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Abstract

The vertical temperature profile in the atmosphere reflects a balance between radiative and convective processes and inter-
actions with the oceanic and land surfaces. Changes in vertical temperature profiles can affect atmospheric stability, which
in turn can impact various aspects of weather systems. In this study, we analyzed recent-past trends of temperature over the
Australian region using a homogenized monthly upper-air temperature dataset and four reanalysis datasets (NCEP, ERA-
Interim, JRA-55 and MERRA). We also used outputs of 12 historical and future regional climate model (RCM) simulations
from the NSW/ACT (New South Wales/Australian Capital Territory) Regional Climate Modelling (NARCIiM) project and
6 RCM simulations from the CORDEX (Coordinated Regional Downscaling Experiment) Australasian project to investi-
gate projected changes in vertical temperature profiles. The results show that the currently observed positive trend in the
troposphere and negative trend in the lower stratosphere will continue in the future with significant warming over the whole
troposphere and largest over the middle to upper troposphere. The increasing temperatures are found to be latitude-dependent
with clear seasonal variations, and a strong diurnal variation for the near surface layers and upper levels in tropical regions.
Changes in the diurnal variability indicate that near surface layers will be less stable in the afternoon leading to conditions
favoring convective systems and more stable in the early morning which is favorable for temperature inversions. The largest
differences of future changes in temperature between the simulations are associated with the driving GCMs, suggesting that
large-scale circulation plays a dominant role in regional atmospheric temperature change.
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1 Introduction

The vertical temperature profile reflects a balance between
radiation, and convective and dynamical heating/cooling of
the coupled surface-atmospheric system. Vertical tempera-
ture profiles are widely used in weather forecasting and cli-
mate modelling. For example, vertical temperature profiles
are used to calculate convective available potential energy
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(CAPE) for convective weather system forecasts (Ziarani
et al. 2019). Vertical temperature profiles are also used to
identify temperature inversions (Bourne et al. 2010; Ji et al.
2018), which can be used for air quality forecasting.

Any changes in a vertical temperature profile will influ-
ence atmospheric stability, and this will directly impact dif-
ferent weather systems (Raju et al. 2014; Zheng et al. 2015;
Stovern and Ritchie 2016; Ma et al. 2017). Raju et al. (2014)
assessed the impact of vertical temperature profile changes
on the Asian Summer monsoon. Their study suggested that
the assimilation of vertical temperature profiles in regional
climate models can significantly improve the dynamical
and thermodynamical features of monsoon simulation by
representing the vertical distribution of temperature more
realistically. Several studies have demonstrated the impor-
tance of vertical temperature structure on the development
of tropical cyclones (Zheng et al. 2015; Stovern and Ritchie
2016; Ma et al. 2017).
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Vertical temperature profiles are critical to weather fore-
casts and climate studies, however, there are only 1300 in-
situ monitoring sites globally (https://www.wmo.int/pages
/prog/www/OSY/Gos-components.html), in which vertical
temperature profiles are collected via radio sounding. There
has been much effort to retrieve vertical temperature pro-
files from different passive and active remote sensors such as
GPS radio occultation (Zhang et al. 2011), Light Detection
and Ranging (LIDAR) (Newsom et al. 2013), infrared and
microwave (Blumberg et al. 2015), microwave (Aires et al.
2015) and infrared sounder (Zhang et al. 2016). Several stud-
ies have compared retrieved vertical temperature profiles to
local, regional or global raw/homogenized radiosonde data
(Christy and Norris 2006, 2009; Christy et al. 2007, 2009,
2011; Randall and Herman 2008; Mears et al. 2012; Po-
Chedley and Fu 2012). These satellite data have contributed
to the improvement of weather forecast accuracy (Chahine
et al. 2006; Chikira and Sugiyama 2010; Jones and Stensrud
2012).

Several studies have analysed long-term vertical tempera-
ture profiles collected from traditional and satellite retrieved
soundings (Aikawa and Hiraki 2009; Pralungo and Haim-
berger 2015; Jovanovic et al. 2017). Aikawa and Hiraki
(2009) collected 5 years of temperature data at different
vertical levels in Japan to analyse the seasonality of verti-
cal air temperature profiles in an urban coastal area. Their
results showed characteristic seasonality in the vertical air
temperature profile. Hartmann et al. (2013) assessed multi-
ple independent analyses of measurements from radiosondes
and satellite sensors and concluded that the troposphere
has warmed globally whereas the stratosphere has cooled
since the mid-twentieth century. Pralungo and Haimberger
(2015) used historical radiosonde and pilot balloon wind
shear observations with the aim to reduce uncertainties in
the estimation of strong trend amplification in the tropical
upper troposphere. Their best estimates for the warming
maxima in the upper tropical troposphere agreed well with
those directly from observed temperatures but tended to be
located at higher altitudes. Jovanovic et al. (2016) developed
a homogenized monthly upper-air temperature dataset for
22 stations across Australia and 5 Australian remote island
sites for 1958-2011. Their analysis of the linear trend in
temperature for each level showed significant changes in
temperature, i.e. a general warming in the troposphere, a
cooling in the lower stratosphere and a faster warming in the
troposphere as compared to the surface level.

Several model-based studies have attempted to explain
observed temperature changes in the troposphere and lower
stratosphere. Most of these studies have reported faster
warming of the troposphere than the surface, and cooling
of the lower stratosphere (Ramaswamy et al. 2006; Hart-
mann et al. 2013). Santer et al. (2006) used multiple global
climate models (GCMs) to simulate observed changes in
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vertical temperature profiles and investigated possible causes
of recent temperature changes both at the Earth’s surface
and in the free atmosphere. They showed that both natu-
ral and anthropogenic factors contributed to changes in the
vertical temperature. Despite recent advances in analysing
atmospheric vertical temperature profiles, there is still a lot
to learn in possible future changes in vertical temperature
profiles.

Multiple studies have already shown that dynamical
downscaling can provide added value to the simulation of
some natural phenomena, as compared to driving GCMs (Di
Luca et al. 2013, 2016b; Di Virgilio et al. 2020). Regional
climate model (RCM) simulations provide not only finer
spatial and temporal modelling outputs to suit local/regional
impact assessments but also more accurate results. In this
study, we use regional dynamical downscaling outputs from
the NARCIiM (New South Wales/Australian Capital Terri-
tory Regional Climate Modelling) project (Evans et al. 2014)
and data from the CORDEX (Coordinated Regional Down-
scaling Experiment) project to investigate how the vertical
temperature profiles are projected to change in the future
for the Australasia region. We quantify the mean changes
in temperature at different atmospheric levels in the tropo-
sphere and lower stratosphere. We also quantify seasonal
and diurnal variations of changes in the temperature profile.
Before investigating future changes in vertical temperature
simulated by dynamical downscaling, we also investigate
the changes in vertical temperature in observation and rea-
nalysis datasets. Temperature trends found in the observa-
tions are then compared to projections of future changes in
temperature.

2 Methods
2.1 Data
2.1.1 Monitoring data

Homogenized monthly upper-air temperature for 22 stations
across the Australian Continent and one Australian remote
island site are produced by the Australian Bureau of Mete-
orology (Jovanovic et al. 2016). The data quality control
process involved the examination of station metadata and an
objective statistical test to detect discontinuities in the data.
Four out of the 23 stations are located between 10 and 20° S,
and 9 stations are located between both 20° S and 30° S, and
30°S and 40° S. There is only one station which is south of
40°S. The large spread of the stations allows us to analyse
observed changes for different latitudes. The details of each
station (station number, station name, latitude and longitude,
and start year) are described in Table S1.
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The monitoring data is based on 2300 UTC (local time
9 a.m. AEST) radiosonde soundings with most records start-
ing in 1958. Mean surface temperature from the Austral-
ian Climate Observations Reference Network—Surface Air
Temperature (ACORN-SAT) (Trewin 2013) is also included
in the analysis. In total, this data set has 9 vertical levels
(surface, 850, 700, 500, 400, 300, 200,150 and 100 hPa).

2.1.2 Reanalysis data

The four reanalysis data sets used in this study are National
Centres for Environment Prediction (NCEP) (Kalnay et al.
1996), ECMWF Re-Analysis (ERA) Interim (Dee et al.
2011), the Japanese 55-year Reanalysis (JRA-55) (Kob-
ayashi et al. 2015) and Modern-Era Retrospective Analysis
for Research and Applications (MERRA) (Rienecker et al.
2011). NCEP data is produced by the National Centres for
Environment Prediction in the United States. This data is
available at 17 pressure levels from 1000 to 10hpa with
a spatial resolution of 2.5°, from 1948 to present and is
recorded four times a day. ERA-Interim is a global atmos-
pheric reanalysis produced by the European Centre for
Medium-Range Weather Forecasts (ECMWF) from 1979
to 2018. The spatial resolution of ERA-Interim is approxi-
mately 80 km (T255 spectral) with 60 vertical levels from
the surface up to 0.1 hPa. The JRA-55 reanalysis was pro-
duced by the Japan Meteorological Agency, which is a
55-year global atmospheric reanalysis starting from 1958.
The spatial resolution of the data set is roughly 55 km with
60 vertical levels from the surface up to 0.1 hPa. MERRA
was undertaken by NASA’s Global Modelling and Assimila-
tion Office which is available from 1979 to the present. The
spatial resolution of this data set is approximately 55 km
(1/2°x 2/3°) with 72 vertical levels from the surface to
0.01 hPa.

2.1.3 Model data

2.1.3.1 NARCIiM simulations The NARCIiM project was
developed to provide robust finer-scale climate projections
for southeast Australia (Evans et al. 2014). Four GCMs were
selected from the Coupled Model Intercomparison Project
(CMIP3) GCMs ensemble to force three selected RCMs to
form 12 GCM/RCM ensemble members. The four GCMs
(MIROC3.2, ECHAMS, CCCMA3.1, and CSIRO-MK3.0)
were selected based on GCMs’ performance over Australia,
independence of their errors, and to span the full range of
potential future climates over south-eastern Australia (Evans
et al. 2014). The three RCM configurations (R1, R2 and
R3) are three physics scheme combinations of the Weather
Research and Forecasting (WRF) V3.3 model (Skamarock
et al. 2008). These were selected from a large set of 36 dif-
ferent combinations of physics parametrizations tested over

eight significant East Coast Lows (Evans et al. 2012; Ji et al.
2014) and chosen based on model performance and inde-
pendence of model errors (Evans et al. 2014). Each GCM/
RCM member was run for 1990-2009 (historical period),
2020-2039 (near future) and 2060-2079 (far future) for two
nested domains (Fig. 1). The outer domain is the CORDEX
Australasia domain and the outputs from this domain were
used in this study. NARCIiM modelling is performed using
a rotated pole map projection, output data are interpolated
onto regular latitude/longitude grids from (50°S, 110°E) to
(0°S, 180°E) using an inverse distance squared approach.

A number of studies have reported that the resultant
ensemble from the NARCIiM 12 GCM/RCM simulations
improves substantially on the GCMs in the simulation of
Australian mean and extreme climate (Olson et al. 2016;
Evans et al. 2017). Using model independence makes it pos-
sible to develop relatively small ensembles that can repro-
duce the ensemble mean and variance from the large parent
GCM ensemble as well as minimize the overall error (Evans
et al. 2013a, b).

Evaluations of NARCIiM simulations demonstrate that
RCMs can simulate precipitation and surface temperature
reasonably well (Ji et al. 2016), however, no individual RCM
performs well for all variables, seasons and metrics com-
pared to available observations. The use of the full NAR-
CliM ensemble provides a measure of robustness such that
any result that is common to all RCMs in the ensemble is
considered to have higher confidence. Therefore, the multi-
model mean is used to demonstrate the results for this study.
As shown in Olson et al. (2016), changes in the near future
relative to the historical period are relatively small, thus we
focus our analyses on changes in temperature profiles in the
far future (2060-2079).

Some studies have already shown that NARCIiM can
provide added value to the simulation of surface variables
such as precipitation, maximum and minimum temperatures,
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Fig.1 Weather Research and Forecasting (WRF) model domains
with grid spacing of about 50 km (outer CORDEX domain shown as
map extent) and 10 km (inner NARCIiM domain shown with red out-
line)

@ Springer



F.Jietal

when compared to driving GCMs (Di Luca et al. 2013,
20164, b; Di Virgilio et al. 2019a). Additional NARCIiM
evaluations include its representation of large-scale climate
mode teleconnections (Fita et al. 2016), sub-daily rainfall
extremes (Cortés-Hernandez et al. 2015), extra-tropical low
pressure systems (Di Luca et al. 2016a), fire-weather (Clarke
and Evans 2019 and Di Virgilio et al. 2019a) and near sur-
face winds (Evans et al. 2018) amongst others. In each case
the ensemble was found to perform well overall, though
errors were also noted. Ji et al. (2018) have shown that NAR-
CliM simulations can capture temperature inversions rea-
sonably well. This gives us confidence in using NARCIiM
outputs to assess future changes in vertical temperature.

2.1.3.2 CORDEX simulations CORDEX is an initiative of
the World Climate Research Programme (WCRP) that aims
to improve both the generation and evaluation of downscaled
regional climate information (Giorgi et al. 2009). Under the
CORDEX framework, regional climate projections based
on CMIP5 GCM projections have been produced for four-
teen regions worldwide. CORDEX Australasia currently
comprises three configurations of the WRF model, one
configuration of the Conformal Cubic Atmospheric Model
(CCAM) model and one configuration of the COSMO Cli-
mate Limited-area Model (CCLM). CORDEX Australasia
simulations are run by dynamically downscaling CMIP5
GCMs following the Representative Concentration Pathway
(RCP8.5) scenario (Table 1). For assessing the RCMs’ capa-
bilities to simulate observed regional climate, ERA-Interim
driven hind-cast simulation were run from 1979 to 2013 and
evaluated against observations. CORDEX RCMs used in
the evaluation and their configurations are summarized in
Di Virgilio et al. (2019b). Currently, 6 GCM-forced CCAM
simulations and one GCM (ACCESSI1.3) driven 3 WRF
configurations are available for historical (1951-2005) and
future (2006-2100) periods (Table 1), which are used in the
study.

2.2 Analysis techniques

Following Jovanovic (2016), we analyse the linear trend
of the annual temperature time series for the 23 stations at
each of the 9 vertical levels including the surface (at 2 m
altitude). Recent studies have found, and our data confirms,
that vertical temperature changes show larger differences
between latitudes than between longitudes (e.g. Jovanovic
et al. 2016), which indicates that temperature and vertical
temperature changes are latitude dependent. We sort 23 sta-
tions according to latitude and analyse the temperature trend
vs latitude for all vertical levels.

The same approach of temperature averaged along lon-
gitude is applied to all datasets including reanalyses and

@ Springer

modelling outputs. We analysed the linear trend of zonal
temperature at each latitude on each pressure level.

As only 20-year time slices are available in the NARCIiM
simulations for historical and future periods, differences in
the zonal temperature between 2060-2079 and 1990-2009
are calculated for each latitude on each vertical level. For
analysis of differences between land and ocean, we sepa-
rate grids over land and ocean when we average temperature
along longitude.

CORDEX simulations only provide temperature time
series on three atmospheric levels (200, 500 and 850 hPa)
and the surface level. We thus split latitude into five lati-
tudinal zones (0-10°S, 10-20° S, 20-30° S, 30-40° S and
40-50°S), and average zonal temperature time series for
each of the five latitude groups to obtain mean temperature
time series on four vertical levels (including the surface).
The changes in averaged temperature are then calculated
between 2060-2079 and 1990-2009 for the CORDEX simu-
lations in order to make the comparison with those derived
from the NARCIiM simulations.

The statistical significance of changes in individual
simulations of atmospheric temperature profiles was esti-
mated 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 assumes that annual mean values
follow a normal distribution in past and future periods. We
then present the results on significance according to three
categories (Tebaldi et al. 2011): areas with significant agree-
ment (stippled), areas with insignificant agreement (shown
in color), and areas with significant disagreement (shown in
grey). In areas with significant agreement, at least half of the
models show a significant change and at least 80% of signifi-
cant models agree on the direction of change. We consider
these changes to be robust within the ensemble. In areas
with insignificant agreement, less than half of the models
show significant changes. These are areas where the ensem-
ble is projecting change that is not larger than the internal
climate variability. In areas with significant disagreement,
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.

3 Results
3.1 Observed temperature changes over Australia

The observed linear trend of the mean annual temperature
time series at the nine atmospheric levels for 23 stations is
shown in Fig. 2. A positive trend is seen for temperature in
the troposphere (200 hPa and below) whereas a negative
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Fig.2 Trend of vertical temperature for 1958-2011 for 23 Australian
stations (unit: °C/decade) using the homogenized monthly upper-air
and surface temperature data from Australian Bureau of Meteorology
(BOM)
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trend is seen for temperature in the lower stratosphere
(approximately abovel80 hPa). The vertical variation of
the trend in upper air temperature is similar to that of global
observations for the Southern Hemisphere (Hartmann et al.
2013). In the Australasia region, temperature increases by
approximately 0.3 and 0.2 °C per decade at 850 hPa and
300 hPa respectively. These results are partly consistent with
global observation which shows a similar increase in temper-
ature at 300 hPa over the Southern Hemisphere (Hartmann
et al. 2013). All the trends in upper air temperature are found
to be statistically significant at the 99.99% level, indicat-
ing an overall significant warming in the troposphere and a
cooling in the lower stratosphere, as well as a comparatively
faster warming of the troposphere than the surface.

3.2 Changes in global temperature profiles

Figure 3 shows the global linear trend of annual mean zonal
temperature for the four reanalysis datasets (NCEP, ERA-
I, JRAS55 and MERRA). Overall, linear trends are similar
between the four reanalysis datasets for the Northern Hemi-
sphere. All the reanalysis data sets simulate cooling in the
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Fig.3 Trend in annual mean temperature in the reanalysis data sets
(NCEP, EAR-Interim, JRA55 and MERRA), unit (°C/decade). The
temperature was averaged along longitude before it was used to calcu-
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and MERRA, and 1977-2010 for JRAS55
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lower stratosphere (above 100 hPa) and warming in the trop-
osphere (below 150 hPa). The atmosphere warms faster in
the upper troposphere (300—400 hPa) in the tropical region.
An extremely fast rate of warming in the North Pole region
from the surface up through the troposphere is displayed by
all reanalysis datasets, whereas the reverse applies to the
South Pole region. A possible reason for the faster rate of
warming in the North Pole can be attributed to the decline
in extent of sea ice and snow due to global warming (Wang
and Liang 2009).

Quite large differences can be observed between the four
reanalyses, especially for the Southern Hemisphere, provid-
ing an indication of the observational uncertainty associated
with these trends. However, all data sets simulated cooling
in the lower stratosphere, warming in the upper and middle
troposphere, and warming faster in upper levels than the
surface, which is similar to patterns evident in the observed
records (Fig. 2). It’s worthy to note that temperature trend
in reanalyses is generally smaller than that of observations.

3.3 Changes in future projections
3.3.1 Mean changes in Australasia temperature profiles

Multi-model mean of change in temperature profiles for
2060-2079 relative to 1990-2009 derived from the NAR-
CliM simulations is shown in Fig. 4. The change in the tem-
perature profiles is found to be latitude-dependent, especially
for the middle and upper troposphere levels (i.e. between
500 and 150 hPa). A larger increase is simulated for the trop-
ical region than for higher latitude regions, with more than
a 4.6 °C increase for the 200-250 hPa layer in the tropical
region and above 2.8 °C increase for the 300—400 hPa layer

Pressure (mb)
Height (km)

IS
RS

T T T
-50 -40 -30 -20 -10 0
CONTOUR FROM 0 TO 5 BY 2]

Fig.4 Ensemble mean of changes in temperature derived from NAR-
CliM ensemble: 2060-2079 minus 1990-2009. (unit: °C). Here the
stripling denotes significant change and 80% agreement in the sign of
the change between 12 ensemble members

in the temperate region. When compared with the trends
in the observed (Fig. 2) and reanalysis data sets (Fig. 3),
it is clear that warming will accelerate, and the altitude of
maximum warming will increase in the future. In the lower
troposphere, the change in temperature generally increases
with height, but shows minor meridional variation. In con-
trast, the change in temperature generally decreases with
height for the upper troposphere and lower stratosphere.
When comparing the mean changes derived from the NAR-
CliM simulations (Fig. 4) with their driving CMIP3 GCMs
(Figure S1), it is shown that RCM simulations project larger
warming in the troposphere and smaller cooling in the lower
stratosphere than their driving GCMs, however their patterns
of temperature changes are similar.

Given that CORDEX simulations only provide tempera-
ture on three atmospheric levels (200, 500 and 850 hPa) and
the surface, it is not possible to show the vertical profile of
changes in temperature for these data. We therefore compare
the changes in zonal temperature between CORDEX and
NARCIM for 2060-2079 relative to 1990-2009 for four
levels, and the ensemble means are shown in Fig. 5. The
CORDEX data clearly projects larger warming (0.2-1 °C
for different latitude and levels) for the lower troposphere
(500 hPa and below) as compared to NARCIiM. This is
understandable, because RCP8.5 in CMIP5 is more aggres-
sive in terms of emissions than the A2 scenario in CMIP3.
However, changes in temperature for CORDEX and NAR-
CliM both show a similar variation in latitude for three
levels (i.e. little variations between the equator to 20° S,
and a general decrease from 30 to 50° S). Changes in tem-
perature at 200 hPa are quite different from those for the
lower troposphere, even though both are primarily latitude
dependent. Much larger increases in temperature (1 ~2.1 °C
for CORDEX and 1~ 1.8 °C for NARCIiM) for the tropical
region (0-20° S), and much smaller increase in tempera-
ture (—2.9~—-1.5 °C for CORDEX and —1.6~-0.1 °C
for NARCIiM) for the sub-tropical and temperate region
(30-50° S) were observed at 200 hPa, compared to those
at 500 hPa. Furthermore, the changes in temperature at
200 hPa are even slower than those on the surface for high
latitude (40-50° S). However, changes in temperature for
CORDEX and NARCIiM show similar variation in terms
of latitude. Interestingly, changes for CORDEX are about
1 °C larger than those for NARCIiM over the tropical region,
but those for CORDEX are about 0.5 °C smaller than those
for NARCIiM over the sub-tropical and temperate regions
(30-50°8S).

The maximum warming in the tropical upper troposphere
has been theoretically explained in Bony et al. (2006) as
being associated with a decline in the moist adiabatic lapse
rate of temperature in the tropics as the climate warms. The
minimum warming in the upper troposphere at high latitudes
is similar to those shown in Fig. 12.12 in the IPCC AR5
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Fig.5 Changes in temperature 6
(2060-2079 minus 1990-2009)

at four levels (200,500, 850 hPa

and surface) for the NARCIiM 5
and CORDEX data sets (unit:
°C). Solid and dash lines are
for CORDEX and NARCIiM
respectively. Four different col-
ours represent different levels

Changesin temperature
w
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report (Collins et al. 2013) in which the higher emission
scenario results in a smaller rate of temperature increase.

The atmospheric dynamics and the large-scale organiza-
tion of the atmosphere is a strong function of latitude. In the
tropics, large-scale overturning circulations prevail. Mean-
while, equatorial planetary waves enforce upwelling in trop-
ics (Grise and Thompson 2012). These take more humidity
to the upper levels through convections and result in the larg-
est warming in tropical upper troposphere (Bony et al. 2006).
In contrast, the low stratosphere becomes cooler due to the
depletion of low stratospheric ozone and increases in well-
mixed gases that is the major radiative factor in accounting
for the cooling (Ramaswamy and Schwarzkopf 2002).

The tropopause separates the stratosphere from the
troposphere. The altitude of the tropopause decreases with
increases in latitude and has a clear seasonal variation, espe-
cially for high latitude. 200 hPa is always in the troposphere
in the tropics, however, it is above tropopause in the cold
season and under tropopause in the warm season at high
latitude, so it is warming in the warm season and cooling in
the cold season that results in very small annual warming
at high latitude. However, it is constantly warming in the
middle and low troposphere. This leads to the warming at
200 hPa being smaller than the middle (500 hpa) and low
(850 hpa) troposphere for high latitude.

3.3.2 Seasonal variation of changes in temperature

Changes in temperature show clear seasonal variation, with
opposing patterns evident in Summer and Winter (Fig. 6).
The most striking feature is strong seasonal variability in
subtropical and temperate regions, with more than a 2 °C dif-
ference in the temperature change in the upper troposphere
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and lower stratosphere, and more than 0.6 °C difference in
the lower troposphere, between summer and winter. Gener-
ally, more than a 1 °C anomalous increase in temperature is
simulated in the upper troposphere and lower stratosphere
in summer in the temperate region, in contrast, there is more
than a 1 °C anomalous decrease in temperature in Winter.
Seasonal variation is relatively small for the tropical region
when compared with the sub-tropical and temperate regions.
Middle and lower troposphere (below 300 hPa) generally
show slower warming (—0.3 °C) during summer over the
tropical region. In contrast, warming is about 0.3 °C faster
during winter in the tropical region, which is opposite to
variation at the same levels for the temperate region. The
upper troposphere generally shows the same direction of
variation with that at the same level for the sub-tropical and
temperate regions.

Spring and autumn appear to be transition seasons
between summer and winter. The pattern of temperature
change during autumn is similar to that during summer,
though the former shows a much slower warming rate.
Spring is similar to winter, but the former has a slightly
faster warming rate, especially for the temperate and sub-
tropical regions.

For the temperate region, the large seasonal variation
between 10 and 20 km above ground is possibly associated
with the seasonal variation of tropopause height, which is
generally higher in summer and lower in winter (Rieckh
et al. 2014). During summer, when the tropopause is lifted
higher, the upper troposphere warms even if the warming
rate is smaller compared with middle troposphere. In winter,
when the tropopause drops, 10 km is above the tropopause
and the atmosphere in the lower stratosphere will get cooler
(Ramaswamy et al. 2006).



Projected changes in vertical temperature profiles for Australasia

Summer
o) ~ o
£ € E
= £ =
o — o
2 - 2
3 £ S
2 22
[}
< ol <4
o o
1000+ T T T T T T
-50 -40 -30 -20 -10 0
50
Winter
70
100
a9 15 ~
S € E
= £ =
© 200 = o
2 £ =
@ 250 S a
19 ol
300 (]
< T 2
o o
400
500
700
850 —.
1000 === e RS we

-50 -40 -30 -20 -10 0

CONTOUR FROM -1 7O 1 BY .1

Fig.6 Seasonal variation of anomaly (relative to annual change
shown in Fig. 4) in temperature change (2060-2079 minus 1990-
2009) for the NARCIIM ensemble (unit: °C). Here the stripling

3.3.3 Differences between land and ocean

Temperature changes show more than 0.3 °C difference
between land and ocean at near surface levels (Fig. 7),
which indicates that the atmosphere in near surface lev-
els warms faster over land than over the ocean, especially
in summer (Figure S3). This is consistent with a previ-
ous study by Byrne and O’Gorman (2013) that indicated
surface temperatures increase at a greater rate over land
than over ocean in simulations and observations of global
warming. Other notable differences can be observed in the
middle and upper troposphere in the sub-tropical region,
where the atmosphere warms at a faster rate for the upper
troposphere, and at a slower rate for the middle tropo-
sphere layers when comparing land and ocean. These dif-
ferences could be caused by differences in cloud cover
and cloud types. The bottom of clouds is generally much
higher over land than over the ocean (Warren et al. 2007).
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Fig.7 Differences in mean temperature change profiles (2060-2079
minus 1990-2009) between land and ocean (land—ocean) for the
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3.3.4 Diurnal variation of changes over land

Future changes in temperature show clear diurnal varia-
tion (Fig. 8), especially at levels near the surface (i.e. below
700 hpa). From 12 pm (AEST local time), the near surface
layers start to warm faster than layers above, which reach
the maximum value at 3 pm, then the warming rate starts
to reduce, especially for the tropical region. The faster sur-
face warming will make the near-surface layer become less
stable, which can thus provide a suitable environment for
convective systems such as storms. In contrast, from 12 a.m.
(local time), the near surface layers start to cool faster than
the layers above, which reach the maximum cooling rate
at 6 a.m., after which the cooling rate starts to reduce. The
faster cooling rate for the surface levels than layers above
during the early morning can contribute to favourable condi-
tions for temperature inversions.

Other clear diurnal variations are evident for the tropical
region where the troposphere warms faster in the afternoon
(126 p.m.) than during the early morning (12—6 a.m.). This
variation is possibly associated with diurnal variation of the
amount of cloud cover in the tropical region (Cairns 1995;
Stubenrauch et al. 2006).

3.3.5 Differences between simulations

The results presented thus far have been averages over the
12-member NARCIiM ensemble, and here we separate the
models by their RCM and GCM characteristics. For simplic-
ity, 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 simula-
tions” (Table 1). In total, there were 4 “same GCM driven
simulations” (average of three members) and 3 “same RCM
used simulations” (average of four members).

Differences of changes in temperature among “same
GCM driven /same RCM used simulations” are presented in
Figs. 9 and 10. All “same GCM driven simulations” project
similar changes in pattern with the mean changes shown in
Fig. 4, however, the change magnitudes are quite different
with the largest changes for ECHAMS driven simulations
and the smallest changes for CSIRO-MK3.0 driven simula-
tions. When comparing future changes derived from “same
GCM driven simulations (Fig. 9) and their driven GCMs
(Figure S4), it is clear that the differences of changes in
temperature between “same GCM driven simulations” are
largely inherited from the driving GCMs. Changes in tem-
perature projected by the 3 “same RCM used simulations”
are similar (Fig. 10). All RCMs project not only a simi-
lar pattern in mean changes but also similar magnitude of
changes. As there are only 4 and 3 simulations for a “same
GCM driven simulation” and “same RCM used simulation”,
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the ensemble size is too small to analyze model significance/
agreement as per Fig. 4.

“Same GCM driven/same RCM used simulations” gener-
ally show similar patterns for changes in temperature pro-
files. Larger differences are observed between “same GCM
driven simulations” than “same RCM used simulations”.
This suggests that large-scale GCM inputs driving the RCMs
play a critical role in determining changes in atmospheric
temperature.

4 Discussion

In this study, we used the NARCIiM outputs (dynamically
downscaled CMIP3 GCMs) to assess future changes in verti-
cal temperature profiles for the Australasian region (Fig. 4).
We also compared the NARCIiM simulated future tem-
perature changes at four pressure levels with those derived
from the more recent CORDEX simulations (dynamically
downscaled CMIP5 GCMs). Mean changes of temperature
profiles derived from NARCIiM and CORDEX were found
to show similar patterns (Fig. 5), even if larger increases in
temperature are projected from the CORDEX simulations
than NARCIiM simulations. These results are consistent
with Fig. 12.12 in the IPCC ARS report (https://www.clima
techange2013.org/images/figures/WGI_ARS_Figl12-12.
jpg) (Collins et al. 2013), even though both the simulations
and reference periods are different between the two studies.
The results shown in the IPCC reports are derived from the
multiple CMIP5 GCMs for three different RCPs (RCP2.6,
RCP4.5 and RCPS.5). The differences are the global zonal
mean changes for 2081-2100 relative to 1986-2005. The
results in our study are however derived from the dynami-
cal downscaled CMIP3 GCM ensemble for the A2 emission
scenario for 2060-2079 relative 1990-2009. In spite of the
different time periods and emission scenarios, our results
show similar changes as shown in Collins et al. 2013, at least
in the change in the spatial pattern of temperature including
the increase in temperature for the troposphere, the decrease
in temperature for the lower stratosphere, and larger increase
in temperature for higher emission scenario. However, the
magnitude of change is slightly different, which can be
attributed to the different GCMs, emission scenarios, refer-
ence periods and the regional models.

Future changes in temperature shown in Fig. 4 will lead
to changes in atmospheric stability. Convective available
potential energy (CAPE), convective inhibition (CIN), the
lifted condensation level (LCL), and the level of free con-
vection (LFC) are all widely used to describe the condition-
ally unstable processes. CAPE is projected to increase more
than CIN, however, LCL and LFC are projected to decrease
for Central and Northern Australia, which indicates that the
atmosphere will be more conditionally unstable. In contrast,


https://www.climatechange2013.org/images/figures/WGI_AR5_Fig12-12.jpg
https://www.climatechange2013.org/images/figures/WGI_AR5_Fig12-12.jpg
https://www.climatechange2013.org/images/figures/WGI_AR5_Fig12-12.jpg
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Fig. 9 Changes in temperature (2060-2079 minus 1990-2009) for “same GCM driven simulations” for the NARCIiM ensemble (units: °C)
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Fig. 10 Changes in temperature (2060-2079 minus 1990-2009) for “same RCM used simulations” for the NARCIiM ensemble(units: °C)
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CAPE is projected to increase a little, but CIN, LCL and
LEC are projected to increase strongly in Southern Australia,
which suggests that the atmosphere will become less condi-
tionally unstable in the future (Figure S5).

Higher temporal resolution (3 hourly) of RCM model-
ling outputs makes it possible to analyse diurnal variation
of future changes in temperature. As shown Fig. 8, the lower
troposphere (below 850 hPa) is found to be less stable in
the afternoon and more stable in the early morning. These
changes will directly impact on a variety of weather systems.
For instance, in Australia, thunderstorms mostly occur in the
afternoon and peak around 6 p.m. local time (Allen et al.
2011). The lower troposphere is projected to be less stable in
the late afternoon, which will potentially increase the occur-
rence of thunderstorms. More work is required to analyse
thunderstorm and severe thunderstorm related indices for
assessing the impact of temperature profile changes on the
frequency and intensity of thunderstorm events. Tempera-
ture inversions (i.e. near surface inversions) mostly occur
in the early morning (Ji et al. 2018). The lower troposphere
is projected to be more stable in the early morning, which
indicated an increased possibility for temperature inversions
in the future. Ji et al. (2018) analysed future changes in near
surface temperature inversions for southeast Australia (the
10 km NARCIiM domain shown in the red box in Fig. 1)
and concluded that more near surface inversions with longer
duration will occur over the southern land areas, and fewer
inversions with shorter duration will occur over the northern
land areas, but their strength increases everywhere. These
seem to conflict with the conclusions of this study. How-
ever, changes in temperature at near surface level (Fig. 8)
do show faster increases in temperature at surface levels as
compared to the layers above for areas north of 30°S, which
supports the conclusion in Ji et al. (2018). The results in this
study also indicated more suitable conditions for tempera-
ture inversions in the early morning but not necessarily near
surface inversions.

As dynamical downscaling takes substantial time to cre-
ate regional climate simulations, relatively old CMIP3 GCM
downscaled simulations and available CMIPS GCM down-
scaled simulations were used in this study. They indicated
similar changes in the spatial pattern (Fig. 5), however, the
uncertainties between NARCIiIM/CORDEX simulations are
relatively large (not shown), but it is reflected in the differ-
ences between different GCM driven simulations (Fig. 9).
When more CMIP5 GCMs downscaled simulations and new
CMIP6 GCMs downscaled simulations become available
the projected changes in atmospheric temperature should
be reviewed.

From the results for “same GCM driven simulations” and
“same RCM used simulations”, it can be seen that changes
in temperature between “same RCM used simulations”
are similar. In contrast, those between “same GCM driven

simulations” are quite different in magnitude (Fig. 9). This is
understandable, as the GCMs selected in the NARCIiM pro-
ject were chosen based on a number of criteria that include
spanning the range of future changes across the CMIP3
GCMs (Evans et al. 2014). For Australia, MIROC3.2 pro-
jects a slightly warmer and much wetter future, CCCMA3.1
projects a hotter and slightly wetter future, CSIRO-MK3.0
projects a slightly warmer and drier future, and ECHAMS
projects a hotter and slightly drier future. The differences
in temperature and humidity projected by the four GCMs
result in diverse changes in temperature magnitude for the
four “same GCM used simulations” (Fig. 9). This is consist-
ent with findings from previous uncertainty studies, which
suggest that the largest uncertainty in future projections is
sourced from GCMs (Teng et al. 2012). These imply that
careful selection of GCMs is required to capture the range
of future changes within the full GCM ensemble when per-
forming dynamical downscaling projects.

5 Summary and conclusions

The main objective of this study is to assess how atmos-
pheric vertical temperature profiles might change under
future climate conditions using an ensemble of regional
climate model simulations. We first analyzed temperature
trends in observed records and in four reanalysis datasets,
then we focused on far future changes of mean tempera-
ture relative to the historical period, including seasonal and
diurnal variations, and differences between members of the
ensemble.

Trends in observations and the four reanalysis datasets
show faster warming in the troposphere than the surface,
and cooling in the lower stratosphere. These temperature
trends are projected to continue with accelerated warming
rate in the future. These changes in temperature are found
to be latitude-dependent, with much larger increases in the
tropical regions as compared to the temperate region, par-
ticularly for the upper troposphere levels i.e. between 200
and 300 hPa.

The results show that air temperature warms more over
land than over oceans in the lower troposphere, and less over
land than over oceans for the middle troposphere, which
indicates that the atmosphere in the lower troposphere over
land will be less stable than that over ocean, especially in
summer.

The results also show clear seasonal and diurnal vari-
ations in temperature changes. Temperature generally
increases faster in summer than in winter, especially for
higher latitude areas. Diurnal variation of changes indicates
that the lower troposphere will be less stable in the afternoon
and more stable in the early morning, which will directly
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impact weather systems such as thunderstorms and tempera-
ture inversions.

Uncertainties between simulations are found to be rela-
tively large, especially when considering RCM simulations
driven by different GCMs. This suggests that careful selec-
tion of GCMs, including consideration of the range of future
changes present in the GCM ensemble, is required when
dynamically downscaling projections in order to adequately
sample this future change uncertainty.

In conclusion, the results of this study indicate that the
rate of vertical temperature changes will increase in the trop-
osphere in the future, with clear regional, seasonal and diur-
nal variations. These results have important consequences
for projections of some extreme weather phenomena which
should be further investigated in future work.
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