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Abstract
Air pollution has significant impacts on human health. Temperature inversions, especially near surface temperature inversions, 
can amplify air pollution by preventing convective movements and trapping pollutants close to the ground, thus decreasing 
air quality and increasing health issues. This effect of temperature inversions implies that trends in their frequency, strength 
and duration can have important implications for air quality. In this study, we evaluate the ability of three reanalysis-driven 
high-resolution regional climate model (RCM) simulations to represent near surface inversions at 9 sounding sites in south-
east Australia. Then we use outputs of 12 historical and future RCM simulations (each with three time periods: 1990–2009, 
2020–2039, and 2060–2079) from the NSW/ACT (New South Wales/Australian Capital Territory) Regional Climate Mod-
elling (NARCliM) project to investigate changes in near surface temperature inversions. The results show that there is a 
substantial increase in the strength of near surface temperature inversions over southeast Australia which suggests that future 
inversions may intensify poor air quality events. Near surface inversions and their future changes have clear seasonal and 
diurnal variations. The largest differences between simulations are associated with the driving GCMs, suggesting that the 
large-scale circulation plays a dominant role in near surface inversion strengths.
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1  Introduction

Population growth, urbanization and increasing demands for 
transportation and energy consumption are ongoing chal-
lenges to impact our air quality, especially in large cities (Bei 

et al. 2016a; Wang et al. 2016; Feng et al. 2014). Air pol-
lution has substantial impact on human health (Chen et al. 
2016; Zora et al. 2013; Abdul-Wahab et al. 2005). It has 
been estimated that each year more than 3000 premature 
deaths in Australia are linked to urban air pollution (AIHW 
2007) even though Australia has very clean air by world 
standards.

Air pollution is undoubtedly caused by anthropogenic 
emissions of gas and particulates. However, high pollution 
episodes are often consistent with the expected effects of 
low-level temperature inversions (VanReken et al. 2017; 
Bei et al. 2016b; Hou and Wu 2016; Czarnecka et al. 2016; 
Wang et al. 2015; Whiteman et al. 2014; Feng et al. 2014). 
Pollution levels usually increase as the inversion strengthens 
(Devasthale and Thomas 2012; Wallace et al. 2010), and 
worse pollution episodes are often associated with persistent 
inversions (Largeron and Staquet 2016; Bei et al. 2016a). 
Warm air above cooler air acts like a lid, suppressing ver-
tical mixing and trapping the cooler air near the surface. 
As pollutants from vehicles, fireplaces, and industry are 
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emitted into the air, the inversion traps these pollutants near 
the ground, leading to poor air quality.

Temperature inversions can be classified into diverse 
types based on their formation mechanisms such as radiative 
inversions, marine inversions, frontal inversions, subsidence 
inversions, and valley inversions. Radiative inversions are 
a common inversion over inland areas where radiation at 
the land surface is more efficient than the air, this results in 
the colder air lying near the ground with warmer air above 
during the night. Marine inversions are common for coastal 
areas where cool ocean air is blown inland under the warmer 
air that is over land. Frontal and subsidence inversions are 
caused by some specific weather systems. Valley inversions 
are a kind of radiation inversion which occurs over valleys 
and hilly areas. No matter which kind of inversion, only 
those with bases near the Earth’s surface (near surface inver-
sions) have major impacts on air quality as they can lead to 
pollution being trapped close to the ground, with possible 
adverse effects on health (Rendón et al. 2014; Beard et al. 
2012).

Evolution of temperature inversions and their characteris-
tics were discussed in several studies (Kahl et al. 1990, 1992; 
Connolley 1996; Whiteman et al. 1999). These studies found 
that inversion evolution is primarily forced by synoptic-scale 
events in winter, however, in other seasons, the radiation-
induced nocturnal inversion is destroyed nearly every day by 
the daytime growth of convective boundary layers. Bailey 
et al. (2011), and Milionis and Davies (2008) investigated 
the relation between temperature inversions and ambient 
atmospheric circulation. They found that temperature inver-
sions are sensitive to the larger scale circulations, however, 
local factors (location, topography, etc) might overwhelm 
the synoptic conditions, especially for coastal regions. Con-
ditions that favour the development of a temperature inver-
sion are calm winds, clear skies, and long nights.

Seasonal and long-term variations of temperature inver-
sions recently attracted research interest due to their adverse 
impacts on air quality and human health (Kassomenos and 
Koletsis 2005; Nodzu et al. 2006; Bourne et al. 2010; Pie-
troni et al. 2014). However, these climatological studies do 
not allow the exploration of future projections because they 
are based only on observations (station sounding or remote 
sensing data).

Climate change will affect the surface energy balance and 
synoptic-scale dynamics. Changes in weather factors such as 
surface temperature, humidity and wind, and synoptic types 
will dynamically influence local weather conditions which 
are associated with temperature inversions. For example, all 
other conditions being the same, lower humidity and lighter 
wind would favor the development radiative inversions (Bai-
ley et al. 2011).

With global warming and on-going pressure on air qual-
ity, there is growing interest in the relationship between 

global warming and local inversions. Caserini et  al. 
(2017) used one global climate model (GCM) to assess 
influence of climate change on the frequency of day-time 
temperature inversion in the Po Valley, Italy. Their results 
projected 10% increases in day-time inversions for late 
twenty-first century. Ji et al. (2015) assessed the impact 
of climate changes on temperature inversions using the 
NARCliM outputs (Evans et al. 2014) for all inversions 
below 500 hPa. Their results projected diverse changes in 
frequency, intensity and duration of temperature inversion 
for different areas in southeast Australia. For the northern 
land areas little change in frequency and duration are pro-
jected but with large decrease in intensity, however larger 
increase in frequency and duration are projected for the 
southern land areas but their intensity are projected to 
slightly decrease.

In this study, we build on Ji et al. (2015) to focus on near 
surface inversions (those with a base below 200 m), which 
can result in major air quality impacts, to analyze their future 
changes. First we evaluate the NARCliM simulations’ capa-
bility to capture near surface inversions, then we analyze 
future changes in seasonal and diurnal characteristics of near 
surface inversions and compare the results with those for all 
inversions presented in Ji et al. (2015). Finally, we analyze 
the significance and model agreement of the future changes 
in near surface inversions.

2 � Data

2.1 � Observed temperature profiles

There are 9 weather stations (Brisbane, Moree, Cobar, Wil-
liamstown, Sydney, Wagga Wagga, Adelaide, Mt Gambier, 
and Melbourne) within the NARCliM domain (Table 1) that 
provide observations of vertical temperature profile (http://
slash​.dotat​.org/atmos​/info.html). We have collected verti-
cal temperature profiles for all stations starting from Feb 
2002 to date. The temperature profiles are mostly recorded 
at 11UTC (local time 9 pm) and 23UTC (local time 9 am) 
for all stations except for Sydney where temperature pro-
files are recorded at 4UTC (local time 2 pm) and 19UTC 
(local time 5 am). There are about 340 day-time temperature 
profiles in a year for all stations, however, only Brisbane, 
Sydney, Adelaide and Melbourne have similar number of 
night-time temperature profiles in a year. Cobar and Moree 
have about 150 and 130 night-time temperature profiles a 
year, respectively, Wagga Wagga and Mt Gambier 40 night-
time temperature profiles, and Williamstown only 6 night-
time temperature profiles in a year (Table 1). Moree, Cobar 
and Wagga Wagga are inland towns, Mt Gambier is about 
50 km from the sea, and others are all coastal cities (Fig. 1).

http://slash.dotat.org/atmos/info.html
http://slash.dotat.org/atmos/info.html
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2.2 � Simulated temperature profiles

The simulated temperature profiles are derived from the 
NARCliM project (Evans et al. 2014). The project provides 
vertical temperature profiles every 3-h for each 10 km by 
10 km grid cell in the NARCliM domain (Fig. 1), which 
can be used to detect temperature inversions and investi-
gate their future changes. Within the NARCliM domain, 
the Great Dividing Range (the most substantial mountain 
range in Australia) stretches thousands of kilometers from 
Queensland, running the entire length of the eastern coast-
line through NSW, and then into Victoria. The mountain 
range runs almost north–south, intercepting the prevailing 
westerly winds in winter and the easterly winds in summer, 
and acting as a major climatic barrier separating southeast 
Australia into distinct climate zones. Flinders Rangers in 
South Australia also influences the regional climate.

In NARCliM, simulations from four GCMs were used 
to drive three regional climate models (RCMs) to form 
a 12 member GCM/RCM ensemble. The four GCMs are 
MIROC3.2, ECHAM5, CCCMA3.1, and CSIRO-MK3.0 
from the CMIP3 ensemble, which were selected based on 
model performance over Australia, independence of errors, 
and to span the full range of potential future climates over 
south-eastern Australia (Evans et al. 2014). The three RCMs 
(Table 2) correspond to three different physics scheme com-
binations of the WRF V3.3 model (Skamarock et al. 2008), 
which were also chosen for adequate skill and error inde-
pendence, following a comprehensive analysis of 36 dif-
ferent combinations of physics parametrizations over eight 
significant East Coast Lows (ECLs) (Evans et al. 2012; Ji 
et al. 2014). For the selected three RCMs, the WRF Dou-
ble Moment 5-class (WDM5) microphysics scheme and 
NOAH land surface scheme are used in all cases, with 
cumulus physics using either the Kain–Fritsch (KF) or 
Betts–Miller–Janjic (BMJ) scheme. Planetary boundary 

layer (PBL) and surface physics use either the Yonsei Uni-
versity PBL scheme with the MM5 similarity theory surface 
layer scheme (YSU/MM5) or the Mellor–Yamada–Janjic 
PBL scheme with the Eta similarity theory surface layer 
(MYJ/Eta). The two radiation physics schemes use either the 
NCAR Community Atmosphere Model scheme (CAM) for 
both longwave and shortwave radiation, or a combination of 
the Rapid Radiative Transfer Model for longwave radiation 
with the Dudhia shortwave scheme (RRTM/Dudhia). For 
more information on the specifics of the model parameters 
see Skamarock et al. (2008). Sub-grid scale processes in the 
urban environment were described using the Single-Layer 
Urban Canopy Model [SLUCM (Kusaka et al. 2001)]. The 
SLUCM uses a tiling approach, where the surface energy 
budget is calculated separately for both impervious and veg-
etated cover. These are provided to the atmospheric model 
according to the percentage of each surface that compose 
the urban tile, which in this case was set to high-density 
residential (10% is covered by vegetation). Each grid point 
is assigned a single land cover category, either urban or one 
of the natural landscapes.

The resultant ensemble improves substantially on the 
GCMs in the simulation of Australian mean and extreme 
climate (Evans et al. 2013; Olson et al. 2016). By explicitly 
using model independence it is possible to create relatively 
small ensembles that are able to reproduce the ensemble 
mean and variance from the large parent ensemble as well as 
minimize the overall error (Evans et al. 2013a). The outputs 
within the NARCliM domain (Fig. 1) are used in the study. 
The results over land areas are discussed in the text.

For quantifying RCMs performance, the three RCMs 
are also driven by NCEP reanalysis (Kalnay et al. 1996) 
from 1950 to 2009. For the future projections the SRES A2 
emission scenario is used. Each RCM-GCM pair has been 
run for three 20-year periods: 1990–2009, 2020–2039, and 
2060–2079.

Table 1   Location of observation stations and number of recorded temperature profiles

a Temperature profiles are collected at 5 am and 2 pm for Sydney

Station Latitude Longitude Elevation (m) Number of temperature profile 
at 9 am (local time)

Number of temperature 
profile at 9 pm (local 
time)

Brisbane − 27.3833 153.1166 4 335 355
Moree − 29.4666 149.8500 212 340 127
Cobar − 31.4833 145.8333 264 338 150
Williamtown − 32.8000 151.8333 9 337 6
Sydney − 33.9333 151.1666 6 347a 356a

Wagga − 35.1666 147.4666 221 344 42
Adelaide − 34.9500 138.5332 6 323 353
Mt Gambier − 37.6833 144.8500 63 347 43
Melbourne − 37.7500 140.7833 132 335 356
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Previous evaluation of NARCliM simulations shows 
that RCMs have strong skill in simulating the precipita-
tion and surface temperature for Southeast Australia with a 
small cold bias, and overestimation of precipitation along 

the Great Dividing Range (Evans et al. 2013b, 2016; Ji 
et al. 2016; Olson et al. 2016). The differing responses of 
the RCMs confirm the utility of considering model inde-
pendence when choosing the RCMs. The RCM response 

Fig. 1   Map showing WRF model domain with grid spacing of about 
10 km (NARCliM domain shown with red outline). QLD, NSW, VIC, 
SA and NT are initial of Queensland, New South Wales, Victoria, 
South Australia and Northern Territory, which are Australia’s states. 

Nine of ten locations except for Canberra are sites where sounding 
data are recorded. Sydney, Melbourne, Brisbane, Adelaide and Can-
berra are capital cities

Table 2   Three selected WRF 
physics scheme combinations

Ensemble member Planetary boundary layer physics/
surface layer physics

Cumulus physics Shortwave/long-
wave radiation 
physics

R1 MYJ/Eta similarity KF Dudhia/RRTM
R2 MYJ/Eta similarity BMJ Dudhia/RRTM
R3 YSU/MM5 similarity KF CAM/CAM
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to large scale modes of variability also reflects the obser-
vations well (Fita et al. 2016). Through these evaluations 
no major deficiencies are found in the experiments that 
prevent their use for climate applications while there is 
a spread in model predictions, with no single model per-
forming the best for all variables and metrics. The use of 
the full ensemble provides a measure of robustness such 
that any result that is common through all models in the 
ensemble is considered to have higher confidence.

For easier description in this paper, the simulations 
driven by the same GCM are referred to as “same GCM 
driven simulations”, the simulations using the same RCM 
are referred to as “same RCM used simulations”. In total, 
there were 4 “same GCM driven simulations” (average 
of three members) and 3 “same RCM used simulations” 
(average of four members).

3 � Methodology

3.1 � Evaluation of near surface inversions

The evaluation is undertaken for near surface inversions in 
recent temperature profiles (2002–2009 for 9 stations). On 
average, there are 10 and 3 measurements that are below 
1500 and 200 m, respectively in the observed temperature 
profiles. The vertical resolution is good enough to detect 
near surface inversions from the original temperature 
profiles.

The simulated temperature profiles from the NCEP 
reanalysis driven simulations (Evans et al. 2014) from 
2002 to 2009 are used to detect inversions (as described 
in Sect. 3.2). On average, there are 12 and 3 vertical lev-
els in WRF simulations that are below 1500 and 200 m, 
respectively. So simulations have a similar vertical resolu-
tion to observations in the lower troposphere. The inver-
sion frequency and strength at the nearest neighbor WRF 
grid points are used to compare with observed inversion 
frequency and strength at each site. The observed tem-
perature profiles are recorded at 4 UTC and 19UTC for the 
Sydney station and 11 UTC and 23 UTC for other stations, 
however, the simulated temperature profiles are available 
at 3-hourly intervals starting at 00 UTC. We identify sim-
ulated near surface inversions at 12 UTC and 00 UTC, 
and compare with the observed near surface inversions 
at 11UTC and 23 UTC for all stations except for Sydney 
where simulated near surface inversions at 3 UTC and 
18 UTC are compared with observed near surface inver-
sions at 4 UTC and 19 UTC respectively. As there are only 
two measurements a day in the observation, we can only 
evaluate frequency and strength of inversions at the two 
measurement times.

3.2 � Identification of temperature inversion

According to the definition, a temperature inversion is a thin 
layer of the atmosphere where temperature increases with 
altitude. For each grid point within the NARCliM domain 
and for each time interval in the output, the temperature pro-
file below 500 hPa is checked to detect low level temperature 
inversions by comparing the temperature at each level with 
that at the level below. A temperature inversion is identified 
when the temperature differences between the two levels is 
larger than zero. As the near surface inversions have larger 
air quality impacts, only the lowest level inversion is kept 
for further analyses if there are multiple inversions identified 
in one temperature profile. We record temperature inversion 
parameters (temperature, height, pressure at the top and base 
of the inversion layer) and analyze the probability density 
function (pdf) of base height of indicated temperature inver-
sions, the results show that there are more than 60% of inver-
sions with base height less than 200 m above the ground 
for land areas. In this study, we refer to these inversions as 
“near surface inversions” and extract them to analyze present 
conditions and future changes of near surface inversion char-
acteristics. Inversion parameters of interest include inversion 
base height, inversion depth, temperature difference between 
the top and base of the inversion layer, duration, and strength 
which is defined as the temperature difference over the inver-
sion depth (dT/dZ).

Frequency of temperature inversion is calculated as the 
number of times with a temperature inversion divided by the 
total number of output time steps. The mean duration of a 
temperature inversion is calculated by the accumulated dura-
tion for all temperature inversions divided by the number of 
temperature inversions.

In this study, we focus on three near surface inversion 
characteristics: frequency, strength and duration.

3.3 � Examination of temperature inversion 
characteristics

The frequency, strength and duration for each grid within 
the NARCliM domain are calculated for each of 12 NAR-
CliM ensemble members, for each of three time periods. The 
changes in variables of interest are the difference between 
that for future time periods (2020–2039, 2060–2079) and 
the historical period (1990–2009). The relative change is 
defined as (future − present)/present × 100. The results for 
each ensemble member are averaged to get the ensemble 
mean.

As shown in Ji et al. (2015), future changes in inversion 
characteristics are generally much smaller for 2020–2039 
(near future) than 2060–2079 (far future). This is expected 
as climate change signal will be stronger by the end of the 
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century. In this paper, we therefore focus on far future to 
analyze changes in characteristics of near surface inversions.

The ensemble mean and change of inversion characteris-
tics for “Same GCM driven simulations” and “Same RCM 
used simulations” are calculated to discuss the differences 
in projections between “Same GCM driven simulations” and 
“Same RCM used simulations” respectively.

There are five state capital cities (Adelaide, Brisbane, 
Canberra, Melbourne and Sydney) within the NARCliM 
domain (Fig.  1). The ensemble mean at these cities is 
extracted to analyze diurnal variation of inversion charac-
teristics and their future changes.

3.4 � Significance and model agreement 
of the changes

The significance of changes of individual simulation was 
estimated with respect to the inter-annual variability using a 
Students t-test at the 5% significance level (p < 0.05) assum-
ing equal variances for the past and future simulated time 
series. The use of t-tests essentially assumes that annual 
mean values follow a normal distribution in past and future 
periods.

We present the results on significance into three catego-
ries generally following Tebaldi et al. (2011): significant 
agreeing areas (stippled), insignificant areas (shown in 

color), and significant disagreeing areas (shown in grey). 
In significant agreeing areas, at least half of models show a 
significant change (5% significance with t test) and at least 
80% of significant models agree on the direction of change. 
We consider these changes to be robust within the ensem-
ble. In insignificant areas, less than half of the models show 
significant changes. These are areas where the ensemble is 
projecting little change. In significant disagreeing areas, at 
least half of the models show a significant change, but less 
than 80% of significant models agree on the direction of 
the change. In these areas we have low confidence in the 
projected changes.

4 � Results

4.1 � Evaluation of temperature inversions

The frequency and strength of near surface inversions at 9 
stations have been compared between simulations and obser-
vations from February 2002 to December 2009. The results 
are summarized in the Fig. 2. The day-time inversions are 
evaluated at all 9 stations; however, the night-time inversions 
are only evaluated at 4 stations (Brisbane, Sydney, Adelaide 
and Melbourne) as there are not enough temperature profiles 
for other stations.
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Fig. 2   Day-time and night-time frequency and strength of near surface inversions for monitoring stations
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1.	 Frequency

There is more than 50% chance of a near surface inver-
sion at night for Sydney and Melbourne, and about 50% and 
30% chance for Adelaide and Brisbane respectively. This is 
generally captured by R1 and R2 simulations even if there 
are some under-estimations for Sydney and Adelaide. The 
mean relative bias between simulation and observations for 
these four stations is about 16 and 21% for R1 and R2 simu-
lations individually. However, about 70% relative bias for 
R3 simulations. During day time, all stations have fewer 
near surface inversions. Mt Gambier has about 25% chance 
to have day-time inversion which is well simulated by R1 
and R2 simulations with less than 10% relative bias, but 
about 40% relative bias for R3 simulations. Williamstown, 
Adelaide and Melbourne have 10–20% chance to have a day-
time near surface inversion, which is generally captured by 
R1 and R2 simulations with 28 and 46% relative bias respec-
tively, but more than 100% relative bias for R3 simulation. 
The rest of the stations have less than 10% chance to have 
a day-time near surface inversion, which is captured by R1 
and R2 simulations. In general, R1 and R2 simulations can 
simulate the frequency of near surface inversion well, how-
ever, R3 simulations generally under-estimate day-time and 
night-time near surface inversions for all stations. Overall 
there is higher likelihood of night-time near surface inver-
sions which is captured by all simulations including R3.

R3 has the same physical parameterization combination 
as R1 except for the planetary boundary layer (PBL) and 
radiation parameterizations (Table 2). Radiation parameteri-
zation is important in simulating energy balance. Surface 
temperature is better simulated in R3 comparing to R1 and 
R2 with smaller biases which indicated that CAM/CAM 
radiation scheme used in R3 accurately simulate energy 
balance on the surface (Ji et al. 2016). However, near sur-
face temperature inversion is poorly simulated in R3. This 
is due to unrealistic simulated mixing process within the 
PBL. YSU, used in R3, is non-local PBL scheme in which 
a deeper layer covering multiple levels is mixed vertically. 
MYJ, used in R1, is a local PBL scheme in which vertical 
mixing is only considered in immediately adjacent vertical 
levels. Therefore, Low-level lapse rates are typically steeper 
for non-local than local schemes (Cohen et al. 2015). It gets 
harder to form an inversion during the night and easier to 
break up an inversion during day, due to deeper mixing pro-
cess in non-local schemes. This is the main cause of the 
under-estimation of near surface inversions by R3.

2.	 Strength

In observations, there is not much difference in strength 
between day-time and night-time near surface inversions for 
all 4 stations (about 20 °C/km) except for Adelaide where 

day-time inversions are stronger (about 30 °C/km). How-
ever, all three simulations generally underestimate/over-
estimate the strength of night-time/day-time near surface 
inversions. Biases in strength for day-time inversions are 
generally larger than night-time inversions. The strength of 
day-time inversions in Brisbane, Moree and Williamstown is 
well captured by simulations, relative biases are under 30%. 
The larger overestimation can be observed in Melbourne, Mt 
Gambier and Cobar where the maximum biases can be more 
than 100%. The mean relative bias in strength for all stations 
are about 60% for R1 simulations, 50% for R2 simulations, 
and 55% for R3 simulations.

Larger bias in strength for day-time inversions might be 
due to only a few near surface inversions during day-time 
as such the average inversion strength is very sensitive to 
each inversion event. Any bias in the estimation of inversion 
events might have larger impact on the average strength. 
There is 1 h gap between simulation and observation. This 
could be another reason for overestimation in strength dur-
ing day time and under-estimation in strength during night 
time, as inversions generally get stronger during night and 
weaker after sunrise.

4.2 � Mean and changes in near surface inversions

Frequency, strength and duration are three key characteris-
tics for an inversion. The present mean and future changes in 
three characteristics of near surface inversions are presented 
in Fig. 3.

1.	 Frequency

For daily average, a weak gradient of the frequency of 
near surface inversions can be observed for land areas for 
the period of 1990–2009 (the top left panel in Fig. 3). There 
are slightly higher values (44–48%) over the inland areas 
and relatively lower frequency over the Great Dividing 
Range (32–36%) and Flinders Rangers in South Australia. 
It is almost uniform in values for majority of domain that 
is around 40–44%. Near surface inversion frequency is pro-
jected to have a 0–10% relative increase over the southern 
land areas and a 0–10% relative decrease over the north-
ern land areas (the top right panel in Fig. 3). The projected 
changes in near surface inversion frequency are signifi-
cant agreeing over some inland areas (most of which see a 
decrease). However, the changes in frequency are not sig-
nificant for coastal land areas though the relative changes are 
larger over these areas.

When compared with Fig. 1 in Ji et al. 2015, more than 
60% of inversions are near surface inversions over land 
areas. Similar changes in frequency are projected for near 
surface inversions and all inversions over land areas.
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Near surface inversions have a clear diurnal circle with 
more than 70% of days with inversions at night for most land 
areas and less than 10% of days with inversions during day 
time (Fig S1). Near surface inversion begin to breakup after 
the sunrise and form after the sunset. They mostly occur in 
the early morning and least occur in the afternoon except 
over water bodies (lakes and reservoirs). There are some 
differences in inversion frequency between the eastern and 
western domains during the sunrise or sunset periods. There 
are fewer inversions for the eastern domain than the western 
domain after the sunrise, however after the sunset, the pat-
tern is opposite. This implies most near surface inversions 
are radiative inversions which have a clear diurnal cycle.

Frequency of near surface inversion is projected less 
than 10% increase/decrease for the southern/northern land 

domain for night time. However more than 30% increase 
in frequency is projected during day time especially in the 
afternoon (Fig S2). The large magnitude of relative changes 
in frequency is due to low frequency during day time for the 
1990–2009 period. This indicates there is little change in 
near surface frequency at night but there will be more near 
surface inversions during day time in the future, even if these 
changes are mostly not significant. More day-time inversion 
will imply more adverse air quality impacts during daytime.

2.	 Strength

For daily average, a northwest-southeast strength gra-
dient can be observed with 8–12 °C/km over coast areas, 
12–16 °C/km over central west areas, and more than 20 °C/

Fig. 3   Mean near surface inver-
sions and changes in near sur-
face inversions for 2060–2079 
relative to 1990–2009. Stippled 
(significant agreeing) areas indi-
cate that half or more models 
show statistically significant 
change, with 80% or more of 
the significant models changed 
in the same direction. Grey 
(significant disagreeing) areas 
indicate that half or more mod-
els show statistically significant 
change, with less than 80% of 
significant models changed in 
the same direction
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km over far west areas (the central left panel in Fig. 3). 
Increase in strength is projected over almost all land areas, 
especially for the Great Dividing Range and Flinders Rang-
ers in South Australia where more than 30% increase in 
strength is projected (the central right panel in Fig. 3). 
Changes in strength are statistically significant for most land 
areas where more than 10% increase in strength is projected.

When compared with Fig. 2 in Ji et al. 2015, near sur-
face inversions are much stronger than all inversions (central 
panels in Fig. 3). Contrasting to projections for near surface 
inversions, 10–15% decrease in intensity is projected for the 
northern domain, a 0–5% increase for the southern domain, 
and 5–10% increase for Great Dividing Range and Flinders 
Rangers for all inversions.

The diurnal variation of near surface inversion strength 
is shown in Fig S3. Just after the sunset, inversion strength 
is the lowest and increases slowly during night. After sun-
rise, most inversions break-up (Fig S1), however the remain-
ing inversions are usually very strong (above 20 °C/km for 
northwestern and coastal areas). For future, less than 20% 
increase/decrease in strength is projected for southern/north-
ern land areas for night time inversion, however, more than 
40% increase in strength is projected for day time inversion 
especially for coastal and high topography areas where more 
than 80% increase in strength is projected (Fig S4).

3.	 Duration

There is not much variation in duration for near surface 
inversions over land areas (bottom panel in Fig. 3). 9–11 h 
for inversions over high topography areas along Great Divid-
ing Range and Flinders Rangers in South Australian, extend-
ing up to 12–13 h for the remaining land areas. This reflects 
most near surface inversions that form after the sunset and 
break up after the sunrise.

A 0–10% decrease in duration of near surface inversion is 
projected for the northern land areas, and a 0–10% increase 
for the southern land areas. Changes in duration are mostly 
significant agreeing for northern land areas.

The mean duration for near surface inversions is smaller 
than that for all inversions (Fig. 3 in Ji et al. 2015). Changes 
in duration for near surface inversions are not as large as 
those for all inversions over southern land areas.

All these results project a small increase/decrease fre-
quency and duration for southern/northern land areas, how-
ever a larger increase in strength is projected for the whole 
land domain especially for the Great Dividing Range and 
Flinders Rangers in South Australia.

4.3 � Seasonal variation of near surface inversions

A clear seasonal variation in near surface inversion fre-
quency can be observed with more near surface inversions 

in winter (50–60%) and fewer inversions in summer 
(30–40%). Small changes are projected for all seasons 
except for winter (JJA) when significant decreases are 
projected for some areas (Fig S5).

There is a clear seasonal variation in strength of near 
surface inversions over land areas with the strongest inver-
sions (above 28 °C/km) in summer over the southern land 
areas, in winter over the northern domain and in other 
seasons over the western domain (Fig. 4). The changes in 
strength are significant largely for larger increases in most 
land areas in winter and spring, other significant increases 
in strength occur in scattered grids in southern areas in 
summer and autumn.

Near surface inversions over the coastal areas do not 
change much in duration across seasons, but those over 
inland areas have a strong seasonal variation with the long-
est duration (14–16 h) in winter and the shortest duration 
(8–10 h) in summer (Fig S6). The changes in duration 
are significant largely for small decreases in northern land 
areas for all seasons, and small increases in duration in 
southern land areas in spring.

4.4 � Diurnal variation of near surface inversions

Near surface inversions over the five capital cities have 
a clear diurnal cycle (Table 3). There is more than 40% 
chance of a near surface inversion during night, reducing 
to less than 10% in the late morning and few near surface 
inversions in the afternoon. The differences between cit-
ies are minor when compared with their diurnal varia-
tions. The correct representation of the diurnal cycle of 
the inversions done by the model is complimentary proof 
of the skill of the model.

Smaller changes are projected for inversion frequency 
for each city except for Adelaide where more than 20% 
changes are projected for afternoon. However, these 
changes are not statistically significant.

An apparent diurnal cycle of inversion strength is 
presented in all five capital cities as well (Table 4), with 
stronger inversions during day (20–80 °C/km) and weaker 
inversions during night (less than 10 °C/km). So, while 
few near surface inversions occur during day time, when 
they do they are usually very strong. About 10% increase 
in strength is projected for all cities during night time 
except for Brisbane where a minor decrease (less than 
5%) is projected for the far future, but a larger increase 
(50–70%) in strength is projected for all cities during day 
time. In daily average, about 30% increase in strength is 
projected for Adelaide and Melbourne, above 20% increase 
for Brisbane and Canberra, and about 15% increase for 
Sydney. These changes are statistically significant for all 
stations except for Sydney.
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4.5 � Difference among “same GCM driven /same RCM 
used simulations”

Differences among “same GCM driven /same RCM used 
simulations” are presented in Figs. 5 and 6. The larger 
differences between “same GCM driven /same RCM used 

simulations” are observed for changes in strength. All 
“same GCM driven simulations” project an increase for 
most land areas especially for the Great Dividing Range 
and Flinders Rangers in South Australia where larger 
increases are projected, however the change magnitudes 

Fig. 4   Seasonal strength of 
near surface inversions for 
1990–2009 (°C/km) and relative 
changes in strength for 2060–
2079 relative to 1990–2009 (%). 
Stippling and grey colouring 
convention as in Fig. 3
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are quite different with the largest changes for ECHAM5 
driven simulations (central panels in Fig. 5).

Changes in mean strength of near surface inversions 
projected by the 3 “same RCM used simulations” are simi-
lar (central panels in Fig. 6). All RCMs project a more than 
30% increase in strength over Great Dividing Range and 
Flinders Rangers in South Australia, and a more than 10% 
increase in strength over other land areas except for a small 
decrease over small areas close to the northern boundary. 
As there are only 3 and 4 simulations for a “same GCM 
driven simulation” and “same RCM used simulation”, it 
is not possible to analyze model significance/agreement 
as in Fig. 3.

“Same GCM driven/same RCM used simulations” 
generally show similar patterns for changes in inversion 
characteristics except for strength. Larger differences are 
observed between “same GCM driven simulations” than 
“same RCM used simulations”. This suggests that large-
scale circulation plays a critical role in determining the 
strength of low level temperature inversions.

4.6 � Other inversion characteristics

In this paper, we focused on frequency, strength and dura-
tion of near surface temperature inversions. However, other 
inversion characteristics such as base height of inversion, 
inversion depths and temperature differences between inver-
sion top and base are also critical to local air quality. Lower 
base height will lead to pollutants confined in a shallow 
vertical layer which will increase the concentration of pol-
lutants near the surface. The depth of an inversion layer and 
difference between its top and bottom determine strength 
of an inversion. The inversion strength and duration control 
air quality level. Larger strength usually results in worse air 
quality.

The results indicate that base heights of inversions gen-
erally decrease for majority of land areas. The decreases in 
base heights of inversions are significant agreeing for most 
land areas (top panel in Fig. 7). The depth of inversion is 
projected to increase over land areas especially for the high 
topography areas, however increases in inversion depth are 

Table 3   3-hourly frequency and changes in frequency for five capital cities (unit: %)

Time periods Cities Local time

1 4 7 10 13 16 19 22

1990–2009 Brisbane 47.41 58.43 45.77 0.80 0.02 0.13 14.00 32.65
Sydney 30.84 41.48 39.32 5.87 0.08 0.28 6.52 18.42
Canberra 44.26 53.38 48.96 10.65 0.45 0.24 19.88 37.72
Adelaide 46.99 50.79 50.59 9.26 0.20 0.11 7.73 40.09
Melbourne 37.09 42.02 38.84 9.81 0.32 0.33 7.50 26.44

Relative changes for 2060–
2079 relative to 1990–2009

Brisbane − 7.00 − 5.27 − 4.50 8.99 10.34 − 7.74 − 12.47 − 8.91
Sydney − 3.36 − 2.93 − 2.13 − 9.07 − 1.20 − 4.39 2.12 − 1.79
Canberra − 1.24 − 1.52 − 1.26 − 0.97 15.14 7.44 − 5.22 − 1.65
Adelaide 4.47 4.16 4.25 − 7.49 − 22.85 34.22 12.99 6.52
Melbourne − 1.40 − 1.79 − 2.09 − 14.35 13.21 21.61 − 3.91 0.11

Table 4   3-hourly strength (°C/
km) and changes in strength (%) 
for five capital cities

Significant changes are highlighted in bold

Time periods Cities Local time

1 4 7 10 13 16 19 22

1990–2009 Brisbane 4.44 4.95 6.26 19.97 22.15 39.49 5.73 4.29
Sydney 5.53 6.24 7.60 8.73 43.79 61.52 14.54 5.40
Canberra 6.91 7.03 7.92 7.33 11.91 11.86 3.47 5.92
Adelaide 7.80 8.03 7.75 7.09 35.24 26.24 7.70 6.89
Melbourne 6.38 6.71 7.26 8.51 28.86 19.47 4.96 5.34

Relative changes for 
2060–2079 relative to 
1990–2009

Brisbane − 2.84 − 4.31 − 1.77 37.33 64.39 62.29 26.55 1.83
Sydney 7.26 3.76 2.56 22.19 46.09 24.75 3.09 9.32
Canberra 2.56 2.87 3.43 19.22 64.87 80.47 10.14 2.86
Adelaide 10.52 9.78 9.22 39.32 68.74 57.69 16.59 12.92
Melbourne 6.95 7.58 8.98 46.13 53.11 46.29 40.94 9.05
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only significant for southern land areas (central panel in 
Fig. 7). Increases in temperature differences between inver-
sion top and base are mostly observed for the southern land 
areas and these increases are significant (bottom panel in 
Fig. 7). The strength of inversion shown in Fig. 3 is an aver-
age of strength for all inversion events, so the mean changes 
in temperature difference and changes in inversion depth 
shown in Fig. 7 cannot directly explain which is critical to 
projected changes in strength.

5 � Discussion

In the evaluation of simulations, R3 is much worse than 
R1 and R2 in capturing near surface inversion frequency 
(Fig. 2). As discussed in the Sect. 4.1, the YSU scheme used 
in R3, which is non-local mixing PBL, is the major cause. 
However, there is not much difference between R3 and the 
other two simulations in terms of future changes (Fig. 6). 
This provides us confidence in future changes for all simula-
tions including those using R3.

Evaluations also show simulations overestimate strength 
for day time inversion and underestimate strength for night 
time inversion. As discussed in Sect. 4.1, simulation is not 
compared at the same time as the observation, this could 

partly explain the biases in simulations. Furthermore, if 
there is any systematic bias in simulations, the bias will have 
minor impacts on future changes in strength (in %) (Di Luca 
et al. 2017). This is like large frequency biases in R3 simula-
tions shown in Fig. 2, but there is not much difference for the 
future changes simulated by R3 when compared to other two 
simulations (Fig. 6). Future changes in strength are larger 
(more than 40% for daily average shown in Fig. 3 and more 
than 60% for day time inversion shown in Table 4) and most 
of these larger changes are statistically significant. These 
provide us confidence in projected changes in strength.

The simulations projected slight increase (decrease) in 
frequency and duration for southern (northern) land areas 
and substantial increase in strength everywhere (Fig. 3). 
The difference in future projection of near surface inver-
sions between southern and northern areas are mostly due 
to changes in future regional climate conditions.

A warmer world does not favor near surface inversions, 
which can be seen in simulations for 1990–2009 (higher fre-
quency in winter and lower in summer in Fig S5 and longer 
duration in winter and shorter duration in summer in Fig S6). 
The NARCliM simulations projected much warmer condi-
tions for the northern areas and slightly warmer condition for 
the southern areas (Olson et al. 2016), which can explain the 
decrease in frequency and duration for the northern domain 

Fig. 5   Mean changes in frequency, strength and duration of near 
surface inversions for 2060–2079 relative to 1990–2009 for 4 GCM 
simulations (%). F, S, and D refer to frequency, strength, and dura-
tion of temperature inversion, respectively. M, E, C and O refer to 

MIROC3.2, ECHAM5, CCCMA3.1 and CSIRO-MK3.0 GCMs indi-
vidually. As there are only three simulations for each “GCM” simula-
tion, which is impractical to analyse model agreement as Fig. 3
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(Fig. 2). Humidity is one of many factors that contribute to 
the formation of an inversion. Drier air is easier to cool down 
than wetter air. The NARCliM simulations projected wetter 
change for the northern domain, and much drier change for 
the southern domain especially in winter and spring (Olson 
et al. 2016), which can explain increase in frequency and 
duration for the southern areas.

The positive changes in strength of near surface inver-
sions is mostly contributed by larger increase in strength 
for day time inversion (Fig S4). Near surface inversion is 
usually stronger during day than in the night, which can be 
seen in simulations (Fig S3) and observation (Fig. 2). To 
understand how inversion strength will change in future, we 
extract temperature difference, inversion depth for each of 
near surface inversion for land area and analyze correlations 
among temperature difference, inversion depth and inversion 
strength.

We group all inversions into various buckets. We set 8 
categories for inversion depth (< 200, 200–400, 400–600, 

600–800, 800–1000, 1000–1200, 1200–1400, and 1400-
1600m), 8 categories for temperature difference (< 2, 
2–4, 4–6, 6–8, 8–10, 10–12, 12–14, and 14–16 °C), and 
11 categories for inversion strength (< 0.005, 0.005–0.01, 
0.01–0.02, 0.02–0.03, 0.03–0.04, 0.04–0.05, 0.05–0.06, 
0.06–0.07, 0.07–0.08, 0.08–0.09, and 0.09–0.10 °C/m), 
then we count number of inversions in each bucket such as 
temperature difference between 4 and 6 °C, and inversion 
depth between 400–600m for the historical and future peri-
ods. After that, we compare the differences for each bucket 
between future and historical periods. The results (Fig. 8, 
Fig S7 and Fig S8) indicate that there is a decrease in the 
number of weak, “shallow” inversions and an increase in 
stronger, deeper inversions over the whole land area. This 
shows that the increases in strength are due to substantial 
increases in temperature difference.

Investigating this further, we extract temperature profiles 
for two domains (one in the northern land area and another 
in the southern land area), each with 900 grids (30 by 30). 

Fig. 6   Mean changes in near surface inversions for 2060–2079 rela-
tive to 1990–2009 for 3 RCM simulations (%). F, S, and D refer to 
frequency, strength, and duration of temperature inversion, respec-

tively. As there are only four simulations for each “RCM” simulation, 
which is impractical to analyse model agreement as Fig. 3
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Fig. 7   Mean near surface inver-
sions (units: meter for bottom 
height and depth, degree for 
temperature difference) and 
changes in near surface inver-
sions for 2060–2079 relative to 
1990–2009 (unit: %)

Fig. 8   Changes in number 
of inversions for temperature 
difference and inversion depth 
buckets for 2060–2079 relative 
to 1990–2009
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We calculate mean temperature profiles across 900 grids 
and 12 ensemble members for historical and future periods. 
We also calculate mean temperature profiles for inversion 
events. The difference in temperature profiles between future 
and historical periods shows that surface warming is sub-
stantially less at times when inversions occur compared to 
the mean warming (Fig S9). This difference between inver-
sion times and the mean decreases as you move up in the 
atmosphere, disappearing at ~ 750 m height in the southern 
part of the domain but persisting to ~ 1.5 km in the northern 
part of the domain. These anomalously cool near surface 
temperatures lead to an exaggeration of the temperature dif-
ference within an inversion. The cause of this cooler surface 
temperatures is a focus of future research.

Frequency and duration are strongly controlled by the 
diurnal cycle with most occurring through the night (Fig. 
S1 and Fig. 3) and the changes looking quite small whether 
considering “same GCM driven simulations” or “same 
RCM used simulations”. The exception is an increase in fre-
quency in the afternoon which is due to small frequency for 
1990–2009. Changes in strength however occur dominantly 
in the afternoon demonstrate a sensitivity to both the large-
scale circulation (difference between “same GCM driven 
simulations”) and the RCM parameterizations especially the 
PBL scheme.

From the results for “same GCM driven simulations” and 
“same RCM used simulations”, we can see that strength of 
inversions between “same RCM used simulations” is similar, 
however, those between “same GCM driven simulations” are 
quite different in magnitude (Fig S10). This is understand-
able as GCMs selected in the NARCliM project were chosen 
based on a number of criteria that includes spanning the 
range of future changes in the GCM ensemble (Evans et al. 
2014). For Australia, MIROC3.2 projects a slightly warmer 
and much wetter future, CCCMA3.1 extremely warmer and 
slightly wetter, CSIRO-MK3.0 slightly warmer and drier, 
and ECHAM5 projected an extremely warmer and slightly 
drier future. The differences in temperature and humidity 
projected by 4 GCMs results in diverse change in strength 
magnitude for four “same GCM used simulations” in Fig. 5. 
This is consistent with the findings from the previous uncer-
tainty studies, which suggests that the largest uncertainty in 
future projections is sourced from GCMs (Chen et al. 2011; 
Teng et al. 2012, Vaze et al. 2011).

There are diverse types of temperature inversions as 
described in the introduction section. The different inver-
sions are associated with different synoptic conditions. 
Jiang et al. (2015) used the NARCliM outputs to investigate 
possible changes in synoptic-scale circulation patterns over 
southeast Australia in response to global climate change. 
They found that there are clear differences in simulating 
synoptic types between different GCM driven simulations. 
The actual differences of changes in inversion across “GCM 

simulations” could be related to the difference in simulating 
synoptic types. Further work is required to analyze future 
changes for each synoptic type and each inversion group.

The approach to statistical testing used in the study com-
bines testing for significance with the amount of model 
agreement. Wilks (2016) suggests the area with significant 
changes in the study might be over-estimated. Future work 
would be required to combine the False Discovery Rate 
method with the model agreement framework.

Near surface inversions have substantial impacts on air 
quality, especially for the larger cities such as the capital 
cities within the NARCliM domain. Projected results show 
significant increases in inversion strength for majority of 
southeast Australia, which will markedly increase pollution 
levels (Devasthale and Thomas 2012; Wallace et al. 2010). 
With more than 80% of Australia’s population living there 
and large increases in population projected, the impact of 
more intense air pollution events in the future could be 
substantial.

6 � Summary and conclusions

The main objective of this paper is to assess how near sur-
face inversions will change under future climate conditions. 
Firstly, we evaluate the WRF model capability to simulate 
near surface temperature inversions, then focus the analysis 
on three temperature inversion characteristics (frequency, 
strength and duration) and their future projections, seasonal 
and diurnal variations, and differences between “same GCM 
driven simulations” and “same RCM used simulations”.

Evaluation results indicate that the WRF model captures 
frequency better than strength of near surface inversions, 
especially for R1 and R2 simulations, however there is not 
much difference in projected future changes in inversion 
characteristics between R3 and other two.

Projected changes in inversion strength are universally 
positive and significant over the major of southeast Aus-
tralia, however, changes in frequency and duration are gener-
ally small and not significant for most of this region.

There are clear seasonal variations in near surface inver-
sions. Most inversions are in winter and the least in summer, 
and their duration is longest in winter and shortest in sum-
mer. Strength of near surface inversions is also different for 
the four seasons, but the variation of strength is different 
from that of frequency and duration.

Inversions have a clear diurnal cycle with higher fre-
quency during night and much lower frequency during day, 
but strength is generally larger during day than night. This 
indicates that while few inversions occur during the day, they 
are usually strong. An increase in strength is projected for 
all cities especially during day time with a 40–80% increase 
for different cities. This indicates that there will be stronger 
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inversions in the future, especially those during day time are 
projected to get stronger. These could result in an adverse 
impact on air quality for capital cities.

The differences between “same GCM driven simulations” 
are larger than those between “same RCM used simula-
tions” only for inversion strength. Four “same GCM driven 
simulations” projected substantially different magnitude 
of changes, however three “same RCM used simulations” 
generally projected similar results in terms of changes in 
inversion strength. Hence the major uncertainties in pro-
jected changes in inversion strength are from using different 
GCMs.

In conclusion, the results from this study indicate that 
more near surface inversions with longer duration over the 
southern land areas, and fewer inversions with shorter dura-
tion over the northern land areas, but their strength increases 
everywhere. This implies that episodes of poor air quality 
conditions over southeast Australia might become more 
likely in the future as result of the projected changes in near 
surface inversions.
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