of fog occurrence (Figs. 8a and 9a).

5.3 Discussion

These numerical simulations show significant spatial hetero-
geneity of fog occurrence. The processes involved in fog for-
mation can be considerably different in just one case study, in
agreement with the fog events simulated by Bari et al. (2015)
and Bergot and Lestringant (2019). Our results show that soil
moisture and its heterogeneity can lead to changes in fog oc-
currence, as well as in the timing of fog formation and dis-
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Figure 12. Scatterplots showing accumulated latent heat flux (LHF) against accumulated ql coloured by soil moisture for (a) HAP, (b) PTH,
(c) SWC, and (d) WMR. Data samples were obtained from each grid point at 1 km scale for all simulations. The accumulation period is 3 h
into fog onset.

sipation. In Maronga and Bosveld (2017), tests of radiation
fog sensitivity to the initial state of soil moisture suggested
that changes in soil moisture content do not affect fog for-
mation time, although fog-lifting time is affected. Our sim-
ulations do not agree with their findings as both the forma-
tion and dissipation times vary in each simulation. As both
Maronga and Bosveld (2017) and our study used PALM, we
believe the difference in the results is due to a different sim-
ulation setup. For example, the spin-up time for Maronga
and Bosveld (2017) was only 35 min, while our spin-up time
was 24 h; thus, daytime evaporation from the soil was not
included in their simulations. The fog-lifting and fog dissi-
pation periods in Maronga and Bosveld (2017) occurred at
sunrise, while fog dissipation time in our study varied across
the simulation domain. Maronga and Bosveld (2017) simu-
lated their radiation fog event over flat terrain with the land
use type configured to be grassland only, not including spa-
tial heterogeneity in soil moisture. The fog simulated in their
study therefore does not present significant spatial hetero-
geneity. In this study, we conducted two simulations with
halved and doubled soil moisture. Nevertheless, the changes
in fog occurrence, formation time, and dissipation time do
not show a linear correlation with changes in soil moisture
across the domain. At HAP and PTH, where fog reflected

more localised processes, fog duration decreased by more
than 20 min when soil moisture was halved. However, this
relationship is less clear for SWC and WMR. It should be
noted that this study uses a coarse grid spacing (horizon-
tal grid spacing of 81 m and vertical grid spacing of 18 m)
compared to Maronga and Bosveld (2017) (grid spacing finer
than 4 m). Our simulations did not resolve large eddies, and
hence, the turbulence transport could be expected to differ
significantly from that of Maronga and Bosveld (2017). The
grid spacing used in this study falls in the grey zone of tur-
bulence (e.g. Honnert et al., 2020), which allows us to carry
out multiple experiments relatively quickly over a large area,
although the representation of the turbulence is less accurate.
To provide more confidence in our simulations, we have car-
ried out sensitivity experiments on the vertical grid spacing
of D04 (from 18 to 9 and 6 m). Our conclusions remain un-
changed when a finer vertical grid spacing is used (see the
Supplement). In addition, running simulations over an area
of approximately 17.5 km× 17.5 km with grid spacing finer
than 4 m is not computationally feasible. Future work should
therefore be carried out using a finer grid spacing when suit-
able computation resources become available.

As a range of processes are involved and because the dom-
inant processes vary spatially, the impact of soil moisture and
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its heterogeneity is reduced. The pseudo-process diagrams
show that fog is not homogeneous at both 1 km and 3 km
scales for most of the focused areas. Such spatial heterogene-
ity of fog and the processes involved makes identifying and
quantifying the impact of soil moisture heterogeneity diffi-
cult. Analysis of LHFAcc does not show direct correlation
with soil moisture, implying that advection of water vapour
in the atmosphere may play a more important role compared
to evaporation from the soil. However, the heterogeneity of
soil moisture is still considered to be important. As shown
in Fig. 7, over 70 % of the grid points in the heterogeneous
simulations are associated with a range of values less than
0.05 m3 m−3. It should be noted that this value falls within
a typical range for soil moisture values over a diurnal cycle
(between −0.1 and 0.1 m3 m−3; Meng and Quiring, 2008).
Furthermore, the mean values of soil moisture for D04 for
all simulations are identical. The differences in fog formation
and/or dissipation timing between each heterogeneous simu-
lation can be more than 50 min for some areas. This high-
lights the importance of including soil moisture heterogene-
ity in fog forecasting as fog duration can be very sensitive to
small changes in soil moisture and soil moisture heterogene-
ity.

6 Conclusions

A set of numerical fog simulations was conducted to inves-
tigate the impacts of meteorological controls on radiation
fog in Ōtautahi / Christchurch using the microscale model
PALM. As Ōtautahi / Christchurch’s observational network
does not have a great spatial and vertical coverage, we did not
attempt to replicate a real radiation fog event in our simula-
tions. Rather, we conducted semi-idealised simulations using
profiles from a selected radiation fog event to create a radia-
tion fog scenario as guidance for future fog research and fore-
casting. We aimed to understand the impact of soil moisture
heterogeneity on radiation fog, with our case study showing
that both mesoscale and microscale dynamics are important.
The meteorological controls in a heterogeneous environment
were illustrated. To the best of our knowledge, this study is
the first to include heterogeneous topography, land use, and
soil moisture in radiation fog simulations at the microscale.

Overall, the macrostructure of fog occurrence and distri-
bution is highly controlled by topography and the mesoscale
meteorology, while fog duration is sensitive to changes in
soil moisture heterogeneity at the microscale. As illustrated
in Sect. 4, the synoptic situation, drainage flow, local topog-
raphy, the occurrence of overlying clouds, and local radiative
cooling all affect the onset, duration, dissipation, and spatial
distribution of fog. At the microscale, the readjustment of
soil moisture heterogeneity does not alter the general near-
surface wind flow structure and the location of fog occur-
rence in the simulations. While the range of soil moisture
heterogeneity values applied in this case study is relatively

small, all six heterogeneous simulations resulted in notice-
able variations in terms of fog formation; dissipation; and,
subsequently, duration. For some areas, when compared to
the homogeneous setting, the fog duration can vary by more
than 50 min, which could be significant for aviation fore-
casts. The spatial variation in fog duration, however, does not
mirror the spatial heterogeneity in soil moisture. Even when
soil moisture was doubled and halved, the changes in fog
were not consistent across the simulation domain. The fog
presented in the simulations is spatially heterogeneous. Four
sites were selected to explore the driving processes of fog
and the impact of soil moisture and its heterogeneity. With
the help of pseudo-process diagrams, we identified that fog
types vary across the simulation domain. For radiation fog,
an increase of LHFAcc during the 3 h period into fog forma-
tion can lead to a denser near-surface fog layer. Quantifying
the impact of soil moisture and its heterogeneity, however,
requires further research through, for example, thorough ad-
ditional case studies as only one case study is presented here.

A lack of observational data is one of the biggest chal-
lenges. More observational data from, for example, field
campaigns are necessary to advance fog research. Develop-
ment of an accurate soil moisture observation network may
be necessary in order to apply heterogeneous soil moisture
derived from satellite observations for operational fog fore-
casts. The soil moisture index values were directly used in
this study to investigate the impact of soil moisture hetero-
geneity on radiation fog and do not represent the true soil
moisture for a real case. Due to the difficulty in spatial anal-
ysis and the significant computational cost, we only carried
out simulations at a horizontal grid spacing of 81 m. In our
high-resolution mesoscale simulations, most of the eddies
are not resolved. With PALM’s high scalability at the mi-
croscale, the grid spacing of the simulations should typically
be finer so that turbulence structures can be better resolved
and captured. For the purpose of fog forecasting, one may
aim at a vertical grid spacing of less than 2 m near the sur-
face (e.g. Tardif, 2007) with accurate soil moisture derived
from Landsat 8 observations. With finer grid spacing, ide-
alised simulations with homogeneous land use or topogra-
phy should be carried out along with observational data. Sin-
gling out the components of land surface heterogeneity may
provide greater insight into the impact of soil moisture het-
erogeneity on the fog life cycle. Furthermore, our simula-
tions only used the RRTMG scheme in PALM for computa-
tion of radiation and did not include the three-dimensional
RTM. As discussed in Salim et al. (2022), choices of the
radiative transfer processes included in PALM can change
the flow field considerably in an urban environment. The
RTM applied in PALM neglects the absorption, scattering,
and thermal emission by air masses (Krč et al., 2021; Salim
et al., 2022), and hence, its application is limited in the case
of fog simulations. A recent ongoing development regarding
three-dimensional radiative transfer in PALM is the imple-
mentation and integration of the TenStream radiative trans-
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fer model. TenStream is capable of considering the effects of
three-dimensional radiative transfer on the atmospheric heat-
ing rates or dynamic heterogeneities such as moving clouds
or fog (Jakub and Mayer, 2015, 2016). With such develop-
ment and implementation of the radiation model in PALM,
TenStream should be considered and utilised for future fog
simulations. Due to the inclusion of the plant canopy, only
a one-moment microphysical scheme was used in this study.
Although, as described in Schwenkel and Maronga (2019),
the use of a one-moment scheme does not affect the gen-
eral structure of fog life cycle, future work may aim to ap-
ply two-moment microphysical schemes for a more realistic
representation of the microphysics. Identifying the contribu-
tion from soil moisture to fog was not achieved by analysis
of accumulated latent heat flux. One possible way to further
identify the impact of soil moisture heterogeneity is using a
Lagrangian method to identify the sources of heat and water
vapour. For example, a Lagrangian method was applied by
Dale et al. (2020) to identify heat sources near the Ross Sea
Polynya. Furthermore, only cyclic boundary conditions were
used in our simulations. Future fog studies should consider
using non-cyclic boundary conditions from NWP models to
conduct more realistic fog simulations. This can be achieved
using the offline nesting feature embedded in PALM and
tools such as WRF4PALM (Lin et al., 2021) and INIFOR
(Kadasch et al., 2021).

In conclusion, with the inclusion of heterogeneous topog-
raphy, land use, and soil moisture, the present simulations
demonstrate significant complexity. Spatial analysis is diffi-
cult within such a heterogeneous environment. Multiple me-
teorological controls can modify the local airflow structure
and consequently the spatial structure and duration of fog.
The contribution of soil moisture heterogeneity appears to be
less significant than suggested by previous studies, in which
complex topography and/or land surface characteristics were
not adequately represented. Nevertheless, our study high-
lighted that soil moisture heterogeneity can lead to changes
in radiation fog duration even in a complex environment,
where both land use and topography are heterogeneous.

Appendix A: Fog event observations and synoptic
conditions

The upper-air measurements recorded at 00:00 LST on 5 Au-
gust 2001 were used in this study. This particular set of data
was chosen as it was recorded during an in situ observational
campaign which took place from June to October 2001. In
this campaign, an acoustic sodar was operated at CHA ad-
jacently to an AWS, which provides measurements of tem-
perature, wind speed and direction, visibility, cloud height,
etc. (Osborne, 2002). These upper-air measurements were
available before fog onset, which is suitable for model ini-
tialisation. The time series of AWS and sodar observations
and the synoptic conditions for this fog event are shown

in Figs. A1 and A2. In addition, this particular fog event
has characteristics that agree with those identified in a re-
cent Ōtautahi / Christchurch fog climatology study (Lin et al.,
2023a). In Ōtautahi / Christchurch, winter (June, July, and
August) has the highest frequency of radiation fog occur-
rence. Near-surface temperature inversions represent a key
characteristic of radiation fog formation and development,
which is typically associated with sodar observations of an
inversion layer situated between 50 and 100 m above the sur-
face (Fig. A1). Both sodar and AWS observations show low
wind speeds near the surface (Fig. A1) during this event, in-
dicating a calm and relatively stable near-surface layer. The
ERA5 reanalysis of mean sea level pressure (MSLP; Fig. A2)
shows anticyclonic conditions indicative of clear-sky condi-
tions. Data for this fog event were therefore used to carry out
simulations in this study.

The time series of the AWS and sodar observations for
the selected fog event are shown in Fig. A1. This radiation
fog event occurred during the sodar operational period in
the winter of 2001. The first-order difference of the vertical
profiles of the sodar backscatter is derived along the height
axis to highlight the elevation of the temperature inversion
(Fig. A1a). The high values indicate where the backscat-
ter signal is the strongest, which is where the inversion oc-
curred. Some strong signals at the lowest levels (approxi-
mately 10 m) are due to ground clutter. At around 22:00 LST
on 5 August, the inversion started to develop at around
50 m. The inversion further developed to around 120 m by
05:00 LST on 5 August, and visibility decreased to below
1000 m. The inversion was sustained over the next 10 h, and
the visibility only increased to above 1000 m after 12:00 LST
on 6 August. The AWS observations at 10 m aboveground
show westerly and northwesterly winds near the surface be-
fore the fog formed, indicating that the air mass was mov-
ing down the Canterbury Plains towards the coast, while
the sodar observations show northerly and easterly winds
at 30 m. The surface wind speed was below 1.5 ms−1 be-
tween 18:00 LST on 5 August and 13:00 LST on 6 August,
while the wind speed at 30 m was stronger but generally
below 3.5 ms−1. Significant cooling was recorded between
18:00 LST on 5 August and 13:00 LST on 6 August (from
approximately 7 to −1 ◦C), and relative humidity was above
97 %. Observations from the AWS show that the cloud height
was above 7500 m before fog onset, but no cloud base low-
ering was recorded. The cloud base was low after 13:00 LST
on 6 August because the fog layer developed into mist, and
the mist layer was observed as a cloud layer.

The synoptic conditions between 18:00 LST on 5 August
and 12:00 LST on 6 August are shown in Fig. A2. An anti-
cyclone was centred to the northeast of New Zealand with a
ridge extending to the southwest. The location of the ridge
over the South Island indicates less cloudy conditions. No
significant precipitation was recorded within 5 d before the
fog event (not shown) so that the state of soil moisture was
not particularly high. Based on the evidence and the avail-
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Figure A1. (a) Vertical time section of sodar backscatter; (b) time series of observed visibility and cloud height; (c) wind speed and direction
taken from the AWS (10 m) at CHA and from a height of 30 m from sodar observations; (d) air temperature (Tair), wet bulb temperature
(Twet), dew point temperature (Tdew), and relative humidity from the AWS at CHA.

able data, this fog event was considered to be suitable to
conduct radiation fog simulations to investigate our research
questions.
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Figure A2. Mean sea level pressure (hPa) and 10 m wind vectors at (a) 18:00 LST on 5 August 2001 and (b) 00:00 LST, (c) 06:00 LST, and
(d) 12:00 LST on 6 August 2001. Data were obtained from ERA5 (Hersbach et al., 2019).

Appendix B: Supporting information for soil
moisture and analysis

B1 Soil moisture heterogeneity adjustment method

An example of the readjustment mentioned in Sect. 5 is
shown in Fig. B1. For other adjustments of soil moisture val-
ues, the following method was applied to make all heteroge-
neous simulations have the same mean value as HOM. The
mean soil moisture of HOM is denoted as HOMmean, and
the mean soil moisture of HET is denoted as HETmean. The
difference between the mean values is 1mean = HETmean−

HOMmean. Then1mean was added to each grid point to adjust
the soil moisture value.

The adjustment is the same for the three-dimensional soil
moisture field (west–east and south–north and eight vertical
levels of soil). For each soil layer, the difference between
the domain mean value (HOMmean) and the original mean
soil moisture value (SMmean) was first calculated as 1i =
SMmean−HOMmean for each grid. Then 1i was added to
each grid point at each soil layer.

Figure B1. Examples of soil moisture readjustment: (a) demon-
strates the soil moisture derived from the satellite observations. The
mean value for (a) is 0.295 m3 m−3. Each square box represents one
grid point, and the values of each box indicate the soil moisture con-
tent (in m3 m−3). Boxes in green indicate that the soil moisture of
the box is higher than the homogeneous soil moisture value, while
boxes in brown indicate lower soil moisture values. A 2-by-2 area is
highlighted by the dashed red square box, and a 4-by-4 area is high-
lighted by the dashed blue square box in (a). Panel (b) shows the
results of 2-by-2 readjustment. Panel (c) shows the results of 4-by-4
readjustment.
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B2 Accumulated latent heat flux

Figure B2. Accumulated latent heat flux (LHF) for the 3 h period before sunset (a, d, g, j), the period between sunset and fog onset (b, e, h,
k), and the 3 h period into fog onset (c, f, i, l) for HAP, PTH, SWC, and WMR. Colours for all panels are indicated in the panel (c) legend.
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J., Vlček, O., Damašková, D., Eben, K., Derbek, P., Maronga,
B., and Kanani-Sühring, F.: PALM-USM v1.0: A new ur-
ban surface model integrated into the PALM large-eddy
simulation model, Geosci. Model Dev., 10, 3635–3659,
https://doi.org/10.5194/gmd-10-3635-2017, 2017.

Rihani, J. F., Chow, F. K., and Maxwell, R. M.: Isolating ef-
fects of terrain and soil moisture heterogeneity on the atmo-
spheric boundary layer: Idealized simulations to diagnose land-
atmosphere feedbacks, J. Adv. Model. Earth Sy., 7, 915–937,
https://doi.org/10.1002/2014MS000371, 2015.

Roux, B., Potts, R., Siems, S., and Manton, M.: Towards a better
understanding of fog at Perth Airport, J. Hydrol., 600, 126516,
https://doi.org/10.1016/j.jhydrol.2021.126516, 2021.

Roy, D. P., Wulder, M. A., Loveland, T. R., C.e., W., Allen, R. G.,
Anderson, M. C., Helder, D., Irons, J. R., Johnson, D. M.,
Kennedy, R., Scambos, T. A., Schaaf, C. B., Schott, J. R., Sheng,
Y., Vermote, E. F., Belward, A. S., Bindschadler, R., Cohen,
W. B., Gao, F., Hipple, J. D., Hostert, P., Huntington, J., Justice,
C. O., Kilic, A., Kovalskyy, V., Lee, Z. P., Lymburner, L., Masek,
J. G., McCorkel, J., Shuai, Y., Trezza, R., Vogelmann, J., Wynne,
R. H., and Zhu, Z.: Landsat-8: Science and product vision for
terrestrial global change research, Remote Sens. Environ., 145,
154–172, https://doi.org/10.1016/j.rse.2014.02.001, 2014.

Saiki, E. M., Moeng, C.-H., and Sullivan, P. P.: Large-eddy simula-
tion of the stably stratified planetary boundary layer, Bound.-Lay.
Meteorol., 95, 1–30, https://doi.org/10.1023/A:1002428223156,
2000.

Salim, M. H., Schubert, S., Resler, J., Krč, P., Maronga, B., Kanani-
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