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Strong fog and low cloud predictors are identified for northern parts of the 
Northern Territory during dry-season months. A large-scale morning fog and 
low-cloud climatology was derived from geostationary-satellite imagery. This 
was statistically compared with meteorological station data from the previous 
afternoon. This approach utilised point location data to forecast the probability 
of occurrence of fog and low cloud over a larger area. Therefore, forecast do-
mains are regional and not site specific.
 The satellite data indicated that during the early months of the dry season 
the bulk of the fog and low cloud occurred over eastern parts, whereas during 
the later months it was more widespread over the total area. 
 Mean sea level pressure at central Australian locations and gradients of 
mean sea level pressure across northern Australia are good fog and low cloud 
predictors for southern and western parts of the region.  Low-level moisture at 
locations along and inland from the Gulf of Carpentaria are better predictors 
for eastern land areas. This is explained in terms of the direction and strength 
of the easterly trade winds and the modification when these pass over the Gulf 
of Carpentaria. The total data was filtered in order to identify Australia-wide 
mean sea level pressure patterns corresponding to particular fog and low cloud 
distributions over the target area. Finally, predictor testing on an independent 
data-set showed best results for the eastern land areas where fog and low cloud 
was observed most frequently. 

Introduction

There have been few studies of fog and low cloud (FLC) 
over northern parts of the Northern Territory (NT). The 
most detailed pertain to fog forecasting at Darwin Airport 
by Lloyd (1988) and an evaluation of a satellite-based FLC 
detection method by Zeschke (2007). This lack of research 
material can be attributed to the sparse population and few 
meteorological stations within the area. Therefore, it is an 
advantage to study this phenomenon using remotely sensed 
data. 
 The forecasting of FLC over the area is an important 
task at the Darwin Regional Forecasting Centre, especially 
during the dry season when the highest incidence of fog 

occurs (Bureau of Meteorology 2008a). Qantas and Air North 
have regular morning flights to locations within the domain 
so FLC can cause disruption to these flights, particularly as 
this is a favoured time of year for tourism, construction and 
mining operations. The large distances between landing 
sites over this sparsely populated part of Australia mean that 
the over- or under-forecasting of widespread FLC can add 
to the impact on aviation operations (Bureau of Meteorology 
2008b). 
 In the processing of satellite derived FLC, this paper 
extends the work of Zeschke (2007) to a three year (2003, 
2004, 2005) dry season (June to September) satellite derived 
FLC climatology. Development of the FLC signal during the 
night is compared with the signal in the first visible image 
of the day, in order to define areas of FLC. For satellite-
based detection of large-scale FLC during night-time hours 
the Enhanced Dual Channel InfraRed Difference method 
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(EDCIRD) (Eyre et al. 1984, Ellrod et al. 1989) was used. This 
method is described in more detail in the next section. 
 The geographical area investigated is shown in Fig. 1, 
and was divided into three sub-domains, the Eastern Top 
End, Western Top End and Gulf Country, as shown in Fig. 2. 
Statistical methods were used to compare the early morning 
FLC signal occurring within each sub-domain to ground 
and upper air observations from the previous afternoon at 
stations located both within and outside each sub-domain 
(Fig. 2). FLC predictors were identified as those station 
observations most useful in forecasting FLC and no FLC. 
Therefore, forecasts of FLC enabled by the predictors yield 

the probability of FLC occurring within the corresponding 
sub-domain in the following morning’s visible and/or 
EDCIRD satellite image. 
 This approach utilised point-location data to forecast 
FLC over a larger domain. This method has been adopted 
because there are few ground stations over the northern NT. 
A similar approach has already been implemented in the 
Convective Analysis method of thunderstorm forecasting for 
the Darwin area used by the Darwin Regional Forecasting 
Office of the Bureau of Meteorology (Chappel 2001).
 As a result of this predictor analysis, FLC or no FLC 
episodes are compared to composite mean sea-level 
pressure (MSLP) reanalysis patterns.

Fig. 1. The region of this research, showing some locations and river catchment boundaries mentioned in the text. Abbreviations 
for catchments are: 1 = Daly River, 2 = Roper River, 3 = Towns, 4 = Walker, 5 = Victoria River, 6 = Moyle River. Abbreviation 
of location: CI = Centre Island.

Fig. 2.  The station network used in this paper, and the subdivisions of the total domain. Note: Alice Springs is located 450 km to 
the south of this figure in the direction of the arrow. Sub-domains are WTE = Western Top End, ETE = Eastern Top End, GC 
= Gulf Country.
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Data and data processing

Details of the Geostationary Operational Environmental 
Satellite 9 (GOES-9) and Multi-Functional Transport Satellite 
1R (MTSAT-1R) data are shown in Table 1. All of the satellite 
images were produced as output on the Man-computer 
Interactive Data Access System (McIDAS). The EDCIRD 
method was used to identify FLC during the night-time 
hours. This method is based on the observation that the 
emissivity of clouds containing water droplets, particularly 
small-droplet clouds such as fog and low stratus, varies 
for different wavelengths in the infrared spectrum (Hunt 
1973). Subtracting the brightness temperature of the 3.9 
from the 11 micron channel gives a difference of between 
two and five degrees Kelvin for these clouds. The particular 
EDCIRD enhancement technique employed here has been 
developed within the Australian Bureau of Meteorology 
(the Bureau) by Weymouth. The preparation of the EDCIRD 
data is as follows. After the raw image data is received 
from the satellite, a computer program digitally subtracts 
brightness temperatures in the 3.8-4.0 μm channels from 
the 10.2-11.2 μm channels (3.5-4.0 μm from 10.3-11.3 μm 
channels for the MTSAT-1R data). Next, cloud-top altitudes 
of any clouds identified by this method are determined to 
infer how close the cloud is to the ground. This is done by 
comparing the brightness temperature of picture elements 
(pixels) belonging to the cloud (Tct) to the apparent surface 
temperature (Tg) beneath the cloud. The apparent surface 
temperature is acquired through the process of first 
determining the brightness temperature of the nearby 
cloud free pixels, then adjusting this to the topographic 
height directly underneath the cloud based on a fixed 
sub-adiabatic lapse-rate temperature profile. These data 
are then enhanced into their final format at full thermal 
resolution, by calibrating the cloud signal strength and 
Tg-Tct and presenting this as a colour palette for ease of 
viewing (see Fig. 3). In this paper, only signals with Tg-Tct 
less than 5K (meaning very low cloud or fog) are analysed. 
These correspond to the dark-blue, light-blue, blue-grey 
and pink enhancements in the left panel in Fig. 3. For each 
image produced in the above manner, Weymouth provides 

a matching “cloud mask” (MASK) image, as shown in the 
right panel in Fig. 3. This incorporates a degree of quality 
control by tagging all of the FLC contained in the processed 
image as blue enhancements, and rejected signals as red 
enhancement. 
 Hourly or near-hourly EDCIRD images to 2040 UTC (6.10 
am LST) were used to study the development of FLC during 
the night. Visible and single channel infrared images at 
times 2140 (7.10 am LST), 2228 (7.58 am LST) and 2340 UTC 
(9.10 am LST) were used as additional evidence in defining 
the FLC signal.
 Archived station data from nineteen Australian locations 
were extracted from the Australian Data Archive for 
Meteorology (ADAM), as shown in Fig. 2. This data included 
surface and upper air wind speed (Ws), wind direction 
(Wd), dewpoint temperature (Td), dewpoint depression (T-
Td) and station-level pressure (SLP). The data consisted of 
six-hourly, three-hourly, hourly or half-hourly recordings 
between local noon and 9.30 pm (0230 to 1200 UTC). Upper 
air observations from Darwin and Gove, taken at pressures 
of 1000, 978, 943, 925 and 910 hectopascals (hPa) for times 
0500 and 1100 UTC, were also used. To assess the role of 
synoptic-scale MSLP patterns on FLC distribution, MSLP 
gradients between Tennant Creek and Darwin, Alice Springs 
and Darwin, Mount Isa and Weipa and the MSLP at Tennant 
Creek and Alice Springs at times 0000, 0600 and 1200 UTC 
were also used. These MSLP parameters are routinely used 
in the Darwin Regional Forecasting Centre to forecast the 
onset of strong winds over NT coastal waters from June to 
August (Stringer and Patterson 1993). 
 A number of statistical methods were used to compare 
station observations with the satellite derived FLC signal. 
These are described in more detail in the FLC Predictor 
Determination sub-section.

Limitations and sources of error in the data
To ensure quality in the processing and analysis of data it 
was necessary to address limitations and sources of error in 
the satellite detection of FLC, the station predictors and in 
the statistical methods used to compare satellite derived FLC 
with station predictors.  

Satellite images Scan time (UTC) Sub point resolution (km)

GOES-9 EDCIRD 
(10.2-11.2 μm) - (3.8-4.0 μm) 

1540, 1628, 1705, 1740, 1840, 1940, 2040 4 by 4

GOES-9 Visible 
(0.55-0.75μm)

2140, 2228, 2340 1 by 1

GOES-9 Infrared IR1 channel 
(10.2-11.2 μm)

2140, 2228 4 by 4

MTSAT-1R EDCIRD 
(10.3-11.3 μm) - (3.5-4.0 μm)

1548, 1648, 1748, 1803, 1848, 1948, 2048 5 by 5

MTSAT-1R Visible 
(0.55-0.90μm)

2148, 2248, 2348 1.25 by 1.25

MTSAT-1R Infrared IR 1 channel (10.3-11.3 μm) 2248 5 by 5 

Table 1.  Summary of the satellite data used in this paper.
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 Satellite detection of FLC is limited in viewing cloud tops 
only. In this study no distinction has been made between fog 
and very low cloud. Fog and low cloud can also be hidden 
below a deck of higher cloud, but as the investigation occurs 
during three consecutive dry-seasons a large proportion 
of the data is free of higher level cloud. Data containing 
significant mid- and high-level cloud was generally edited 
from further analysis. 
 Ellrod (1995) noted that there is difficulty in resolving very 
shallow fog layers because the small (Tg-Tct) signal is often 
within instrument noise of the 3.9 micron channel. Optimal 
detection of FLC using the EDCIRD method occurs for FLC 
thicknesses of at least 100-150 metres (see Ellrod 1995, Fig. 
1). Furthermore, the EDCIRD method works best for small 
cloud droplets, around 4 microns (Hunt 1973). However, 
marine clouds tend to have much larger droplet radii (up 
to 20 microns) resulting in a weaker EDCIRD signal. The 
close comparison between EDCIRD, visible and 11 micron 
infrared images reduces these errors. 
 False signals in the images can be attributed to the finite 
spatial resolution of the satellite data, mapping of the FLC 
signal, to the amount of atmospheric moisture, to the nature 
of the earth’s surface and to calibration and signal problems 
in the infrared channels. 
 Comparing the FLC signal in the EDCIRD images to the 
corresponding signal in the higher resolution visible images 
around the time of sunrise reduces the image resolution 
error. However, small-scale FLC with dimensions less than 

1km are unlikely to be detected. Weymouth and Rea (2003) 
compared the FLC identified by the EDCIRD technique with 
surface observations from southeast Australian locations 
over a four month period. This yielded a 74 per cent detection 
rate of clear sky fogs when compared with satellite derived 
cloud signals having Tg-Tct less than 5K. Using this imagery, 
Zeschke (2007) determined a detection rate of 54 per cent 
for Mango Farm and 100 per cent for Galiwinku during the 
dry season of 2004. However, statistics were not as good 
for mornings when there was patchy or shallow FLC in the 
vicinity of a station.
 For the FLC mapping, the 0.25 degree (27.5 km) grid 
used to calibrate the FLC signal is another source of error. 
Representation of the FLC climatology in Fig. 4 incorporates 
this limitation in resolution. However, it is an issue for the 
statistical analysis as very small scale cloud of dimensions 
less than half a grid square was not counted. This is discussed 
in more detail in the sub-section on mapping of FLC signal.
 Atmospheric moisture errors (Ellrod 1995) were not 
significant, as during the dry season the mean daily 
precipitable water is at a minimum for the year, typically 
between 15-30 mm during the four months June to 
September (NCEP/NCAR Reanalysis).
 False FLC signals due to coarse sandy soils (Sutherland 
1986) are not common over the data-set. In some images false 
signals that may be attributed to the land surface occur and 
these were easily identified (see Fig. 3). They are revealed 
as weak signals in the 5K < Tg-Tct < 9.5K range in EDCIRD 

Fig. 3.  The raw GOES-9 EDCIRD data (left) and MASK enhancement (right) for 3 July 2004, at 2040 UTC satellite scan time. Colour 
enhancement for fog and very low cloud (Tg-Tct < 5K) in the EDCIRD data, for increasing strength of signal are dark blue 
(db), light blue (lb), blue grey (bg) and pink (p). For the MASK data the corresponding enhancement is dark blue (dbm), 
with red (rm) indicating rejected fog signal. Colour enhancements for (5K < Tg-Tct < 9.5K) in the EDCIRD and MASK data 
are green (gc) and bright green (grm) respectively. The yellow green signal (gg) is likely due to the land surface.
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imagery and do not show in the visible images.
 Inaccurate mapping of the images was evident as a 
varying offset between the coastlines and the map overlay 
over the data-set. Therefore, for an accurate analysis of FLC 
events over an extended period of time remapping of the 
images was necessary. As the GOES-9 satellite was nearing 
the end of its operational lifetime some of the 2005 images 
were contaminated by signal noise, or scan lines with 
missing data. Data was rejected whenever this obscured the 
FLC signal and the coastlines utilised for image remapping. 
 It was not possible to compare EDCIRD and visible 
images of the same time. Because EDCIRD images only 
capture FLC during the night-time, the last image of the 
night occurs at 2040 UTC. The first useful visible image 
occurs at 2228 UTC between June and August and at 2140 
UTC in September. In addition, the time of local sunrise 
varied from about 0700 local time (2130 UTC) from June to 
August to 0630 (2100 UTC) towards the end of September. 
Thus there are differences in the times between sunrise, the 
last EDCIRD image of the night and the first visible image of 
the day over the data-set. The FLC signal in the first visible 
image of the day often covers a larger area than in the last 
EDCIRD image of the night, due to continued development 
of the FLC in the interim. An exception to this occurs during 
September, when sunrise occurs well before the 2228 UTC 
visible image, so that the signal is much reduced in area due 
to FLC dissipation. Therefore, the earlier 2140 UTC images 
were also used for this month. 
 From examination of station history in the Bureau 
of Meteorology Observational Sites Database, the main 
instrumentation errors include defective anemometers and 
erroneous dewpoint temperature due to the drying out 
of the wick in the wet bulb thermometer. Borroloola and 
Port Keats were found to have the greatest wind direction 
error. Database records indicated errors between 10 and 
20 degrees for these stations, with errors to 25 degrees for 
particular periods. It was therefore important to examine the 
effects such errors have on the statistical methods used to 
determine FLC predictors. Douglas River and Tindal have 
large numbers of suspicious dewpoint temperatures. To 
avoid bias in the analysis, Tindal Td data was not included 
in further analysis. Douglas River had less than 5 percent 
suspicious Td data and was included in further analysis. 
McArthur River Mine, Central Arnhem Plateau and 
Bradshaw all had significant missing data, and this was 
taken into account when evaluating and comparing FLC 
predictors from these and other stations.
 Examination of the station Td and MSLP data showed 
a seasonal variation in the mean values, with a reasonable 
uniformity from June to August and a gradual increase in Td 
(typically between 3 and 5 degrees), and decrease in MSLP 
(typically 5 hPa at Alice Springs and 1 hPa at Darwin) during 
September. Therefore it was important to test whether the 
removal of the seasonal signal improved predictor utility.
 Forecasts of FLC enabled by the station predictors yield 
the probability of FLC occurring within the corresponding 

sub-domain in the following morning’s visible satellite 
image. However, there was no forecast of areal extent within 
each sub-domain, nor any forecast of onset time or duration. 
Furthermore, the statistics are not compatible to any site-
specific FLC forecast. There is scope for this in future studies.

Preparation and analysis of the data
This was performed in three parts.  First, the process for 
discriminating FLC from satellite images involved image 
enhancement, quality control and signal classification.  This 
permitted the mapping of the signal for each morning when 
FLC occurred and integration of this to obtain monthly and 
three year FLC climatology.  Next, the FLC/no FLC signal in 
each of the sub-domains for each morning was compared 
to station predictors from the previous afternoon. In the 
individual predictor analysis the satellite derived FLC/no FLC 
signal was compared to the appropriate station predictors. 
All strong predictors as identified in the individual analysis 
were compared to determine the strongest FLC predictors for 
each sub-domain. The strongest predictors were then tested 
upon an independent data-set (June to September 2006). 
Finally, episodes corresponding to particular distributions of 
FLC within the sub-domains were identified. These episodes 
were compared to Australia-wide MSLP composites.

Discriminating FLC in satellite images
As part of the process of classifying the quality of the 
FLC signal within the satellite images, image processing 
software was used to enhance the brightness and contrast 
by a constant amount across the visible image data-set. This 
revealed weak FLC signals and better defined the thinner 
edges of some FLC and the shadows cast upon the land by 
higher cloud. 
 Next the hourly EDCIRD images were animated (Ellrod 
1995, Weymouth and Rea 2003) to help to distinguish between 
true and false FLC detections. This allowed monitoring of 
the various enhanced cloud entities during the night and 
revealed the importance of higher cloud in obscuring the 
FLC signal.  
 FLC detection depends jointly upon consistency and 
agreement between EDCIRD, visible data and 11 micron 
infrared data, so comparison of the last EDCIRD images 
of the night with the first visible and 11 micron infrared 
images of the morning was then carried out. In the visible 
images the FLC signal has a characteristic bright and flat 
uniform textured upper surface. It has sharply defined 
boundaries that cast little or no shadow and often coincides 
with topography such as confined valleys. In the single 
channel infrared images FLC generally has a weak or non-
existent signal. For each morning the image showing the 
most extensive FLC was chosen for further analysis. Finally, 
surface observations of cloud base height at Darwin and 
Gove were examined whenever the FLC signal was located 
over these locations.
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Classifying the FLC signal
Using the aforementioned methods, each morning’s FLC 
signal in each of the sub-domains was classified as good, 
intermediate, marginal or bad quality data. Good data 
contained insignificant or no mid or high-level cloud. If a 
FLC signal was present it must occupy a distinct and well-
defined area in both EDCIRD and matching visible images. 
Data of intermediate quality must have either the EDCIRD 
or the matching visible image as good quality data. The poor 
quality image typically had significant higher-level cloud or 
contained a weak or indistinct FLC signal. These data also 
included mornings where the FLC formed or dissipated 
with sunrise. For these events a comparison between visible 
and EDCIRD FLC signal was not possible. In the marginal 
quality data the total FLC signal in both EDCIRD and 
matching visible image was of inferior quality. One class 
included weak and indistinct FLC signals in both types of 
images. Another class had FLC partially covered by higher 
cloud. Marginal quality data must be used with caution, 
and for that reason it was flagged to distinguish it from the 
better data. Bad quality data may contain extensive thick 
mid and high-level cloud over most of the sub-domain. It 
may have many cloud types present so that FLC cannot be 
unambiguously identified. Bad data also included very poor 
quality images, where the boundaries of the FLC could not 
be clearly identified. 
 The satellite derived climatology did not include events 
where FLC may have formed underneath mid and high-level 
cloud. Furthermore, bad satellite data was excluded from the 
statistical analysis with station predictors. 

Mapping of FLC signal 
After satellite data classification, suitable 2040 UTC EDCIRD, 
2228 UTC (for June to August) and 2140 or 2228 UTC (for 
September) visible images were remapped by matching 
the coastlines of image and map overlay. The domain of 
interest was then subdivided into a grid of 0.25 by 0.25 
degree squares. For each grid square where the FLC signal 
fills more than half the area a value of 1 was assigned, for 
verified FLC. If FLC fills less than half a grid square a value of 
0 was assigned, for no FLC. This resulted in a 25 by 35 square 
matrix for the time of the most extensive morning FLC signal 
on each day.
 The 3 year FLC distribution statistics over the total domain 
was then divided into three sub-domains, the Eastern, 
Western Top End and the Gulf Country respectively. To 
determine the boundaries between these three sub-domains, 
local minima in the three year FLC distribution as shown in 
Fig. 4e were identified. Because the origin and development 
of FLC is strongly controlled by topography the river 
catchments provide convenient boundaries that can help to 
limit the extension of FLC. Therefore, areas of uncertainty 
were identified where minima in the FLC distribution pass 
across catchments located on the boundaries between 
Eastern Top End and Gulf Country or between Eastern and 
Western Top End. 

 Spatial and temporal analysis of the data was performed 
to determine the sub-domain with the dominant influence on 
each area of uncertainty. Spatial analysis involved selecting 
only those mornings where FLC was observed within 
the areas of uncertainty and examining the geographical 
continuity of the signal between this area and adjacent sub-
domains. Temporal analysis involved examination of the 
movement of the FLC from adjacent sub-domains into an 
area of uncertainty, by looping successive EDCIRD images 
(refer to Fig. 4f). 

FLC predictor determination
For the individual predictor analysis, histograms showing 
the distributions of FLC and no FLC days for each sub-
domain as a function of corresponding station predictor 
values were plotted. Differences in the distributions indicate 
that the predictor probably has some skill in discriminating 
between FLC/no FLC across a threshold value. Non-normal 
(i.e. bimodal or skew) distribution can also be identified. 
Additionally, some Gulf Country station predictors have 
been evaluated against Eastern Top End FLC as the almost 
continuous FLC distribution in the climatology across the 
two sub-domains and the upstream location of Gulf Country 
stations to the Eastern Top End facilitates this.
 Student’s t-test and Relative Operating Characteristic 
(ROC) analysis was then used for the assessment of the 
utility of each FLC predictor (Mason 1982). For each 
predictor the Student t-value was compared to the critical 
t-value corresponding to a 95 per cent confidence that 
the predictor can discriminate between FLC and no FLC 
episodes. ROC analysis was performed for predictors 
with the highest t-values and those having significantly 
non-normal distributions. Probability of Detection (POD), 
False Alarm Ratio (FAR) and False Alarm Rate (FAR*) were 
calculated. ROC curves were evaluated for different times 
for each predictor. The area under the ROC curve and the 
closest distance to the perfect forecast (POD = 1, FAR* = 0) 
was measured. 
 The seasonal cycle was removed from the MSLP and 
Td data using a three-month weighted running-mean filter 
function. The filtered data was tested against unmodified 
Td and MSLP data using t-test and ROC curve analysis to 
check on improvement or deterioration of FLC forecasting 
statistics.
 To identify the best FLC predictors, a threshold was 
applied to the ROC statistics, so that areas under the ROC 
curve greater than 0.8 and distances to perfect forecast 
(POD=1, FAR*=0) less than 0.35 define the strongest FLC 
predictors.
 In order to compare the strongest FLC predictors within 
any one sub-domain the following method was used to 
remove a selection of the more obvious no FLC events 
from the data-set (Weymouth pers. comm.). For each of the 
strongest predictors identified in each sub-domain, FLC/
no FLC histograms were constructed against the full range 
of predictor values. For each selected predictor, except the 



Zeschke: Early morning fog and low cloud predictors for northern parts of the Northern Territory   255   

one tested, all data outliers having predictor values outside 
of 2.55 standard deviations from the mean of the FLC 
histogram were removed from further analysis. The residual 
data, containing most of the FLC events and with reduced 
no FLC events was then statistically analysed by the tested 
predictor, to test if the predictor could discriminate between 
FLC and no FLC events from this data subset. The Student 
t-test was used, with highest t-values belonging to those 
predictors having independent skill over all the other tested 
predictors in determining the next morning’s FLC for the 
respective sub-domain.

Testing of predictors on an independent data-set 
The June to September 2006 independent data-set was 
used to assess the performance of the best predictors as 
determined in the previous sub-section. For each predictor 
the best ROC statistics as determined in the individual 
predictor analysis of the 2003-5 data-set was used as a 
threshold separating forecast FLC and no FLC events. This 
threshold was used in the contingency analysis of the 2006 
data. The Critical Success Index (CSI) was also evaluated, 
as this takes into account false alarms and missed events 
and is therefore a more balanced score than POD and FAR 
(Internet reference 1).

FLC distributions and synoptic MSLP patterns
Finally, to compare FLC distributions with Australia-wide 
MSLP patterns three subsets were filtered out of the total 
data. Firstly, each day’s data was analysed and classified into 
one of three groups. One group had FLC over the Western 
Top End as well as Eastern Top End and/or the Gulf Country 
for each morning. The second had no or very small amounts 
(less than three 0.25 by 0.25 degree squares) of FLC signal 
over the Western Top End, with nearly all FLC over the 
Eastern Top End and/or Gulf Country. The third had no 
FLC over any sub-domain. Groups identified in this way 
were sorted into episodes. To qualify as an episode, FLC 
must have occurred in any one of the above areas on at least 
two successive mornings. This resulted in three classes of 
episodes. The first had FLC over all sub-domains, the second 
had almost all FLC over the eastern domains, and the third 
had no FLC over any sub-domain. Days with bad data in any 
of the sub-domains were not examined to avoid a bias in the 
analysis. For each episode NCEP/NCAR reanalysis data was 
used to construct composite Australia-wide MSLP patterns 
that spanned the appropriate time interval. For each day of 
an episode the MSLP pattern of the previous day was used 
as predictor. Episodes having a similar MSLP pattern, as 
determined from visual inspection, were amalgamated into 
larger sets. To evaluate the importance of these, the total 
area of FLC of each was compared to the total area of FLC in 
each sub-domain.

Results and discussion

Total and monthly climate summaries over the three years 

of data are shown in Fig. 4e and Fig. 4a-d respectively.  The 
data is displayed in terms of percent days of FLC within each 
quarter degree square over the specified period.  Over the 
three years of June to September data, FLC was recorded on 
120, 225 and 147 mornings for the Western Top End, Eastern 
Top End and Gulf Country sub-domains respectively. This 
did not include the bad data, consisting of 30, 23 and 18 
percent of total data respectively for the abovementioned 
sub-domains. This climatology is therefore likely to be an 
under-estimate of actual FLC days.
 Examination of Fig. 4e shows that favoured locations 
include the Roper and Daly/Moyle river valleys as well as 
the coast and adjacent valleys of the Eastern Top End and 
the Gulf Country. Over maritime areas the favoured location 
is the southern Gulf of Carpentaria. Overall, the three-year 
satellite derived FLC climatology shows similar results to 
the 2004 dry season summary of Zeschke (2007), with most 
events occurring over the eastern Top End. However, the 
three year climatology has a higher percentage of FLC days 
over the western Top End during September. This is because 
humidity levels were well below average over the north-
western Top End during September 2004 (Monthly Weather 
Review, Northern Territory, September 2004), resulting in a 
below average incidence of FLC over that sub-domain. 
 For the monthly climatology, during the early dry-season 
months of June and July most FLC is located in the Roper 
valley, with deepest westward penetration there. This is 
consistent with the findings of Zeschke (2007). The earlier 
research found that enhanced easterly synoptic flow assists 
the inland penetration of moisture into this valley during 
these months.
 August and September have FLC over all sub-domains, 
with greater frequency of occurrence during August. This 
indicates an easing of the easterly synoptic flow across 
northern Australia and the greater importance of seabreezes 
in transporting moisture inland. In particular, from late 
August onwards the formation of the Pilbara-Kimberley 
heat trough over northwestern Australia results in synoptic 
westerly flow into the valleys of the Western Top End, 
reinforcing the transport of low-level moisture into these 
parts. The final subdivision of the total area into the three 
sub-domains is shown in Fig. 4f.
 Application of the Student t-test on individual predictors 
showed that most were able to discriminate between FLC 
and no FLC days, having t-values greater than the 95 per 
cent confidence interval. Most predictors have near-normal 
distributions for the respective FLC and no FLC histograms. 
Furthermore, inspection of the wind direction data for Port 
Keats and Borroloola showed that differences in mean 
values of the FLC and no FLC frequency histograms were 
much greater than the wind direction error as mentioned in 
the data and data processing section. 
 Strongest predictors as identified in the ROC analysis 
are predominantly Td, T-Td, central Australian MSLP and 
meridional MSLP gradient across northern Australia and 
are shown in Table 2. It was found that the removal of the 
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seasonal cycle from the Td and MSLP data did not improve 
FLC predictor statistics. 
 The strongest predictors as determined from comparative 
predictor analysis are shown in Tables 3a-c. Also shown are 
the no FLC/FLC thresholds used in the contingency table 
analysis when these predictors were tested against the 

independent 2006 FLC data-set. 
 Comparative predictor analysis showed that north-
south MSLP gradients across tropical Australia and MSLP 
at central Australian stations were more important FLC 
predictors for the Western Top End and Gulf Country than 
for the Eastern Top End. It is postulated that these predictors 

Fig. 4.  June to September satellite derived FLC climatology.  a: June, b: July, c: August, d: September, e: June to September 2003, 
2004 and 2005 FLC climatology, f: Subdivisions between Gulf Country (GC), Eastern Top End (ETE) and Western Top End 
(WTE) are shown in red. Regions in which further analysis was conducted to determine sub-domain boundaries are shown 
as light blue for the southern Gulf of Carpentaria and the southeastern Roper catchment, the area of uncertainty in the 
Katherine/ Tindal area in green and the western Arnhem Plateau region of uncertainty in yellow. K= Katherine.
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define the airstream affecting the Western Top End and Gulf 
Country. A maritime trajectory results in FLC over these sub-
domains and a dry continental southeast airstream results in 
no FLC days. To reach the Eastern Top End an airstream of 
continental origin must cross the Gulf of Carpentaria where 
it may be moistened sufficiently to result in FLC over that 
sub-domain. For total data, i.e. not including bad data, FLC 
mornings occurred 80 per cent of the time over the Eastern 
Top End. This indicates that the arrival of extensive low-level 
dry air over this sub-domain during June to September is 
the exception rather than the rule. Examination of the strong 
Gove 2.30pm (0500 UTC) 925 hPa Wd predictor indicates that 
a very southerly trajectory (between 130 and 170 degrees) 
favours no FLC mornings. It is postulated that such a 
trajectory may involve a significantly subsiding airstream, 
having low moisture content through a great depth. Winds 
from this direction would also have a shorter traverse over 
gulf waters (Newham pers.comm.). Such an airstream could 
traverse the Gulf of Carpentaria with little modification.  
 Best MSLP and MSLP gradient FLC predictors occur 
during mid-afternoon for the Gulf Country and late-evening 
for the Western Top End. It is postulated that the later times 
for Western Top End predictors indicates the importance of 
a sustained strong pressure gradient for dry continental air 
to move into this sub-domain, and inhibit FLC formation the 
following morning. Furthermore, most Western Top End 
FLC occurs in the later months of the dry season. During 
this time the strengthening Pilbara-Kimberley heat trough 
extends into the Western Top End, and this often blocks all 

but the strongest sustained southeast trade wind surges. 
 MSLP and MSLP gradient predictors perform well in 
comparative analysis because the broad scale MSLP pattern 
contains information not available in the other predictors. 
This includes the trajectory of the air and the resultant 
temperature and moisture distributions (Weymouth pers. 
comm.). Such trajectories are more representative of the 
broad scale airstream affecting the domain, whereas station 
wind and moisture data often incorporate local effects. 
Furthermore, the slowly varying MSLP and MSLP gradients 
are more stable FLC predictors than the more variable 
station wind and moisture parameters. 
 The strong FLC predictors for the Eastern Top End, 
shown in Table 3b, are evening low-level moisture at land 
locations adjacent to the western and southwestern Gulf 
of Carpentaria. This indicates the importance of moisture 
advection from the Gulf via a wind trajectory from the east 
for FLC occurrence. This is supported by results from the 
aforementioned Gove 2.30pm 925 hPa Wd predictor. The 
bulk of FLC days occurred when Wd was between 100 and 
140 degrees. 
 Examination of individual and comparative predictor 
analysis results show that stations near the base of the Top 
End, such as Port Keats and McArthur River Mine, have 
strong surface Wd and surface moisture predictors of FLC 
for their respective sub-domains. It is postulated that these 
locations are particularly sensitive to changes between dry 
continental and moist maritime surface wind regimes over 
the northern NT. For most stations, surface moisture is a 

Strong WTE FLC predictors
(ROC area > 0.8, distance to 
perfect forecast < 0.35)

Strong GC FLC predictors
(ROC area > 0.8, distance to 
perfect forecast < 0.35)

Strong ETE FLC predictors 
(ROC area > 0.8, distance to 
perfect forecast < 0.35)

YTNK-YPDN 1200Z MSLP 
YBMA-YBWP 1200Z MSLP 
YBAS-YPDN 1200Z MSLP

YTNK-YPDN 0600Z MSLP 
YBMA-YBWP 0600Z MSLP 
YBAS-YPDN 0600Z MSLP

No strong MSLP gradient 
predictors

YBAS 1200Z MSLP
YTNK 1200Z MSLP
YBMA 1200Z MSLP

YBAS 0600Z MSLP 
YTNK 0600Z MSLP
YBMA 0600Z MSLP

No strong MSLP predictors

YPKT 9pm Td
YBCR 9pm Td
YPDN 3pm Td
DOUG noon Td

CENT 6pm Td
YBRL 9pm Td
YMHU 9pm Td

YPGV 9pm Td
YGTE 9pm Td
CENT 6pm Td
YBRL 6pm Td
YMHU 9pm Td

YPKT 5.30pm T-Td
YBCR noon T-Td
YPDN 1.30pm T-Td

CENT 6pm T-Td
YBRL 6pm T-Td

CENT 6pm T-Td
YBRL 6pm T-Td
YMHU 7pm T-Td

YPKT 1.30pm Wd
MDP 6pm Wd

YMHU 5pm Wd No strong Wd predictors 

DOUG noon Ws No strong Ws predictors No strong Ws predictors

YPDN 1100Z 925hPa Wd 
YPDN 1100Z 943hPa Wd

No strong upper air Wd 
predictors

YPGV 0500Z 910hPa Wd 
YPGV 0500Z 925hPa Wd

No strong SLP predictors YMHU 3pm SLP No strong SLP predictors

Table 2.  Best predictors for the three sub-domains from individual predictor statistical analysis. Location names given as aviation 
identifiers; these are defined in Fig. 2. WTE = Western Top End, ETE = Eastern Top End, GC = Gulf Country, Z = UTC time, 
Td = dewpoint temperature, T-Td = dewpoint depression, Wd = wind direction, Ws = wind speed, SLP = sea level pressure, 
MSLP = mean sea level pressure.
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stronger predictor than Wd. This may be due to the greater 
variability of the Wd data caused by the instrumentation 
errors for some stations as well as the different times of 
sea-breeze onset over the season. Wind changes due to the 
seabreeze generally precede moisture influx, as the strongest 
Wd predictor occurs prior to the strongest surface moisture 
predictor.
 Application of best predictors to the independent 
2006 data-set are summarised in Fig. 5, as ROC graph 
presentation of the POD and FAR* results of Tables 3a-c. All 
of the data has statistics well above the “Random Diagonal”. 
Results closest to the “Perfect Forecast” (POD=1, FAR*=0) 
are obtained for the Eastern Top End FLC predictors. The 
Eastern Top End also has the highest CSI values, as shown in 
Table 3b. These are good results, however it should be noted 
that the FLC prediction scheme has been applied to broad 
geographical sub-domains. This broad spatial specificity 
of forecast information is likely to give better forecast skill 
scores than more site-specific FLC forecasts.
 The MSLP patterns and corresponding all-domain FLC, 
eastern region FLC and no FLC episodes are shown in Figs 
6, 7 and 8 respectively. Collectively the episodes constitute 
72, 54 and 58 percent of the total FLC area within the Western 
Top End, Eastern Top End and Gulf Country sub-domains 
respectively. Data that could not be analysed included days 
that had bad data in any of the sub-domains, successive 
days that could not be grouped into an episode, or episodes 
with MSLP patterns that were markedly different from those 
illustrated in Figs 6, 7 and 8. The latter case included one 
episode of three days.
 Episodes during which FLC occurs over all domains 
generally have weak MSLP gradients across the target area. 
In terms of total FLC statistics, the most important MSLP 
patterns for this group have a trough of low pressure over the 
northwest of the continent (the Kimberley trough) (Fig. 6a), a 
ridge of high pressure extending from the Indian Ocean into 
Western Australia (Fig. 6b) or a north-south oriented trough 
across Australia (Fig. 6c). These three patterns account for at 
least 64 and 43 per cent of total FLC area over the Western 
Top End and Gulf Country respectively. 
 The statistically most important MSLP pattern for FLC 
over the eastern region has a high over the Tasman Sea 
extending a ridge into central Australia (Fig. 7a). This pattern 
accounts for at least 11 per cent of the total FLC signal for the 
Eastern Top End. 
 Three other patterns are important in determining 
eastern region FLC, and together these account for at least 
21 per cent of the total FLC area for the Eastern Top End. 
Two of these patterns are also strong predictors for the all-
domain FLC data-set. One has a north-south oriented trough 
across Australia (Fig. 7b); the other has a ridge extending 
across the continent in an east-west direction (Fig. 7c). The 
third pattern has a high over the Great Australian Bight or 
over southeastern Australia (Fig. 7d), and is similar to the 
patterns corresponding to no FLC episodes. 
 A more detailed discussion of MSLP patterns common to 

more than one FLC/no FLC distribution is given later in this 
section. 
 The principal MSLP patterns for no FLC episodes as 
shown in Fig. 8 have high pressure systems located over 
southern or southeastern Australia. These have significantly 
higher central pressure than the ridge in which they are 
embedded. A subset of these has a trough of low pressure 
over northeastern Australia, as shown in Fig. 8c.  
 From the above it is clear that there is a difference between 
Australia-wide composite MSLP patterns corresponding to 
all-domain FLC and no FLC episodes. As the bulk of the FLC 
over the Gulf Country and Western Top End occurs within 
the all-domain FLC subset this affirms the usefulness of the 
MSLP and MSLP gradients as FLC predictors for these sub-
domains. Conversely, there are MSLP patterns common 
to eastern region and no FLC episodes, which affirm that 
MSLP indices are not good FLC predictors for the Eastern 
Top End.
 Closer examination of the MSLP patterns common to 
eastern region and all-domain FLC distributions shows 
the following. The first group of MSLP patterns shown in 
Figs 6c and 7b have a north-south oriented trough across 
the continent. One of the eastern region FLC episodes 
(September 04) composing this group preceded an all-
domain FLC episode. In another case (July 04), a strong 
high pressure system over southern Australia preceded the 
episode. This indicates transition patterns, where the dry 
air introduced by the previous high was gradually replaced 
by widespread low-level moisture as the synoptic flow 
weakened. In the initial phase, residual easterly synoptic 
flow from the departing high resulted in the eastern region 
FLC. The second group of MSLP patterns shown in Figs 6d 
and 7c have a ridge extending across the continent in an 
east-west direction. The ridge has a more west southwest 
to east northeast orientation for all-domain FLC episodes 
than for eastern region FLC episodes. This results in a 
more northerly synoptic flow of maritime origin, with more 
widespread FLC distribution.
 For MSLP patterns common to eastern region and no FLC 

Fig. 5. POD vs. FAR* values of the best FLC predictors for the 
Gulf Country (GC), Eastern Top End (ETE) and Western 
Top End (WTE) for June to September 2006 data. 



Zeschke: Early morning fog and low cloud predictors for northern parts of the Northern Territory   259   

episodes, as shown in Figs 7d and 8, inspection of 700 hPa 
wind vector NCEP/NCAR reanalysis data shows that most 
of the no FLC episodes in Fig. 8a have southerly flow at that 
level. This indicates a deep intrusion of higher latitude air. 
The remaining MSLP patterns have shallow easterly flow for 
a large proportion of their constituent episodes. Therefore 
the depth of the southeasterly trade wind flow may be a 
useful FLC/no FLC discriminator for these patterns. 
 Inspection of Fig. 7d shows that most FLC occurs over 
the Walker valley and the northern parts of the Roper valley. 
This scenario corresponded to episodes where a strong 
high was located over southeastern Australia or in the 
Great Australian Bight, with stronger pressure gradients 
across northern Australia. In this case, the observed FLC 
is postulated to be the result of residual moisture ahead of 
a drier southeast surge. It can also be caused by moisture 

introduced from the Gulf of Carpentaria when the dry surge 
was not strong enough to reach the northern Top End. 
 Finally, an important difference between eastern region 
FLC and no FLC episodes is the orientation of the isobars 
across the Gulf of Carpentaria in the composite data. 
Episodes of no FLC have isobar orientation from east 
southeast to west northwest, indicating a wind trajectory 
with a continental influence. Eastern region FLC episodes 
generally have isobar orientation from east to west, 
indicating a wind trajectory of maritime origin. 
 From the above findings, it may be possible to distinguish 
MSLP patterns common to multiple FLC distributions. 
For this it may be necessary to perform the analysis using 
additional predictors, as outlined above. 

Table 3a.  Contingency table analysis of the best Gulf Country FLC predictors for the independent June to September 2006 data-set.         
The three strongest predictors from comparative predictor analysis are in bold. Z = UTC time, CDPF = closest distance to  
 perfect forecast. 

Predictor FLC THRESHOLD POD FAR CSI FAR* CDPF

YBMA-YBWP 0600Z MSLP <2.8hPa 0.857 0.400 0.545 0.219 0.262

YTNK-YPDN 0600Z MSLP <3hPa 0.786 0.421 0.500 0.222 0.308

YMHU 5pm Wd >0 degrees, <110 degrees 0.520 0.350 0.406 0.106 0.492

CENT 6pm Td >17.1C 0.852 0.425 0.523 0.243 0.285

YBAS-YPDN 0600Z MSLP <4.8-5.0hPa 0.714 0.394 0.488 0.178 0.337

Table 3b.  Contingency table analysis of the best Eastern Top End FLC predictors for the independent June to September 2006 
    data-set. The three strongest predictors from comparative predictor analysis are in bold. CDPF = closest distance to perfect
                 forecast.

Predictor FLC THRESHOLD POD FAR CSI FAR* CDPF

YGTE 9pm Td >17.1C 0.761 0.018 0.750 0.036 0.242

YPGV 9pm Td >18.5C 0.761 0.053 0.730 0.107 0.262

YBRL 6pm Td >7.6C 0.873 0.075 0.816 0.200 0.237

YBRL 6pm T-Td <18.4C 0.831 0.169 0.711 0.480 0.509

YMHU 9pm Td >7.7-7.9C 0.881 0.048 0.843 0.130 0.176

CENT 6pm Td >16.2C 0.700 0.020 0.690 0.040 0.303

Table 3c.  Contingency table analysis of the best Western Top End FLC predictors for the independent June to September 2006 data- 
 set. The three strongest predictors from comparative predictor analysis are in bold. Z = UTC time, CDPF = closest distance  
 to perfect forecast.

Predictor FLC THRESHOLD POD FAR CSI FAR* CDPF

YTNK 1200Z MSLP <1016.9-1017.0hPa 0.576 0.321 0.452 0.138 0.446

YTNK-YPDN 1200Z MSLP <3.1hPa 0.606 0.375 0.444 0.185 0.435

YPKT 1.30 Wd >210 degrees, <50 degrees 0.699 0.342 0.511 0.190 0.386

YBCR 9pm Td >16C 0.727 0.294 0.558 0.154 0.313

YPKT 9pm Td >16-16.1C 0.788 0.316 0.578 0.190 0.285

YPKT 5.30pm T-Td <13.8-13.9C 0.758 0.324 0.556 0.190 0.308

YBMA 1200Z MSLP <1017.9hPa 0.515 0.452 0.362 0.219 0.532

YPKT 5.30pm Td >15.2C 0.656 0.363 0.477 0.190 0.393
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Fig 6.  The composite MSLP patterns and FLC distributions for all-domain FLC episodes. 1010, 1015 and 1020 hPa isobars are indi-
cated, and high and low pressure centres are annotated as H and L respectively. 

  a: Trough over north-western Australia; a1, trough also across eastern Australia. a2, has a high over southeast Australia.
  b: Ridge over Western Australia.
  c: North-south oriented trough through central Australia; c1, low pressure system in the Great Australian Bight. c2, a low to 

the southwest of Australia. 
  d: Ridge across southern Australia.
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Fig 7.  The composite MSLP patterns and FLC distributions for episodes with FLC mostly over the eastern Top End.
  a: High over the Tasman Sea, extending a ridge into central Australia.
  b: north-south oriented trough through central Australia.
  c: ridge across southern Australia.
  d: high over southern Australia; d1, high in the Great Australian Bight. d2, high over southeast Australia.
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Conclusion

The satellite derived dry-season FLC climatology of the 
northern part of the NT showed that the bulk of the FLC 
distribution is confined to the Eastern Top End. This is due 
to the dominant influence of synoptic easterly winds, mainly 
during the early months of the dry season. During August 
and September the greater importance of sea breezes and 
northwest synoptic flow around the forming Kimberley-
Pilbara trough results in a geographically more widespread 
FLC distribution. 
 The north-south MSLP gradients across northern Australia 
and MSLP at central Australian stations were amongst the 
strongest FLC predictors for Gulf Country and Western 
Top End sub-domains. This indicates the importance of the 
origin of the airstream with a low-level maritime/continental 
trajectory as a FLC/no FLC determinant. For the Eastern 
Top End surface moisture at land locations adjacent to the 
western and southwestern Gulf of Carpentaria are the best 
FLC predictors. These predictors account for modifications 
in the airstream due to passage across the Gulf, particularly 
the Gove and Groote Eylandt predictors. Stations located 
at the base of the Top End have strong wind direction and 
low-level moisture FLC predictors.  It is postulated that 
these locations are most sensitive to transitions between dry 
continental and moist maritime air regimes resulting in no 
FLC/FLC conditions within their respective sub-domains.
 Widespread FLC generally occurs for continent-wide 
synoptic patterns that result in weak pressure gradients 
across northern Australia. A dominant high pressure system 
located over southern Australia often results in no FLC or 
Eastern Top End FLC episodes, with the target area affected 
by continental southeast or maritime easterly synoptic flow 
respectively. The depth of the southeasterly flow and the 
orientation of isobars across the Gulf of Carpentaria are 
postulated to distinguish between the two episodes. 
 Finally, testing of the best predictors on the independent 
2006 FLC data-set showed that Eastern Top End FLC 
predictors give the best results. From a forecasting 
perspective this is a good result, as FLC occurs most often 

over the Eastern Top End during June to September. 

Future work

In identifying strong FLC predictors for the northern NT, the 
material in this paper provides the first step in developing a 
FLC forecast prediction scheme for the region. 
 It may be useful to make the statistical analysis more 
specific, by forecasting maximum or minimum FLC coverage 
fraction for each sub-domain. Also, it may be possible to 
compare FLC observations at station locations within the 
sub-domains with the strong predictors identified in this 
paper. This would be a more location specific application 
of the predictors (Weymouth pers. comm., Newham pers. 
comm.) 
 There may be additional predictors that could be tested. 
The spacing and orientation of isobars across the Gulf of 
Carpentaria, the depth of the trade wind flow, choosing 
stations closer to the subtropical ridge, i.e. near 30°S, for 
MSLP analysis (Stringer and Patterson 1993) or MSLP 
anomaly patterns (G. Mills pers. comm.) are possible 
candidates. 
 The Bureau’s new ACCESS numerical weather prediction 
(NWP) models provide fog fraction and visibility forecast 
fields. Therefore it may be useful to verify these model 
fields against the satellite derived FLC cloud distributions. 
Conversely, model fields may be replaced with the predictors 
to see if there is any skill in forecasting FLC several days out.
 Finally, further work could also include the development 
of a decision tree methodology to provide probabilistic FLC 
forecast guidance, which combines several FLC predictors.
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