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Australian climate warming: observed change from 1850 and 
global temperature targets 
Michael R. GroseA,* , Ghyslaine BoschatB,C, Blair TrewinB , Vanessa RoundA, Linden AshcroftC,D,  
Andrew D. KingC,D, Sugata NarseyB and Edward HawkinsE   

ABSTRACT 

Mean annual temperature is often used as a benchmark for monitoring climate change and as an 
indicator of its potential impacts. The Paris Agreement of 2015 aims to keep the global average 
temperature well below 2°C above pre-industrial levels, with a preferred limit of 1.5°C. 
Therefore, there is interest in understanding and examining regional temperature change using 
this framework of ‘global warming levels’, as well as through emissions pathways and time 
horizons. To apply the global warming level framework regionally, we need to quantify regional 
warming from the late 19th century to today, and to future periods where the warming levels are 
reached. Here we supplement reliable observations from 1910 with early historical datasets 
currently available back to 1860 and the latest set of global climate model simulations from 
CMIP5/CMIP6 to examine the past and future warming of Australia from the 1850–1900 baseline 
commonly used as a proxy for pre-industrial conditions. We find that Australia warmed by 
~1.6°C between 1850–1900 and 2011–2020 (with uncertainty unlikely to substantially exceed 
±0.3°C). This warming is a ratio of ~1.4 times the ~1.1°C global warming over that time, and in 
line with observed global land average warming. Projections for global warming levels are also 
quantified and suggest future warming of slightly less than the observed ratio to date, at ~1.0–1.3 
for all future global warming levels. We also find that to reliably examine regional warming under 
the emissions pathway framework using the latest climate models from CMIP6, appropriate 
weights to the ensemble members are required. Once these weights are applied, results are 
similar to CMIP5.  

Keywords: Australian mean annual temperature, climate projections, climate warming, future 
mean annual temperature, global surface air temperature, global temperature targets, global 
warming levels, historical change, observed change. 

1. Introduction 

Global surface air temperature (GSAT) is used as a guide to the magnitude of climate 
change we experience, and as an indicator of the level of potential impacts. Since the 
Paris Agreement in 2015, there has been strong interest in assessing regional climate 
change at defined global warming levels of 1.5 and 2°C since the pre-industrial era, and 
then comparing these to higher levels of global warming such as 3 and 4°C, whenever 
they might be reached during transient climate change this century. This framework has 
been titled ‘global warming levels’ (James et al. 2017). There is now interest in what 
these levels mean regionally. Quantifying the regional warming and climate impacts 
associated with future global warming targets is a topic of great interest as countries seek 
to mitigate the impacts of climate change (e.g. Harrington et al. 2018). However, there is 
also interest in examining climate change according to diverging future emission or 
concentration pathways, commonly using the Representative Concentration Pathways 
(RCPs) of van Vuuren et al. (2011) or the Shared Socio-economic Pathways (SSPs) of  
Meinshausen et al. (2019). Under the pathway framework, change can be reported from a 

For full list of author affiliations and 
declarations see end of paper 

*Correspondence to: 
Michael R. Grose 
CSIRO Climate Science Centre, Hobart, 
Tas., Australia 
Email: michael.grose@csiro.au 

Handling Editor: 
Anthony Rea 

Received: 15 May 2022 
Accepted: 31 January 2023 
Published: 20 February 2023 

Cite this: 
Grose MR et al. (2023) 
Journal of Southern Hemisphere Earth 
Systems Science 
73(1), 30–43. doi:10.1071/ES22018 

© 2023 The Author(s) (or their 
employer(s)). Published by 
CSIRO Publishing on behalf of the Bureau 
of Meteorology.  
This is an open access article distributed 
under the Creative Commons Attribution- 
NonCommercial-NoDerivatives 4.0 
International License (CC BY-NC-ND) 

OPEN ACCESS  

https://www.publish.csiro.au/
https://www.publish.csiro.au/
https://doi.org/10.1071/ES22018
www.publish.csiro.au/es
www.publish.csiro.au/es
https://orcid.org/0000-0001-8012-9960
https://orcid.org/0000-0001-8186-7885
mailto:michael.grose@csiro.au
https://doi.org/10.1071/ES22018
https://creativecommons.org/licenses/by-nc-nd/4.0/


historical baseline to useful future time horizons, commonly 
20-year periods such as 2040–2059 or 2080–2099. Both the 
global warming level framework and the pathway framework 
are presented in products such as the Intergovernmental Panel 
on Climate Change Sixth Assessment Report (IPCC AR6,  
Masson-Delmotte et al. 2021), featuring prominently in the 
Atlas chapter and Interactive Atlas (Gutiérrez et al. 2021). 
However, there are some remaining knowledge gaps when 
applying either framework in Australia. 

To use the global warming levels framework, an estimate 
of regional warming since pre-industrial times is needed, or 
at least since 1850–1900 as an ‘early industrial’ baseline 
(Hawkins et al. 2017; Schurer et al. 2017). Estimating cli-
mate warming is also useful for simply understanding the 
climate change already experienced in Australia. However, 
both the global and especially the regional change since 
1850–1900 are uncertain since data are sparse prior to the 
20th century in many places (e.g. Morice et al. 2012). 
Limited standardisation of instruments and observational 
procedures in the 19th century adds additional uncertainty 
to global and regional averages. There are few regions of 
the world where high-quality long-term observational 
temperature series are available for the full post-1850 
period. Australia has a quality-controlled temperature series 
only back to 1910 in the Australian Climate Observations 
Reference Network – Surface Air Temperature (ACORN- 
SAT) dataset (Trewin et al. 2020), and a more limited 
range of observations available from 1860 (e.g. Ashcroft 
et al. 2012). The linear trend during 1910–2019 from the 
ACORN-SAT dataset is 1.44 ± 0.24°C (Trewin et al. 2020), 
but there are likely to be changes between 1850 and 1910 
that remain unaccounted for. Climate models can also be 
used to examine past changes in conjunction with observa-
tions to fill gaps in space and time, either through the use of 
reanalysis of the actual climate or examining the forced 
response through free-running climate models. 

The global warming levels framework also needs model 
estimates of change to a future period when the global 
warming levels are reached. Here we rely heavily on climate 
models, since they provide a physically based simulation of 
future conditions. To examine future conditions at global 
warming levels, model outputs from the Coupled Model 
Inter-comparison Project phase 5 (CMIP5; Taylor et al. 2012) 
and phase 6 (CMIP6; Eyring et al. 2016) can be examined 
using the ‘time sampling’ method (James et al. 2017). This 
method accounts for the different rates of warming between 
models by sampling in windows around the time that each 
model reaches a global warming level rather than a consistent 
timeframe. By sampling in time when each model reaches 
the global warming levels, the results are standardised 
for the circumstances where climate sensitivity is higher 
(reaching warming levels sooner) or lower (reaching warming 
levels later). 

To apply the emissions pathway and time horizon frame-
work, ideally a balanced sampling of various uncertainties 

should be made, including climate sensitivity, which is not 
standardised under this framework. The CMIP simulations 
are ‘ensembles of opportunity’, so do not represent a bal-
anced sample of model uncertainty, and modelled climate 
sensitivity presents a challenge in the latest round of CMIP 
models. Compared to the range estimated by an independent 
assessment (e.g. Sherwood et al. 2020), the CMIP5 spread is 
a reasonable approximation of this assessed range, but the 
CMIP6 spread is not, with sensitivity above the likely range 
over-represented and two models below the very likely range 
(Zelinka et al. 2020; Hausfather et al. 2022). It has been 
noted that the ‘hot models’ cannot be entirely discounted 
(Bloch-Johnson et al. 2022), but just should not be over- 
represented in an ensemble. For the assessment of global 
temperature change in IPCC AR6, it was acknowledged 
that the uneven spread of climate sensitivity in CMIP6 
means that the ‘one model one vote’ approach does not 
produce balanced ensemble statistics for global mean tem-
perature change (Arias et al. 2021). Instead, an assessment of 
warming to date and climate sensitivity was combined with 
the outputs from CMIP models using weighting schemes, as 
well as Earth System Model emulators, to generate warming 
estimates in Arias et al. (2021). Weighting schemes for 
CMIP6 that attempt to address the climate sensitivity issue 
include those by Brunner et al. (2020) and Tokarska et al. 
(2020). Emulators have been used regionally (e.g. Beusch 
et al. 2022), and could be used as a part of comprehensive 
and balanced warming projections for Australia. However, 
weighting scheme methods have not been applied regionally 
before, including in Australia. 

Here we address these knowledge gaps by examining 
temperature change in Australia from the early industrial 
baseline of 1850–1900 using various methods, and then 
projected change to various global warming levels and for 
the SSPs using an example weighting scheme. We examine 
the national average as well as sub-regions including states 
and territories, as a picture of past, present and future 
warming in our region. 

2. Data and methods 

2.1. Datasets and models 

The Australian mean annual temperature anomaly (using a 
1961–1990 baseline) for the 1910–2021 period is derived 
from the homogenised, Australia-wide temperature records 
in the ACORN-SAT version 2.1 (ACORN-SATv2.1; Trewin 
et al. 2020). The ACORN-SATv2.1 comprises daily tempera-
ture observations from 112 locations across Australia that 
have been thoroughly examined for non-climatic influences 
and inhomogeneities. 

There are challenges in assessing Australian temperature 
change prior to 1910, as there are very limited data available 
outside mainland south-east Australia before the mid-1870s, 
apart from some for Western Australia (Gergis et al. 2021) 
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and limited records from the Northern Territory. There are 
also substantial inhomogeneities in the dataset as a result of 
the wide range of instrument exposures prior to the intro-
duction of the Stevenson thermometer screen as a standard. 
The change to Stevenson screens was largely complete by the 
mid-1890s in Queensland, South Australia and the Northern 
Territory, but did not occur in New South Wales and Victoria 
until 1906–1908 (Nicholls et al. 1996). The observed dataset 
for south-east Australia in Ashcroft et al. (2012) is used, as 
this addresses these homogeneity issues (e.g. adjusting for 
the introduction of the Stevenson screen), and uses monthly 
observations from 38 long-term stations to calculate a 
regional average over 138–154°E, 24–40°S (land-masked) 
and from 1860 onwards. The inter-annual temperature vari-
ability in this region is higher than for Australia as a whole, 
but the longer-term trends for this region may still be a proxy 
for trends in the nation. Supporting this, the correlations 
between the ACORN-SAT and Ashcroft datasets from 1910 
to 2010 are R = 0.90 for annual data, R = 0.97 for 11-year 
running averages and the differences in the 30-year changes 
calculated as rolling linear trends over 1910–2016 are all less 
than 0.1°C. 

We also examine the paleo-climate reconstruction of the 
years 1000–2000 from Gergis et al. (2016) for broader con-
text. This 1000-member reconstruction of regional tempera-
ture is based on the composite plus scale technique, where 
data from temperature-sensitive proxies are standardised and 
combined, then scaled using an instrumental target record. 
The reconstruction covers the entire region of Australasia 
(0–50°S, 110–180°E) and is relevant to land and ocean, so 
likely underestimates trends over Australian land only. Also, 
the reconstruction is for the September–February season 
rather than the entire year. 

For comparison to the regional high-quality dataset from 
ACORN-SATv2.1, mean annual temperature values (median 
estimate) for the land area of Australia are derived from the 
following global gridded datasets: HadCRUT5 (Morice et al. 
2021), Berkeley Earth (Rohde and Hausfather 2020), NOAA 
GlobalTemp (Huang et al. 2020; Zhang et al. 2019), Cowtan 
and Way (2014) and GISTEMP (Lenssen et al. 2019). Note 
that NOAA GlobalTemp and GISTEMP are available from 
1880, the others from 1850. 

Mean annual temperature was examined in CMIP5 models 
for the historical and RCP simulations, and from CMIP6 
models for the historical and SSP simulations (Table 1). At 
the global scale, two aspects to be considered are (a) that 
model fields are globally complete whereas observed data-
sets have gaps in spatial coverage, which are treated differ-
ently, and (b) observed global mean annual temperature 
anomalies are surface air temperature over land and sea 
surface temperature over ocean, whereas models use surface 
air temperature for the whole globe. Globally complete 
observed datasets (which, in this context, include reanalyses) 
show stronger recent warming than datasets that have spa-
tial gaps, largely because the latter underrepresent areas in 

high northern latitudes that are warming faster than the 
global mean (Simmons et al. 2017). The IPCC AR6 finds 
that estimates of change in GSAT and global mean surface 
temperature are likely to be slightly different, but that there 
is no clear evidence of the sign of this difference (Gulev et al. 
2021). Neither issue would be expected to have an impact on 
model–observation comparisons over the Australian conti-
nent, since there is complete coverage in all datasets here 
and we only examine temperature over land. 

2.2. Estimating warming from 1850 to 1900 

Temperature change from the early industrial baseline to 
the recent past is estimated by the difference in mean tem-
perature between the 1850–1900 and 2011–2020 periods, 
consistent with the IPCC’s Sixth Assessment Report (Masson- 
Delmotte et al. 2021). This method is used rather than a 
linear trend, as used in Trewin et al. (2020), since a linear fit 
is an inaccurate description of the data for this longer period 
(see Fig. 1, see Section 3.2). The ACORN-SATv2.1 dataset is 
used from 1910, and we focus here on an estimate of the 
difference between 1850 and 1900 and the early part of this 
observed series (1910–1930 is used), to use as an addition to 
the series to account for change prior to 1910. 

Six different methods were used to estimate this offset 
using different datasets and models: (1) the paleo-climate 
reconstruction, (2) the early historical observational dataset, 
(3) global gridded observation datasets, (4) CMIP5 and 
CMIP6 global climate model outputs, (5) global climate 
model outputs with bias corrections applied and (6) a statis-
tical model based on global mean temperature. 

The bias correction (method 5) is applied to climate model 
outputs to adjust the simulated output from each model for 
1850–1909 based on differences between the observations 
(ACORN-SATv2.1) and the model output over a training 
period (here 1910–1960). The method we use is the Empirical 
Quantile Mapping method which calibrates the simulated 
cumulative distribution function (CDF) based on a non-
parametric function that amends mean, variability and shape 
errors in the CDF (for more detail, see Amengual et al. 2012). 

A regression model (method 6) is generated between 
global mean temperature, which is likely to be more reliably 
estimated in 1850–1910 than regional temperature, and 
local temperature. The linear regression model is calculated 
from 1910 to 2019, then used to generate a predicted 
regional time series with confidence bounds for the entire 
1850–2019 period. 

2.3. Projections 

Projected change for global warming levels was calculated 
using time sampling (James et al. 2017) of CMIP5 models. 
Results from CMIP5 are the main focus of this study, as 
they are the most developed, but we briefly compare 
these findings to those from CMIP6 to assess any difference. 
Choices on the method are similar to that of the IPCC Atlas 
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Table 1. CMIP5 and CMIP6 models used in this study – Run 1 of CMIP5 models used in RCP projections and ‘time sampling’ for global 
warming level projections; CMIP6 models used in equal weighting of Run 1, those members used in the IPCC Interactive Atlas (IPCC IA) of   
Gutiérrez et al. (2021), and the number of realisations used in the  Brunner et al. (2020) weighting scheme.        

CMIP5 models CMIP6 models IPCC IA Realisations used for 
weighting   

1 ACCESS1-0 ACCESS-CM2 r1i1p1f1  1 

2 ACCESS1-3 ACCESS-ESM1-5 r1i1p1f1  3 

3 bcc-csm1-1 AWI-CM-1-1-MR r1i1p1f1  1 

4 bcc-csm1-1-m BCC-CSM2-MR r1i1p1f1  1 

5 BNU-ESM CAMS-CSM1-0 r2i1p1f1  2 

6 CanESM2 CanESM5 r1i1p1f1  50 

7 CCSM4 CanESM5-CanOE   3 

8 CESM1-BGC CAS-ESM2-0   

9 CESM1-CAM5 CESM2 r4i1p1f1  2 

10 CMCC-CESM CESM2-WACCM r1i1p1f1  1 

11 CMCC-CM CIESM   

12 CMCC-CMS CMCC-CM2-SR5 r1i1p1f1  

13 CNRM-CM5 CMCC-ESM2   

14 CSIRO-Mk3-6-0 CNRM-CM6-1 r1i1p1f2  6 

15 FGOALS-g2 CNRM-CM6-1-HR r1i1p1f2  1 

16 FGOALS-s2 CNRM-ESM2-1 r1i1p1f2  5 

17 FIO-ESM EC-Earth3 r1i1p1f1  7 

18 GFDL-CM3 EC-Earth3-Veg r1i1p1f1  3 

19 GFDL-ESM2G EC-Earth3-Veg-LR r1i1p1f1  

20 GFDL-ESM2M FGOALS-f3-L   1 

21 GISS-E2-H FGOALS-g3 r1i1p1f1  1 

22 GISS-E2-H-CC FIO-ESM   3 

23 GISS-E2-R GFDL-CM4 r1i1p1f1  

24 GISS-E2-R-CC GFDL-ESM4 r1i1p1f1  1 

25 HadGEM2-AO GISS-E2-1-G   1 

26 HadGEM2-CC HadGEM3-GC31-LL r1i1p1f3  1 

27 HadGEM2-ES HadGEM3-GC31-MM   

28 inmcm4 IITM-ESM r1i1p1f1  

29 IPSL-CM5A-LR INM-CM4-8 r1i1p1f1  1 

30 IPSL-CM5A-MR INM-CM5-0 r1i1p1f1  1 

31 IPSL-CM5B-LR IPSL-CM6A-LR r1i1p1f1  6 

32 MIROC5 KACE-1-0-G r2i1p1f1  1 

33 MIROC-ESM KIOST-ESM r1i1p1f1  

34 MIROC-ESM-CHEM MCM-UA-1-0   1 

35 MPI-ESM-LR MIROC-ES2L r1i1p1f2  1 

36 MPI-ESM-MR MIROC6 r1i1p1f1  3 

37 MRI-CGCM3 MPI-ESM1-2-HR r1i1p1f1  2 

38 MRI-ESM1 MPI-ESM1-2-LR r1i1p1f1  10 

39 NorESM1-M MRI-ESM2-0 r1i1p1f1  2 

40 NorESM1-ME NESM3 r1i1p1f1  2 

41  NorESM2-LM r1i1p1f1  

42  NorESM2-MM r1i1p1f1  1 

43  TaiESM1 r1i1p1f1  

44  UK-ESM1-0-LL r1i1p1f1  5   
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(Gutiérrez et al. 2021), using Run 1 from up to 40 CMIP5 
models. Only RCP8.5 simulations are used, to ensure a 
consistent and sufficiently large ensemble size for each 
warming level, as higher warming levels (e.g. 4°C) are not 
met under the lower pathways. This is consistent with other 
studies including Schleussner et al. (2016). For example, 
fewer than one-third of models reach a global warming 
level of 3°C or above under RCP4.5, whereas almost all mod-
els could provide data on global warming levels up to 4°C 
under RCP8.5. It is worth noting that a high-end emissions 
scenario is used for a consistent sample size in each warming 
level, but results are similar between RCP8.5 and other RCPs 
for all lower warming levels (not shown). Changes for the 1.5, 
2, 3 and 4°C warming levels are presented but we make no 
comment on the likelihood of reaching any one of these levels. 
Also, our results should be interpreted as representing 
Australian temperature changes for a transient climate rather 
than a stabilised climate where net-zero emissions is achieved 
in line with policy goals (Rogelj et al. 2017). Regional tem-
perature changes under transient and stabilised global warm-
ing levels differ (e.g. King et al. 2020). 

To identify the global warming level epoch in each 
model, a 10-year running mean is first applied to the glob-
ally averaged temperature anomaly from 1850 to 1900. 

Years where the running mean global temperature falls 
within ±0.2°C tolerance of the warming level are selected 
(e.g. 1.8–2.2°C for a 2°C global warming level), along with 
the ±5 years on either side, as used in King et al. (2017). 
These years are then used to time sample for regional tem-
peratures under each global warming level. The 10–90th 
percentile and model mean are then given. 

For the emissions pathway and time horizon framework, 
first the ensemble spread of equal weighting is calculated, 
then the 10–90th percentile range and mean of Run 1 from 
CMIP5 and CMIP6 models (Table 1). Following this, weight-
ing based on global warming and model independence by  
Brunner et al. (2020) is applied to the same models, ensem-
ble members and SSP (SSP5–8.5) specific to that study, and 
again the 10–90% range and model mean are shown. 
Weights vary between 0.0013 for models with poor evalua-
tion and match to historical trends, through to 0.13 for 
models with higher evaluation and match to historical 
trends. This weighting is not applied to other SSPs, as the 
same ensemble members are not all available for all SSPs. 
This result is not presented as a comprehensive assessment 
of future warming in CMIP6, but rather as an illustration of 
the relevant issues using an example approach for a very 
high concentration pathway. 
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3. Results 

The summary graphic (Fig. 1) and table (Table 2) of mean 
annual temperature shows a central estimate of warming of 
0.2°C between the late 19th century (1850–1900) and the 
first 20 years of the official observed record (1910–1930), 
and of 1.6°C between the late 19th century (1850–1900) and 
the recent decade (2011–2020) for Australia, as well as 
projected regional warming under all global warming levels 

and selected concentration pathways. These components are 
examined in the following sections. 

3.1. Temperature difference 1850–1900 
to 1910–1930 

The paleo-climate reconstruction indicates a warming 
of 0.04°C between 1850–1900 and 1910–1930 for land 
and ocean regions of Australasia (Fig. 2). This is likely an 

Table 2. Changes in mean annual temperature (°C) between periods and for global warming levels, as listed, for Australia and Australian 
states and territories.         

Region 1850–1900 
to 1910–1930 

1850–1900 
to 2011–2020 

1.5°C 
GWL 

2°C GWL 3°C GWL 4°C GWL   

Australia 0.2 (0.0 to 0.4) 1.6 (1.3 to 1.9) 1.2–2.0 1.7–2.4 2.7–3.7 3.3–5.0 

New South Wales 
(incl. ACT) 

0.2 (−0.1 to 0.5) 1.6 (1.2 to 2.0) 1.3–2.0 1.7–2.5 2.8–3.6 3.6–4.8 

Northern Territory 0.2 (−0.2 to 0.4) 1.5 (1.0 to 1.8) 1.3–1.7 1.8–2.7 2.7–3.9 3.3–5.5 

Queensland 0.2 (0.0 to 0.4) 1.7 (1.4 to 2.0) 1.2–2.0 1.6–2.6 2.7–3.8 3.2–4.4 

South Australia 0.2 (−0.1 to 0.4) 1.7 (1.3 to 2.0) 1.3–1.8 1.9–2.3 2.8–3.4 3.5–4.6 

Tasmania 0.1 (−0.1 to 0.4) 1.1 (0.8 to 1.5) 0.9–1.4 1.1–1.8 1.9–2.6 2.6–3.6 

Victoria 0.2 (−0.1 to 0.5) 1.4 (1.0 to 1.8) 1.3–1.6 1.6–2.1 2.6–2.9 3.3–4.0 

Western Australia 0.2 (0.0 to 0.3) 1.5 (1.2 to 1.7) 1.3–2.0 1.8–2.6 2.9–3.8 3.6–5.1 

Estimated change between 1850–1900 and 2011–2020 uses ACORN-SATv2.1 observations with the estimate of early warming added (range in brackets for 
Australia indicate the upper and lower estimate), estimate for change to the recent decade includes uncertainty in this early warming plus an estimate of decadal 
uncertainty within ACORN-SATv2.1; all other columns use CMIP5 model outputs as the source, and global warming levels are calculated using time sampling of 
RCP8.5 simulations (10–90% range given). GWL, global warming level.  
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Fig. 2. Mean annual temperature relative to 1910–1930 for Australian average from ACORN-SATv2.1, south-east Australian 
average from early historical records in  Ashcroft et al. (2012) and Australasian average from paleo-climate reconstructions from   
Gergis et al. (2016).    
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underestimate of land-only change for Australia specifically, 
as trends over ocean and New Zealand are lower than for the 
Australian landmass (e.g. Gulev et al. 2021). However, the 
whole series provides useful context for further investiga-
tions, as it shows that temperature likely varied by less than 
±0.3°C for the period 1000–1850, and trends were all much 
less than in the recent period. Note that the early historical 
record and observed ACORN-SATv2.1 record overlaid on 
this proxy record are for Australian land specifically, so 
have higher interannual variability. 

The early historical record shows a difference of 0.26°C 
between 1860–1900 and 1910–1930 (Fig. 2, 3). The higher 
interannual variability in south-east Australia compared to 
the national average is seen in the overlapping series 
(Fig. 3b). But as mentioned above, this does not necessarily 
mean it is not a useful proxy for trends at the national scale 
over multiple decades. 

Global gridded datasets align closely with each other and 
with ACORN-SATv2.1 since 1910 but show some different 
variability and trends in the earlier part of the record 
(Fig. 3c). The difference between 1850–1900 (or 1880–1900 
for GISTEMP and NOAA) and 1910–1930 varies between 0.0 
and 0.1°C, with a median of 0.07°C. 

In CMIP5 and CMIP6 models there is a spread of temper-
ature changes between 1850–1900 and 1910–1930. The 
CMIP5 results are shown in Fig. 3, with a model median at 
0.21°C. Apart from some outliers, most models are grouped 
around this value, with the 25–75% range of 0.08–0.26°C. 
There is a range of cooling responses to the Krakatoa volcanic 
eruption in 1883 in the models, explaining some differences. 
Natural variability, possibly related to trends in land surface 
variables and rainfall, may also explain some differences in 
the model results, from strong warming in GFDL-ESM2G 
(0.6°C) that may be related to the strong drying over the 
inland region in this model over the period, to slight cooling 
in MRI-ESM1 (−0.1°C) that may be related to the simulated 
rainfall increase over the period (rainfall analysis not shown). 
Applying the bias adjustment to CMIP5 gives a median dif-
ference of 0.17°C and slightly reduces the spread between all 
models but retains a similar 25–75% range (0.08–0.25°C). 
Results are similar for uncorrected CMIP6 data (median 
0.17°C, 25–75% range 0.04–0.26°C). 

The regression model based on observed global warming 
to local warming gives a difference of 0.0–0.2°C between 
1850–1900 and 1910–1930. However, the model shows con-
siderable noise, with a confidence interval of ~0.2°C through 
the series, and this relationship is commonly used to estimate 
‘noise’ when estimating climate emergence (Hawkins et al. 
2020). Therefore, the result is not useful to quantify the 
difference between the two periods but is helpful as an inde-
pendent check that the broad magnitude of change aligns with 
other results. 

The paleo-climate record and observed datasets all have 
limitations, but nevertheless all indicate a difference in the 
range of 0.0–0.26°C between the two periods. This range is 

supported by the regression model for global temperature. 
The dataset with the most in situ measurements, the early 
historical record, gives the higher value of change. However, 
the presence of various uncertainties suggests that the 
change value cannot be estimated with statistical reliability 
using these observations alone. 

The various uncertainties in the different data sources 
(observed datasets, paleo records and models) differ in 
nature, and cannot be easily combined to produce a single 
estimate of this change value, so here we choose a single 
source to use. We take the median of CMIP5/CMIP6 models 
as a useful estimate (0.2°C), since it has complete spatial and 
temporal coverage and has a coherent representation of the 
effect of early climate forcings. We note that this is more 
conservative than the historical dataset with the most in situ 
data from Ashcroft et al. (2012) at 0.27°C but is broadly 
consistent with the order of magnitude of change from other 
sources. The value is slightly higher than that obtained from 
the global gridded datasets, but we note that some of these 
datasets do not include the station records used in Ashcroft 
et al. (2012) and interpolate data over long distances in 
some cases. Also, historical trends in the 1910–2021 period 
are typically lower in the global datasets than in ACORN- 
SAT, suggesting that they generally have suppressed trends 
compared to high-quality regional observation datasets. The 
ACORN-SATv.2 showed stronger recent warming than ACORN- 
SATv.1 for Australia, partly because of improved treatment 
of the large number of site moves from in-town to out-of- 
town locations in the 1990s and 2000s (Trewin et al. 2020), 
and it is likely that global datasets have to date not fully 
captured the changes corrected for in ACORN-SATv.2. Note 
we report a precision of only one decimal place here, at 
0.2°C. No formal confidence bounds are given due to the 
different forms of uncertainties involved. However, the max-
imum and minimum value found from any method or model 
(using the 10–90% model range, which excludes outliers 
such as those mentioned above) are used as an approximate 
guide to uncertainty. For Australia this is 0.0°C (HadCRUT5) 
to 0.4°C (highest model change), resulting in a 0.2 ± 0.2°C 
range. This convention is adopted henceforth, with the 
minimum and maximum values shown in parentheses. 

For states and territories within Australia (Table 2), the 
median modelled warming between these periods is 0.1°C 
(−0.1°C to 0.4°C) for Tasmania and 0.2°C for all others. The 
maximum and minimum values from any method are all in 
the range −0.2°C to 0.5°C for all, with the lowest coming 
from global gridded datasets and the highest coming from 
models. 

3.2. Historical temperature change 

Adding the 0.2°C estimate of early warming to the ACORN- 
SATv2.1 time series after it is already calculated as an 
anomaly from 1910 to 1930 gives us an estimated change 
relative to 1850–1900 (Fig. 1). This shows a difference 
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between 1850–1900 and 2011–2020 of 1.6°C (Fig. 1). 
Internal variability is larger at the national scale compared 
to the global scale, so its effect on the 10-year mean will be 
larger for Australia compared to the globe. An increased 

frequency of warmer or cooler years by chance during this 
recent decade may bias the estimated warming. However, 
with a 41-year Lowess filter through the data to remove 
variability at this scale (Fig. 1), the mean in the decade is 
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Fig. 3. Australian average annual mean temperature anomalies from ACORN-SATv2.1 during 1910–2020 and other datasets 
overlaid: (a) just ACORN-SATv2.1, (b) with early temperature records for south-east Australia since 1860, (c) from global 
gridded observational datasets available from 1850 or 1880 onwards and (d) from historical simulations from 45 CMIP5 climate 
models during 1850–2005 and CMIP6 models during 1850–2014. Anomalies are calculated relative to 1910–1930 and shading in 
panel (d) shows the 25–75% range of model results.    
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also 1.6°C above 1850–1900, suggesting variability does not 
unduly affect the estimate. Applying this filter also allows 
the calculation of warming to the most recent year of 2021 
in a long-term trend perspective, and this value is 1.76°C. 
A warming of 1.6°C between these periods is directly in line 
with the global land average of 1.6°C, and ~1.4 times the 
global average including land and ocean of 1.1°C reported 
in the IPCC’s Sixth Assessment Report (Masson-Delmotte 
et al. 2021). Accounting for the indicative uncertainty 
range, the ratio is 1.3–1.6 to the global average. The equiva-
lent warming between 1850–1900 and 2011–2020 for states 
and territories is 1.1°C in Tasmania, 1.4°C in Victoria, 1.5°C 
in Western Australia and the Northern Territory, 1.6°C in 
New South Wales and the Australian Capital Territory, and 
1.7°C in Queensland and South Australia (Table 2). 

The difference between this central estimate of 1.6°C 
change and that of 1.44°C value from Trewin et al. (2020) 
is the net result of three factors. The first is the addition of 
0.2°C rise between 1850–1900 and 1910–1930. The second 
is the effect of using a difference rather than linear trend. 
Owing to the accelerating warming trend, a linear trend 
over this longer 1850–2021 period is lower than the 
smoothed data at the start and end of the record and higher 
in the middle, illustrated using a typical model simulation 
blended with ACORN-SATv2.1 (Fig. 4). For comparison, the 
linear trend for this example blended series and the mean 
of all models is 1.8°C (and ranges within 1.4–2.1°C using 
different models), and the difference using this example 
model is 1.6°C, chosen to be similar to the model average. 
For reference, the linear trend of 1.44°C from 1910 to 
2019 compares with a difference of 1.31°C between the 
1910–1930 and 2010–2019 means. The third factor is the 
addition of one more year of data; Trewin et al. (2020) used 
1910–2019, and here we report for the decade 2011–2020, 
which is 0.07°C warmer than 2010–2019, with the relatively 
cool year of 2010 replaced in the decadal average by the 
warm year of 2020. 

The warming in Australia is higher than the global aver-
age and similar to the global land average since c. 1960, 
with some differences in the decadal trends before this 
(Fig. 4b). The ratio of Australian warming to global and 
global land average warming is noisy due to low values 
until c. 2000 but has been more stable at ~1.4 (global) 
and 1 (land) since then (Fig. 4c). 

The confidence bound from the core ACORN-SATv2.1 
record is reported as 1.44 ± 0.24 for 1910–2019 in Trewin 
et al. (2020), calculated as the random error on the linear 
trend. Such a confidence bound cannot be reproduced for 
the analysis presented here, as it does not use a linear trend. 
A more formal uncertainty estimate of the ACORN-SATv2.1 
record is produced by Grainger et al. (2022), incorporating 
observation error, grid point uncertainty and area-average 
uncertainty. This analysis found a change of 1.42 ± 0.28°C 
over the slightly shorter record of 1910–2018, again using a 
regression model. This estimate is consistent with Trewin 

et al. (2020), but the analysis cannot be reproduced for this 
estimate either, as the forms of uncertainty are not commen-
surate. The estimate of warming between 1850–1900 and 
1910–1930 does not use the same ACORN set of station 
observations only, change is measured as difference rather 
than a linear trend, and some errors are correlated between 
the two estimates. Therefore, no formal confidence bounds 
are given to this estimate; however, we note that the range 
from the early historical warming alone may be ~±0.2°C. 
Uncertainties (2-sigma) in annual mean values of Australian 
temperature in ACORN-SAT range from ±0.176°C in 1910 to 
±0.084°C in 2018 (Grainger et al. 2022). Using this as a basis 
for assessing uncertainties in decadal means and combining 
with the ±0.2°C uncertainty estimate for the 1850–1900 to 
1910–1930 change, it is considered unlikely that the uncer-
tainty in the total 1850–1900 to 2011–2020 change substan-
tially exceeds 0.3°C, making a range of 1.3–1.9°C (Table 2). 
An equivalent is calculated for each state and territory 
(Table 2). The uncertainty estimate in the 20-year running 
mean value for Australia in Berkeley for the 1850–1900 
period is 0.2°C relative to 1951–1980 (Rohde and Hausfather 
2020), supporting an uncertainty of this magnitude. For 
reference, the CMIP6 warming of Australian land between 
1850–1900 and 2011–2020 is generally lower than observed, 
with a mean of 1.3°C (model range 0.9–2.3°C), and only three 
of 44 models have warming of 1.6°C or above. 

3.3. Projected change for global warming levels 

Results here are for transient climate change this century, 
noting that stabilised climates at these global warming lev-
els will differ. Projected change in Australian mean annual 
temperature (land only) from 1850 to 1900 to all four global 
warming levels (1.5, 2, 3 and 4°C) are all ~0.9–1.3 times the 
global average including oceans (Fig. 1, Table 2). For exam-
ple, 2°C global warming is projected to be 1.7–2.4°C in 
Australia (10–90% range of models). These results match 
those in the IPCC Atlas and Interactive Atlas (Gutiérrez et al. 
2021) within 0.2°C tolerance. For example, the Atlas reports 
2°C global warming as 1.9–2.6°C for Australia. Results are 
very similar when using CMIP6 (e.g. 2°C gives 1.8–2.4°C), 
reflecting that this framework standardises for different 
spreads of climate sensitivity and other model differences 
in the two model ensembles. 

These projected changes differ from the observed changes 
to date in terms of the ratio to global average including 
oceans, and global land average. First, the simulated 
Australian warming is at a lower ratio compared to global 
warming (including oceans) than the ratio found in obser-
vations: 0.9–1.3 compared to 1.4 times (and at the low end 
of the range accounting for the indicative uncertainty esti-
mate). Also, the observed warming in Australia is similar to 
the global land average, but the projected warming of 
Australia is in fact lower than the global land average. For 
example, in CMIP6 at 2°C global warming, the global land 
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average is projected to be 2.6–2.8°C warmer (Gutiérrez et al. 
2021), which is higher than the 1.7–2.4°C for Australia. 

The simulated ratios between Australian and global 
warming are generally highly persistent through time and 

for each warming level, hence the consistent ratio to global 
warming through each level. The precise ratio in the 
observed world is likely influenced by natural variability, 
and noisy at lower levels of global warming, including the 
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current level (Fig. 4c). However, the results presented here 
suggest that all models may underestimate the current ratio 
of Australian to global warming, and further research is 
required into the cause of this difference if the difference 
persists and is not a function of natural variability in obser-
vations. Interestingly, the ratio of global land to global 
ocean warming (~1.8×, Masson-Delmotte et al. 2021) is 
higher in observations than in models as well. 

3.4. Projected change for RCPs and SSPs 

The 10–90% range of projected changes of Australian land 
average temperature between 1850–1900 and 2080–2099 for 
the SSPs using CMIP6 with equal model weighting reported 
in Gutiérrez et al. (2021), are 1.5–2.8°C under SSP1–2.6, 
2.4–4.0°C under SSP2–4.5, 3.3–5.4°C under SSP3–7.0 and 
4.2–6.6°C under SSP5–8.5 (Fig. 1). Ranges are very similar 
when using the slightly expanded model list (Table 1), for 
example SSP5–8.5 is 4.2–6.8°C. However, these ranges are 
not a balanced sampling of an independent assessment of the 
underlying uncertainty, as they are affected by the uneven 
spread in climate sensitivity in CMIP6. The issue is reflected 
in the notable difference between the CMIP5 and CMIP6 
projections for this period under a very high pathway of 
RCP8.5/SSP5–8.5 (Fig. 1). Part of this difference is explained 
by the concentration pathways not being identical, i.e. they 
both result in ~8.5 W m−2 radiation imbalance by 2100, but 
the mix of different forcings including greenhouse gas con-
centrations differ in how this is reached. However, the more 
notable reason for the difference is the different spread in 
climate sensitivity in CMIP6 compared to CMIP5, where 
CMIP6 has more models in the high range and by chance 
CMIP5 more closely matches the likely range (Zelinka et al. 
2020). As a demonstration of one potential solution to this 
issue, the Brunner et al. (2020) weighting system was 
applied, and the resulting range is narrower at both the 
upper and lower bound, at 3.9–5.8°C, and is closer to the 
CMIP5 RCP8.5 result (3.9–6.1°C). 

4. Discussion 

The increase in GSAT since the pre-industrial era is fre-
quently used as a measure of the magnitude of climate 
change and an indication of its impacts. Therefore, the 
mean annual temperature of Australia is also a useful quan-
tity to consider when examining our changing climate in the 
past and future and provides relevant context in discussions 
around climate change impacts and adaptation. A calcula-
tion of mean annual temperature based around a network of 
reliable station observations is the most credible and 
accepted approach to estimate mean annual Australian tem-
perature but this record for Australia is only available for 
1910 to the present. Various other datasets and models can 
be used to go further back in time and forward into the 
future under various scenarios of human development. 

The analysis provided here suggests that the Australian 
mean temperature rose slightly between 1850–1900 and 
1910–1930, based on different observed datasets and mod-
els. This finding is consistent with a small external forcing 
from an enhanced greenhouse effect present at the time. 
A central estimate of 0.2°C and an uncertainty range of 
±0.2°C between 1850–1900 and 1910–1930 was taken 
from models but is consistent with an uncertainty range of 
±0.2°C from the available observational data. Climate mod-
els are expected to give an estimated response to external 
forcings, including the increasing concentrations of green-
house gases in 1850–1930, along with natural forcings such 
as volcanic eruptions like Krakatoa. Models simulate their 
own internal variability adding ‘noise’ to this simulated 
climate response. The median of CMIP5 climate models 
gives a change of 0.21°C, and 0.17°C for both corrected 
CMIP5 and uncorrected CMIP6. These changes (all can be 
rounded to 0.2°C), represent the central estimate of different 
model responses, averaging out each model’s independent 
internal variability. A further analysis of a 40-member large 
ensemble of the CMIP6 model ACCESS-ESM1.5 gives a 
median estimate of 0.14°C, but with a range of −0.2 to 
0.4°C, indicating that internal variability may be larger 
than the signal, but that the externally forced response is 
likely to be a small increase. Trends from observed datasets 
suggest natural variability did not produce a difference 
between these two periods that is dramatically different 
from the average response to forcings of a small increase; 
all datasets show a difference of 0.0–0.3°C. 

The change in Australian temperature cannot be esti-
mated precisely before 1910, and various factors may have 
affected it that are difficult to fully account for, including the 
transient cooling due to the Krakatoa eruption, rainfall 
trends or changes to aerosols. However, we present an esti-
mate of 0.2°C (with this limited precision) as a best estimate 
based on the range from different datasets of early tempera-
ture change. Adding this value to the more established data-
set that is available from 1910 and calculating change as a 
difference between periods rather than as a linear trend, the 
warming of Australia between 1850–1900 and 2011–2020 
can be estimated at ~1.6°C with an uncertainty unlikely to 
exceed ±0.3°C. The ±0.3°C range is included throughout 
the entire series in Fig. 1 as a guide of uncertainty around 
this value. This change of 1.6°C is slightly greater than that 
from the linear trend in 1910–2021 of 1.44°C, mainly due to 
the warming in the early period and the effect of using a 
difference rather than a trend. This estimate of Australian 
historical climate warming is in line with the global land 
average, faster than the ocean average and the global aver-
age including oceans, but less than regions such as the Arctic 
or the large northern hemisphere continents. The CMIP 
models generally simulate a ratio of Australian to global 
warming that is lower than this new estimate of observed 
change (Section 3.3). This may be due to noise and uncer-
tainty in this ratio from observations (Fig. 4), but if the ratio 
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is persistently higher in observations than models with further 
warming, it may suggest a bias in models. A recent estimate of 
warming in the Arctic since 1979 is higher than previously 
suggested, and the amplification ratio is higher than in many 
models (Rantanen et al. 2022), and perhaps there are similar 
but less pronounced issues in Australia. 

Into the future, the CMIP models also suggest that 
Australia warms at a ratio to global warming that is slightly 
lower than that in observations (1.0–1.3 times, compared 
to 1.4), but similar to the ratio in the historical period in 
models. If this is not explained by uncertainty in the 
observed ratio or model bias, as discussed above, and is in 
fact a reliable finding, then it may be due to an increasingly 
enhanced warming in the northern hemisphere compared to 
the southern hemisphere, especially over the large northern 
hemisphere continents and Arctic region (Friedman et al. 
2013), but the precise details and causes of this need further 
investigation. 

Projections for global warming levels are relevant to pol-
icy, as they are the framework used in the Paris Agreement 
and are a convenient way of overcoming issues around 
CMIP6 as an ‘ensemble of opportunity’ with an uneven 
spread of climate sensitivity. Projections for global warming 
level can be contextualised by providing the timing of reach-
ing different global warming levels under different future 
emissions pathways. 

Projected warming for Australia from CMIP6 under the 
very high SSP5–8.5 pathway with equal model weighting 
differed from those with an example model weighting 
scheme applied in this study and those from CMIP5 by up 
to ~0.8°C at the high end. This supports the view that that 
‘one model one vote’ projections using CMIP6 give 
unbalanced estimates of warming (Hausfather et al. 2022), 
and a misleading view of the plausible range of temperature 
change. The effect is greater at the high end of the tempera-
ture range and under higher SSPs and near the end of the 
century, but will affect the projection under all SSPs. This 
analysis supports not using a ‘one model one vote’ approach 
when producing climate projections for SSPs and time hori-
zons using CMIP6 for temperature projections and projec-
tions of variables that correlate with warming. 

Various other solutions were used to produce balanced 
estimates of global warming for the SSPs by the IPCC’s Sixth 
Assessment Report (Masson-Delmotte et al. 2021), including 
the use of other weighting schemes, emulators and an expli-
cit accounting for climate sensitivity. Alternatively, only the 
global warming level results can be produced, and these can 
be contextualised in terms of SSP and timeframe using the 
thorough assessment of the timing of reaching those warm-
ing levels produced using an assessment of more than just 
CMIP models given in IPCC’s Sixth Assessment Report 
(Masson-Delmotte et al. 2021). To apply a similarly thorough 
exercise to regional warming in Australia is beyond the scope 
of this study; however, we present this analysis as an illus-
tration of the problem and to flag the need for further work. 

The 10–90% range with weighting presented here shows 
a relatively balanced presentation of the bulk of the range but 
not the tails. Warming above the 90% percentile of the model 
range after weighting, including the models with very high 
climate sensitivity, also cannot be ruled out, but can be con-
sidered as a ‘low likelihood high warming outcome’, as in 
IPCC’s Sixth Assessment Report (Masson-Delmotte et al. 2021). 

A more detailed analysis is required to give reliable 
estimates of Australian warming under the SSPs, involving 
CMIP5/CMIP6 models, the various weighting schemes, as 
well as an assessment of climate sensitivity and the use of 
emulators. The unequal sampling of climate sensitivity and 
warming in CMIP6 has flow-on effects to projected changes 
in temperature extremes, where changes to some extremes 
broadly follow the change in the mean, as illustrated by the 
initial assessment in Grose et al. (2020). However, it is also 
likely to affect the projected change in some other climate 
variables or features, and this needs careful assessment. 
Alternatively, users of climate projections can give a greater 
focus to global warming levels rather than time horizons, 
and the conditions and timing of reaching those global 
warming levels can be drawn from the independent assess-
ment. This standardises for climate sensitivity and warming 
rates, then reintroduces the time and emissions pathway 
dimensions using a balanced assessment, as suggested in  
Hausfather et al. (2022). 

5. Conclusions 

Mean warming is often used for gauging and benchmarking 
climate changes, so quantifying past and likely future warm-
ing is useful. The estimate of ~1.1°C global warming 
between 1850–1900 and 2011–2020 is a highly cited statis-
tic, and to estimate the equivalent Australian land area we 
must use various lines of imperfect evidence. Here we find 
that Australia likely warmed slightly between 1850 and 
1910, and likely warmed by ~1.6°C between 1850–1920 
and 2011–2020. This amount is similar to the global land 
average and ~1.4 times the global average including oceans. 
Uncertainty around this 1.6°C estimate is unlikely to subs-
tantially exceed ±0.3°C. 

The future Australian mean annual temperature to 2100 
depends very strongly on the emissions pathway the world 
follows. Future Australian warming is projected to likely 
remain higher than the global average but perhaps lower 
than the global land average, with variations across the region 
(lowest in Tasmania, highest inland). Owing to an uneven 
spread of climate sensitivity, the CMIP6 global climate models 
can be used for the ‘global warming levels’ framework with 
equal weighting, but not for time horizons and emissions 
pathways, where weighting or other modelling must be used. 

Australia has experienced statistically significant and 
substantial warming to date, and further warming is pro-
jected proportional to the global emissions pathway. This 
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mean warming is associated with substantial changes to 
climate extremes and impacts. 
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