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ABSTRACT

Using a set of numerical experiments from 39 CMIP5 climate models, we project the emergence time for 4◦C global
warming with respect to pre-industrial levels and associated climate changes under the RCP8.5 greenhouse gas concentration
scenario. Results show that, according to the 39 models, the median year in which 4◦C global warming will occur is 2084.
Based on the median results of models that project a 4◦C global warming by 2100, land areas will generally exhibit stronger
warming than the oceans annually and seasonally, and the strongest enhancement occurs in the Arctic, with the exception of
the summer season. Change signals for temperature go outside its natural internal variabilities globally, and the signal-to-
noise ratio averages 9.6 for the annual mean and ranges from 6.3 to 7.2 for the seasonal mean over the globe, with the greatest
values appearing at low latitudes because of low noise. Decreased precipitation generally occurs in the subtropics, whilst
increased precipitation mainly appears at high latitudes. The precipitation changes in most of the high latitudes are greater
than the background variability, and the global mean signal-to-noise ratio is 0.5 and ranges from 0.2 to 0.4 for the annual and
seasonal means, respectively. Attention should be paid to limiting global warming to 1.5◦C, in which case temperature and
precipitation will experience a far more moderate change than the natural internal variability. Large inter-model disagreement
appears at high latitudes for temperature changes and at mid and low latitudes for precipitation changes. Overall, the inter-
model consistency is better for temperature than for precipitation.
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1. Introduction

According to the Fifth Assessment Report (AR5) con-
ducted by the Intergovernmental Panel on Climate Change
(IPCC), the climate system is undergoing a warming process,
in which an increase of 0.65◦C–1.06◦C for the global aver-
age surface temperature has occurred over the period 1880–
2012. It is 95% certain that the ongoing warming can be
attributed to the human activity since the mid 20th century
(IPCC, 2013). Sustainable social and economic development
is increasingly in conflict with climate change and a closely
linked series of problems, such as environmental deteriora-
tion, ecological degradation, decreased biodiversity, and de-
creasing food and water supplies. In particular, the climate
is connected to a great number of shocks, which can push
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households into poverty, such as health problems, food price
shocks, crop reduction, and natural disasters. These shocks
will intensify under climate change, leading to a projected
extra 100 million people experiencing poor living standards
by 2030 (Hallegatte et al., 2015). Hence, investigations into
future climate change are of broad social and scientific inter-
est.

To avoid the severe risks induced by climate change,
the international community aims to control the increase in
global mean temperature at a certain threshold. It should be
noted that global climate change includes a series of regional
and local climatic variations, which have diverse impacts
(Joshi et al., 2011), and currently there is no objective warm-
ing target that can really identify when the climate system
can no longer bear the risk of dangerous interference (IPCC,
2013). In recent decades, to combat climate change, the most
frequently discussed threshold is a 2◦C limit with respect
to the pre-industrial period, which was initially proposed in
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1996 by the European Union and advocated as the suitable
global warming threshold in the 2009 Copenhagen Accord
(Randalls, 2010). Based on the benefits of limiting further
global warming, the Paris Agreement proposed a more ambi-
tious intention, which is to pursue international efforts to con-
trol the global mean temperature increase to 1.5◦C relative
to pre-industrial levels (http://unfccc.int/resource/docs/2015/
cop21/eng/l09r01.pdf). Accordingly, many studies have been
conducted to address the cumulative greenhouse gas emis-
sions budgets (e.g., Rogelj et al., 2011; Friedlingstein et al.,
2014; Rogelj et al., 2015; Schleussner et al., 2016a), emer-
gence times (e.g., Vautard et al., 2014; Jiang et al., 2016),
and climate changes (e.g., Kaplan and New, 2006; Anderson,
2012; May, 2012; Sui et al., 2015; Wang et al., 2017) rel-
evant to the 1.5◦C and 2◦C targets. Additionally, since the
IPCC is preparing to present a special report in 2018 on the
impacts of a 1.5◦C global warming, there has been consider-
able debate on the assessment of this level and its difference
with a 2◦C target (Schleussner et al., 2016b; King and Karoly,
2017; King et al., 2017). Considering the thermal inertia and
complexity of the climate system, along with its carbon cycle
feedback and radiative efficiencies (Steinacher et al., 2013),
global warming may reach a higher level than 2◦C. For in-
stance, there is reasonable confidence that the global mean
temperature will increase by more than 4◦C in 2081–2100
relative to 1850–1900 under the RCP8.5 greenhouse gas con-
centration scenario (IPCC, 2013). Therefore, of importance
for climate change is investigating a world that exceeds the
2◦C target, because that situation may bring unprecedented
challenges.

As stated in a public report by the World Bank (2012),
a great many record-breaking heat events, heavy floods, and
extreme droughts will occur if global warming crosses the
4◦C level with respect to the pre-industrial period, which
would cause severe threats to ecosystems, human systems,
and associated societies and economies. Thus, the report sug-
gested making every effort to avoid a 4◦C global warming,
to prevent catastrophic losses. With this recommendation in
mind, Friedlingstein et al. (2014) indicated that, from 2015
onwards, the remaining cumulative CO2 emissions quota as-
sociated with a 50% likelihood of exceeding 4◦C by 2100
is estimated to be 5100 (5000–6500) Gt (1 Gt=1012 kg). In
addition to greenhouse gas emissions budgets, preliminary
attention has also been given to the emergence time of 4◦C
warming above pre-industrial levels. Based on 17 simulations
in a HadCM3-QUMP-perturbed ensemble under the highest
SRES A1FI emissions scenario (QUMP: Quantifying Uncer-
tainty in Model Predictions project), the best estimated emer-
gence time of 4◦C global warming relative to 1861–90 was
projected to occur in the 2070s (Betts et al., 2011). In other
work, the timing of 4◦C global warming relative to 1871–
1900 will be crossed in 2081, according to the historical
and RCP8.5 experiments of 29 models in CMIP5 (Zhang et
al., 2013). Also, in a report by the World Bank (2013) on
the basis of the RCP8.5 experiments from 20 CMIP5 mod-
els, the estimated timing of 4◦C global warming relative to
1851–79 is in the 2080s. Note that these projections were

presented relative to various periods around 150 years ago—
namely, 1861–90 (Betts et al., 2011), 1871–1900 (Zhang et
al., 2013) and 1851–79 (World Bank, 2013)—during which
external forcings had evolved with time (Taylor et al., 2012).
However, because external forcings are fixed at non-evolving
pre-industrial conditions, and the future RCP experiments do
not include natural external forcings (Taylor et al., 2012), it
is more reasonable to take the pre-industrial control experi-
ments (ca. 1850) as the reference period. Additionally, only
some of the CMIP5 models have been applied in previous
projections (World Bank, 2013; Zhang et al., 2013), which
may hamper our understanding of the timing. In any case,
the time at which global warming will reach a 4◦C increase
in comparison with the pre-industrial level needs to be explic-
itly examined, especially based on the numerical experiments
carried out by all the obtainable CMIP5 models.

In addition to the timing, there is a lack of quantitative as-
sessments on the implications of 4◦C global warming (Fung
et al., 2011; Zelazowski et al., 2011). Actually, the corre-
sponding climate changes are of equal importance for an ob-
jective insight into a 4◦C global warming. Previously, James
and Washington (2013) used 24 CMIP3 models to project
African temperature and precipitation changes at 1◦C, 2◦C,
3◦C and 4◦C of global warming. Wang et al. (2015) applied
26 CMIP5 models to project future changes in extreme hot
summers over land in association with a 4◦C global warming.
Note that the climate varies from region to region (Mahlstein
et al., 2011), which raises a key question as to whether local
changes are sufficiently perceptible relative to natural inter-
nal variability (Hawkins and Sutton, 2012). It is more rel-
evant to investigate whether the magnitude of local climate
changes will go outside their background variabilities in a
world under 4◦C of global warming. For a 4◦C global warm-
ing, there has been no specific research about the climate
changes in terms of the signal-to-noise ratio (SNR) using the
latest CMIP5 experiments. Given the widely discussed inves-
tigation of a 1.5◦C global warming, extra emphasis should
also be placed on the differences between 4◦C and 1.5◦C
of global warming, especially from the view of the SNR.
In addition, considering that different institutes have devel-
oped climate models somewhat independently on the basis of
a range of numerical schemes for dynamic frameworks and
parameterizations for processes (Doblas-Reyes et al., 2009;
Taylor et al., 2012), and hence each model projects somewhat
divergent climate changes under the same radiative forcings,
the inter-model disagreement should also be given special
attention to.

Accordingly, the present work provides a global-scale
analysis of temperature and precipitation changes related to
a 4◦C global warming. The data and methods are described
in section 2, and the emergence time of 4◦C global warming
and the corresponding climate changes, as well as the inter-
model disagreement among projections, are given in section
3. Finally, a discussion and conclusions are presented in sec-
tion 4.
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2. Data and methods

2.1. Data

Monthly data are obtained from 39 climate models of the
CMIP5 archives. These models and their experiments are de-
scribed in Taylor et al. (2012), and the output data are acces-
sible at http://pcmdi9.llnl.gov. The experiments for the pre-
industrial run, the historical run, and the 21st century pro-
jection run under the RCP8.5 scenario are taken for analy-
sis (Taylor et al., 2012). Table 1 gives the basic information
about the 39 climate models, as well as their experiments.
Considering that some experiments for some models have
multiple ensemble members, the ultimate data for the mod-

els running ensembles are obtained from the median of mul-
tiple realizations. With regards to the pre-industrial control
run, the integration time differs from model to model, and we
select the past 200 years of output data for all models to an-
alyze. The horizontal resolutions of the 39 models vary from
0.75◦ × 0.75◦ to 3.75◦ × 3.75◦. To be more uniform, we use
the same method as Jiang et al. (2016) to obtain a 2◦ × 2◦
horizontal grid resolution to perform multi-model analyses.

2.2. Methods
To obtain the emergence time of a 4◦C global warming,

first, time series of the global mean temperature above the
pre-industrial levels for the 39 models are smoothed by using

Table 1. Information regarding the 39 CMIP5 models and their experiments as applied in this study. The superscripts “a” and “b” after
model names stand for historical run periods of 1860–2005 and 1861–2005, respectively, whilst “c” indicates the RCP8.5 run for 2006–
2099, rather than the historical run period of 1850–2005 and RCP8.5 run period of 2006–2100 for other models.

Model name Atmospheric resolution Pre-industrial control run Number of model realizations

(lon × lat) (length in years) Historical run RCP8.5

ACCESS1.0 ∼ 1.9◦× ∼ 1.25◦ 500 1 1
ACCESS1.3 ∼ 1.9◦× ∼ 1.25◦ 500 1 1
BCC CSM1.1 ∼ 2.8◦× ∼ 2.8◦ 500 3 1
BCC CSM1.1 (m) ∼ 1.1◦× ∼ 1.1◦ 400 3 1
BNU-ESM ∼ 2.8◦× ∼ 2.8◦ 559 1 1
CanESM2 ∼ 2.8◦× ∼ 2.8◦ 996 5 5
CCSM4 1.25◦× ∼ 0.9◦ 1051 6 6
CESM1(BGC) 1.25◦× ∼ 0.9◦ 500 1 1
CESM1(CAM5) 1.25◦× ∼ 0.9◦ 319 3 1
CMCC-CESM 3.75◦ ×3.75◦ 277 1 1
CMCC-CM 0.75◦ ×0.75◦ 330 1 1
CMCC-CMS ∼ 1.9◦× ∼ 1.9◦ 500 1 1
CNRM-CM5 ∼ 1.4◦× ∼ 1.4◦ 850 10 5
CSIRO Mk3.6.0 ∼ 1.9◦× ∼ 1.9◦ 500 10 1
EC-EARTH ∼ 1.1◦× ∼ 1.1◦ 300 1 1
FGOALS-g2 ∼ 2.8◦ ×3.0◦ 900 1 1
FIO-ESM ∼ 2.8◦× ∼ 2.8◦ 800 3 1
GFDL CM3a 2.5◦ ×2.0◦ 500 5 1
GFDL-ESM2Gb 2.5◦ ×2.0◦ 500 3 1
GFDL-ESM2Mb 2.5◦ ×2.0◦ 500 1 1
GISS-E2-H 2.5◦ ×2.0◦ 540 5 1
GISS-E2-H-CC 2.5◦ ×2.0◦ 251 1 1
GISS-E2-R 2.5◦ ×2.0◦ 550 6 1
GISS-E2-R-CC 2.5◦ ×2.0◦ 251 1 1
HadGEM2-AOa,c ∼ 1.9◦× ∼ 1.25◦ 700 1 1
HadGEM2-CCa,c ∼ 1.9◦× ∼ 1.25◦ 240 1 3
HadGEM2-ESa ∼ 1.9◦× ∼ 1.25◦ 576 4 4
INM-CM4.0 2.0◦ ×1.5◦ 500 1 1
IPSL-CM5A-LR 3.75◦× ∼ 1.9◦ 1000 6 1
IPSL-CM5A-MR 2.5◦× ∼ 1.25◦ 300 1 1
IPSL-CM5B-LR 3.75◦× ∼ 1.9◦ 300 1 1
MIROC5 ∼ 1.4◦× ∼ 1.4◦ 670 5 3
MIROC-ESM ∼ 2.8◦× ∼ 2.8◦ 630 3 1
MIROC-ESM-CHEM ∼ 2.8◦× ∼ 2.8◦ 255 1 1
MPI-ESM-LR ∼ 1.9◦× ∼ 1.9◦ 1000 3 3
MPI-ESM-MR ∼ 1.9◦× ∼ 1.9◦ 1000 3 1
MRI-CGCM3 ∼ 1.1◦× ∼ 1.1◦ 500 3 1
NorESM1-M 2.5◦× ∼ 1.9◦ 501 3 1
NorESM1-ME 2.5◦× ∼ 1.9◦ 252 1 1
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a nine-year running mean to remove the interannual variabil-
ities. After that, the first single year when the median time
series of temperature exceeds 4◦C is defined as the emer-
gence time of 4◦C global warming. To estimate the SNR of
climate variables, the background noise and climate change
signal need to be estimated. The signal for each variable
is expressed as the difference between the nine-year average
and the pre-industrial levels for the models that could reach
a 4◦C increase, and the nine-year period centers the emer-
gence time in association with its own 4◦C global warming.
Climate noise is the internal variability of a climate system
(Hawkins and Sutton, 2012). Deser et al. (2012) suggested
that the background variability of the climate system occurs
without external forcings, and the processes inherent to the
ocean, atmosphere, and coupled ocean–atmosphere–land sys-
tem are also included. We estimate the noise of temperature
and precipitation by using the pre-industrial control simula-
tion of each model. In this work, the interannual standard
deviation of the linearly detrended time series for the last 200
years of the pre-industrial control run is taken to calculate the
noise, because there is climate drift independent of internal
variability for some models (Gupta et al., 2013). The signal
and noise are calculated at each grid cell for each model that
can reach a 4◦C increase, and then the multi-model median is
obtained.

In addition, inter-model disagreement is further taken into
account, which refers to the consistency among the differ-
ent models’ projections. To estimate the scatter of projected
changes among individual models, we use the standard de-
viation of signals for individual models that can reach a 4◦C
global warming to measure the inter-model spread. The ratio
of inter-model spread to the absolute value of the median sig-
nals of all the models that can reach a 4◦C global warming is
utilized to depict the disagreement among the models. A ratio
of less than 1.0 means that the model simulation has consider-
able consistency; otherwise, it indicates large disagreement.

3. Results

3.1. Emergence time of 4◦C global warming

The RCP8.5 scenario is a high emissions scenario, and
one that does not include any specific climate mitigation (Ri-
ahi et al., 2011). Under this scenario, 29 out of the 39 mod-
els reach a 4◦C global warming by 2100, with the earliest
at 2064 in BNU-ESM and the latest at 2095 in GISS-E2-H-
CC (Fig. 1). That means if greenhouse gas emissions con-
tinue to rise with no mitigation, many of the models suggest a
4◦C global warming being reached in the 21st century. When
viewed from all 39 models, the median onset year of 4◦C

Fig. 1. Time series for global mean annual surface temperature changes by a nine-year moving mean method, for all 39 models
under RCP8.5 above the reference pre-industrial period. The vertical black dashed lines show the first year and the median year
to reach the 4◦C global warming among all the models. In the right-hand legend, the listed years are the timing of 4◦C warming
for individual models, and “N/A” indicates that a 4◦C global warming is not projected to occur in the 21st century.



JULY 2018 WANG ET AL. 761

global warming is 2084, which is compatible with an increase
of 4◦C–5◦C of the global mean temperature with respect to
the pre-industrial level during 2080–2100, as reported by the
World Bank (2013). This timing is approximately one decade
later than the previous best estimate of the 2070s for when
a temperature rise of 4◦C, relative to 1861–1890, will be
reached, based on 17 simulations using the HadCM3-QUMP-
perturbed ensemble under SRES A1FI (Betts et al., 2011).
This difference in timing links to the differences in the refer-
ence periods, models, as well as the emissions scenarios. By
2100, the likelihood of exceeding a 4◦C increase above pre-
industrial levels is 74% for RCP8.5, which is lower than the
80% obtained from 20 climate models under RCP8.5 (World
Bank, 2013). As such, only 29 models (excluding FGOALS-
g2, GFDL-ESM2G, GFDL-ESM2M, GISS-E2-H, GISS-E2-

R, GISS-E2-R-CC, INM-CM4.0, MIROC5, MRI-CGCM3
and NorESM1-ME) that reach the 4◦C global warming by
2100 are applied in the following analyses.

3.2. Surface air temperature changes of a 4◦C global
warming

Based on the median of 29 individual models at each
grid cell, Fig. 2a shows a regionally uneven distribution of
the annual temperature change, with the greatest and small-
est increases being 13.5◦C and 1.5◦C, respectively. More in-
tense warming occurs in the Northern Hemisphere than in
the Southern Hemisphere, as well as land compared with
the ocean. This pattern is concordant with the reported sce-
nario given by the World Bank (2013) and relates to differ-
ent heat capacities between ocean and land and to different

Fig. 2. In the left-hand parts, dotted areas indicate the signal, contour lines the noise,
and shading the signal-to-noise ratio (SNR), for the global annual mean (a) surface air
temperature and (b) precipitation [units for signal: ◦C and %; noise: ◦C and mm d−1;
SNR: ◦C ◦C−1 and mm d−1 (mm d−1)−1, for (a) and (b), respectively] associated with a
4◦C global warming, calculated by the median of the 29 models under RCP8.5. In the
right-hand parts, the vertical solid lines represent the globally averaged value for each
variable; the other dashed lines show the zonal mean changes for the three variables
over the globe (black), over the land (red) and over the ocean (blue); and the shading
indicates one standard deviation of the projections from the 29 individual models.
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feedbacks, such as evaporation feedback, sensible heat flux
feedback, and shortwave cloud feedback (Sejas et al., 2014).
Regionally, the strongest warming is projected to appear in
the Arctic, with 8◦C–12◦C of warming in most areas and
even greater than 12◦C of warming in the Novaya Zemlya,
Barents Sea, and Kara Sea. This is the well-known Arctic
amplification effect, relevant to the snow and sea-ice feed-
back (Graversen and Wang, 2009), surface albedo feedback,
cloud, water vapor and temperature feedbacks, top-of-the-
atmosphere flux forcing (Winton, 2006), and poleward ocean
heat transport (Holland and Bitz, 2003). Almost all land ar-
eas and the ocean adjacent to the Antarctic continent in the
Western Hemisphere have a 4◦C–8◦C increase. A minimum
warming of less than 4◦C is expected to occur in the rest of
the regions, most of which are oceans, on account of a larger
heat capacity. Among these areas, the smallest increase in
temperature occurs in the Southern Ocean circumpolar re-
gions because of the vertical mixing of deep water (Collins
and Senior, 2002). On average, zonally, the median warming
and one standard deviation for the models, i.e., uncertainty
range (Knutti et al., 2010), are greater over land than over the
ocean from 50◦S to 60◦N (Fig. 2a). Additionally, a large un-
certainty range of warming among the models tends to occur
in high latitudes, in which land has a narrower one than over
the globe and the ocean, especially for the Arctic. Moreover,
a greater land-to-ocean warming ratio is expected to appear
in subtropical areas, and the minimum is found at the tropical
latitudes, which might result from variations in soil moisture
and clouds (Sutton et al., 2007).

Like the annual mean case, global-scale seasonal warm-
ing over land is generally greater (Fig. 3). For all seasons, it is
clear that Arctic amplification warming is stronger during the
winter (December–February) and the autumn (September–
November), which is accompanied by atmospheric processes
in association with water vapor feedback, heat transport, and
cloud feedback (Lu and Cai, 2009). By contrast, the least Arc-
tic warming is projected to occur during the summer (June–
August), which can be explained by some of the excess heat
at the Arctic surface entering into melting ice, and some be-
ing absorbed by the ocean with significant thermal inertia
(IPCC, 2013). The zonal average of the multi-model median
and associated one standard deviation for individual models
are expected to share a similar pattern to the annual case as
well. The greatest uncertainty range occurs in winter, and the
smallest one occurs in summer, especially for the Arctic.

In addition to the magnitude of the annual temperature
changes above pre-industrial levels, a pronounced degree of
interannual variability deserves special emphasis when dis-
cussing climate changes relative to the background noise. A
particularly significant issue is whether the local temperature
changes go outside its natural internal variability (i.e., SNR
values larger or smaller than one). As reflected in Fig. 2a,
there is a clear signature of greater values in SNR at low lat-
itudes than at the mid- and high latitudes. In general, this
characteristic is the opposite of the temperature signal be-
cause the noise is greater at high latitudes but smaller at low
latitudes (Fig. 2a). This pattern agrees with Mahlstein et al.

(2011) in that local warming that first exceeds the natural in-
ternal variability is expected to occur in low-latitude areas,
on the basis of an analysis of 23 models. The noise is 0.1◦C–
2.3◦C, and averages 0.5◦C for the globe. The global SNR
ranges from 2.3 (i.e., local temperature changes are 2.3 times
larger than the natural internal variability) to 26.1, and aver-
ages at 9.6, indicating that all local temperature changes at
least exceed 2.3 standard deviations of the interannual varia-
tion. The spatial distribution of noise (Fig. 2a) exhibits a sim-
ilar pattern to that obtained from 37 CMIP5 models (Jiang
et al., 2016). In contrast to land, the noise over the ocean
is generally smaller because of the relatively larger thermal
inertia (Hu et al., 2012). The highest SNR of greater than
20 is projected to appear in Indonesia and part of the tropi-
cal western Pacific, mostly due to the smallest noise of less
than 0.2◦C and the moderate temperature signals there. The
smallest SNR of less than 5 mainly occurs in the ocean areas
at 50◦–65◦S, adjacent to Antarctica, as well as the northern-
most North Atlantic Ocean. The tropical western Pacific, the
tropical Indian Ocean, and the tropical central Atlantic are the
regions where the second-highest SNR of 15–20 is expected;
primarily resulting from the high natural internal variability,
a ratio of 10–15 is projected to appear in most other low-
latitude regions and the Arctic area. In general, with the ex-
ception of the Arctic, this ratio is relatively high in regions
where the climatological temperature is high, and vice versa.
Furthermore, the uncertainty range for noise is small at low
latitudes and becomes large towards high latitudes (Fig. 2a),
while the opposite holds for the SNR, with the latter being
particularly obvious over land.

On the other hand, all seasons have a similar pattern
for their noise and warming to variability ratio to the an-
nual mean, except the Arctic areas during the summer (Fig.
3). Since planetary wave activities and atmospheric circula-
tion are stronger in winter, the natural internal variability is
smaller in the summer than in the winter/autumn (Rinke et
al., 2004). Moreover, owing to the absence of Arctic ampli-
fication warming in the summer, the SNR does not show the
amplification effect for this season. Specifically, the global
mean noise (SNR) is 0.8◦C (6.3) in the winter, 0.7◦C (6.5)
in the spring (March–May), 0.6◦C (7.2) in the summer, and
0.7◦C (7.2) in the autumn. All the seasonal mean noise is
higher than the annual mean value of 0.5◦C, which is respon-
sible for the smaller value of the seasonal mean of SNR than
that of the annual mean. In addition, the seasonal uncertainty
range of noise and SNR is similar to the annual case.

3.3. Precipitation changes of a 4◦C global warming
Figure 2b indicates that the distribution of annual pre-

cipitation changes above the pre-industrial period is spatially
variable to a fair degree over the globe. The annual precipi-
tation varies from −1.2 to 2.4 mm d−1 or −49.9% to 121.9%,
with a global mean value of 0.12 mm d−1 or 5.1%. This
is compatible with AR5, in which the precipitation sensi-
tivity is approximately 1% ◦C−1 to 3% ◦C−1 (IPCC, 2013).
Precipitation deficits lie mainly in the subtropics (Fig. 2b).
The maximum increase of more than 60% is expected to ap-
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Fig. 3. As Fig. 2a but for (a) winter, (b) spring, (c) summer, and (d) autumn.
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pear in a small part of the Arctic, Antarctic in the Eastern
Hemisphere, and part of the equatorial Pacific. The projected
second-largest increase of 40%–60% occurs in most regions
south of 70◦S in the Eastern Hemisphere and most of the
Arctic, agreeing with the projection that the Arctic will re-
ceive more precipitation (> 50%) under RCP8.5 over the 21st
century (Bintanja and Selten, 2014); a rise of 20%–40% is
expected to lie primarily in the high latitudes, and the small-
est increase of less than 20% appears in part of the northern
mid-high latitudes and most equatorial regions. On the other
hand, the projected largest deficit of 20%–40% appears in the
Mediterranean, 20◦–40◦N of the Atlantic, part of the south-
east ocean adjacent to Australia, and the areas within 15◦–
30◦S and ∼ 70◦–100◦W, and a decrease of less than 20% oc-
curs in the other regions. Where these precipitation changes
are concerned, surface temperature changes and other com-
plicated processes such as hydrological cycle in association
with radiative forcing and surface energy budgets are closely
related to (Andrews et al., 2010). The greatest uncertainty
range occurs in the tropics for the globe and ocean and at the
northern middle latitudes for the land (Fig. 2b). Seasonally,
all precipitation changes exhibit a similar large-scale distribu-
tion to that of the annual mean but with regional differences
(Fig. 4). In contrast to summer, winter is accompanied with
more precipitation in the Arctic, which is primarily relevant
to greatly stronger local surface evaporation in association
with Arctic warming and sea-ice decline (Bintanja and Sel-
ten, 2014). Correspondingly, these trends could have great
impacts on atmospheric circulation in winter, which in turn
has an intimate connection to more precipitation at the mid
and high latitudes during the winter (Liu et al., 2012). Quan-
titatively, the increase in the global mean precipitation aver-
ages 9.7% in winter, 4.9% in spring, 2.6% in summer, and
6.3% in autumn. The seasonal uncertainty range of the signal
is similar to the annual case, but wider.

The SNR for annual precipitation varies from −2.4 to 5.5
(Fig. 2b), and the noise ranges from 0.006 to 2.2 mm d−1,
with a global mean value of 0.5 and 0.4 mm d−1, respec-
tively. Note that the SNR and precipitation noise exhibit a
generally reversed pattern in comparison with that of the an-
nual temperature. That is, the projected largest SNR occurs in
the polar areas, and the highest noise lies at low latitudes and
decreases towards high latitudes (Fig. 2b), which was also
characteristic in a 10000-year control integration of CCSM3
(Deser et al., 2012). The distribution of noise (Fig. 2b) agrees
with that being derived from 37 CMIP5 models for the pre-
industrial period (Jiang et al., 2016). Similar to the tempera-
ture case, the precipitation noise is also closely relevant to the
climatological precipitation. There is a suggestion of higher
noise appearing in the areas where the annual precipitation
is relatively higher. The SNR of precipitation is far lower
than that of temperature everywhere, supporting the previ-
ous multi-model projections made by Hawkins and Sutton
(2011). The projected largest SNR of precipitation lies in the
polar areas with the highest value of greater than 4.0. In the
precipitation-deficit areas, absolute values of greater than 1.0
for the SNR occur mainly in the Mediterranean, 20◦–40◦N

of the Atlantic, and part of the southwest ocean adjacent to
Australia and South America; and in the increased precipi-
tation regions, SNRs of larger than 1.0 are found mainly at
high latitudes, indicating that the increases in precipitation
move outside the range of the background level of interan-
nual variability. Generally, the greatest uncertainty range oc-
curs at low latitudes for the noise of annual precipitation but
at high latitudes for the SNR. There is a similar feature of
seasonal SNR and noise to that of the annual mean case, but
with smaller values for the former and greater values for the
latter (Fig. 4). Quantitatively, for the winter, spring, summer,
and autumn, the globally averaged values of SNR (noise) are
0.4 (0.8 mm d−1), 0.3 (0.8 mm d−1), 0.3 (0.7 mm d−1), and
0.2 (0.7 mm d−1), respectively. Similarly, when we examine
the seasonal uncertainty range of noise and SNR, it is sug-
gested to have a parallel pattern with the annual one, but with
a wider range.

3.4. Inter-model agreement
Owing to divergent responses to the same external forc-

ings (Hawkins and Sutton, 2011), there are some differences
among the individual projections. Based on the standard de-
viation of annual temperature changes from individual mod-
els and the median signal at each grid for all 29 models, Fig.
5a indicates that the inter-model disagreement of annual tem-
perature changes is not spatially uniform. Generally, it is
higher at high latitudes, which are characterized by signifi-
cantly cold temperatures. This matches with the patterns as
obtained from both 15 CMIP5 and 13 CMIP3 models by us-
ing the square root error variance metric by Woldemeskel et
al. (2015). The ratio of the inter-model spread and median
signal is less than 1.0 over almost the entire globe (Fig. 5a),
indicating that the models have a large degree of consistency
in projected annual temperature changes. In general, the sea-
sonal inter-model disagreement displays a similar pattern to
the annual mean, and is larger in the Arctic for the summer
than in the winter. Overall, it has a high consistency over the
globe for both annual and seasonal temperature changes.

There is a signal for a large degree of inter-model dis-
agreement for annual precipitation changes in most of the
low latitudes (Fig. 5b). Generally, considerable disagreement
tends to appear in regions with relatively large amounts of
precipitation, and the opposite holds for the weaker precip-
itation areas. Note, however, that this is not always the sit-
uation. For instance, Australia receives little precipitation in
general and the inter-model disagreement is still large. Such
an exception indicates that not only the magnitude of precip-
itation but also other factors, such as the difficulty of com-
bining small-scale processes with the comparatively coarse
resolution of the models (Macilwain, 2014), may affect the
inter-model disagreement. This distribution of inter-model
disagreement agrees relatively well with the pattern as ob-
tained from 15 CMIP5 models but differs slightly from the
results of 13 CMIP3 models using the square root error vari-
ance measure (Woldemeskel et al., 2015). On the seasonal
scale, the inter-model spread displays a similar characteris-
tic to the annual mean but with larger values at the mid- and
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Fig. 4. As Fig. 3 but for precipitation.
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Fig. 5. Inter-model disagreement for annual (a) temperature and (b) precipita-
tion, as measured by the ratio of the standard deviation of signals of individual
models to the absolute value of the median signal of all 29 models.

low latitudes, and the inter-model disagreement also displays
greater values than the annual mean, particularly at high lat-
itudes. Overall, there is a better inter-model consistency for
temperature than that for precipitation changes, since the lat-
ter are related to more complex processes (IPCC, 2013).

4. Discussion and conclusions

As stated in the introduction, a 1.5◦C global warming
has been widely considered, and it is therefore interesting to
compare climate changes associated with the 1.5◦C and 4◦C
levels. Based on the same model data and method applied
in this research, it is indicated that a 1.5◦C global warm-
ing above the pre-industrial period occurs in all the present
39 CMIP5 models in the 21st century under RCP8.5, and
the corresponding emergence time is the year 2029, accord-
ing to the median of all models. At the large scale, changes
in annual and seasonal temperature and precipitation have a
similar spatial pattern between the 1.5◦C and 4◦C levels, al-
though there is a degree of difference in some regions (Figs.

2 and 6). In a quantitative manner, however, temperature
changes related to the 1.5◦C level are remarkably less than
those of the 4◦C level in terms of both the signal and SNR,
and the same generally holds for precipitation changes (Fig.
7). More specifically, when global warming reaches 1.5◦C,
annual temperature increases by 0.5◦C to 5.3◦C, and annual
precipitation varies from −30.7% to 30.6% over the globe,
which are obviously weaker than the corresponding changes
of 1.5◦C–13.5◦C and −49.9% to 121.9% under a 4◦C global
warming. On the seasonal scale, the global mean warming
(SNR) is 1.5◦C (2.4) in the winter, 1.4◦C (2.5) in the spring,
1.4◦C (2.7) in the summer, and 1.6◦C (2.8) in the autumn.
As for precipitation changes under a 1.5◦C global warming,
only the increase in precipitation in the Arctic goes outside
the background noise in autumn, and the global mean change
(SNR) averages 2.5% (0.08) in the winter, 2.3% (0.07) in the
spring, 1.6% (0.04) in the summer, and 3.3% (0.08) in the
autumn. Furthermore, when the climate changes associated
with the 2◦C target (Jiang et al., 2016) are taken into account,
it is shown that the spatial patterns of annual and seasonal
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Fig. 6. As Fig. 2 but for a 1.5◦C global warming.

temperature and precipitation changes are qualitatively com-
parable, but quantitatively different to some extent, between
the 1.5◦C, 2◦C and 4◦C levels. For example, the global mean
SNR in annual temperature (precipitation) is 5.0 (0.2) under
a 2◦C global warming (Jiang et al., 2016), which is higher
than the 3.7 (0.09) for a 1.5◦C warming but lower than the
9.6 (0.5) for the 4◦C level. Such comparisons between the
three levels of global warming imply that global and regional
climate will undergo greater changes if higher levels of global
warming are crossed in the 21st century.

It should be stressed that the present study focuses mainly
on 4◦C of global warming relative to the pre-industrial period
on the basis of all available numerical experiments under-
taken by 39 CMIP5 models. Special attention is given to the
occurrence time of the 4◦C level under the RCP8.5 scenario,
as well as the associated climate changes and inter-model dis-
agreement. The temperature and precipitation changes are
based on the median of 29 individual models that reach the
4◦C level by 2100. The major conclusions are as follows.

(1) Under the RCP8.5 scenario, it is projected that 29 out
of the 39 models could reach a 4◦C global warming with re-
spect to the pre-industrial period in the 21st century. Accord-

ing to the median of the 39 individual models, the emergence
time of a 4◦C global warming will be the year 2084.

(2) In a world with 4◦C of global warming, annual and
seasonal warming over land is likely to be generally stronger
than over the ocean, with a remarkable amplification warm-
ing occurring in the Arctic, except during summer. The inter-
annual variability of temperature is lower in the tropics and
higher in polar areas, except for the Arctic in summer. All the
temperature changes move significantly outside the range of
the background noise, with the SNR being largest at low lati-
tudes and averaging 9.6 for the globe. The consistency among
the models for annual and seasonal temperature changes is
generally high, and the disagreement is relatively large in re-
gions where the climatological temperature is low.

(3) When global warming reaches 4◦C, the annual and
seasonal precipitation is projected to decrease in the subtrop-
ics and increase at high latitudes and in most tropical marine
areas, with the maximum increase occurring in the Arctic and
equatorial Pacific, except for the Arctic in summer. In most
mid- and low-latitude regions, the precipitation changes are
smaller than the background variability, with a global average
SNR of 0.5. Moreover, higher consistency among the models
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Fig. 7. Difference between the changes associated with a 4◦C and 1.5◦C global
warming in (a) temperature and (b) precipitation. Dotted areas indicate the sig-
nal and shading shows the SNR [units for signal: ◦C and %; SNR: ◦C ◦C−1 and
mm d−1 (mm d−1)−1, for (a) and (b), respectively].

in projecting annual precipitation changes is expected in po-
lar areas. The inter-model disagreement of projected seasonal
precipitation changes is comparatively larger than that of an-
nual precipitation, and that of precipitation is larger overall
than that of the temperature.

Finally, it is worth noting that the present occurrence time
of 2084 for a 4◦C global warming comes from the median
of all 39 models. In fact, the emergence time varies from
2064 to 2095 for the 29 models and does not exist for the
other 10 models under RCP8.5 in the 21st century, indicat-
ing a considerable degree of uncertainty. Second, the projec-
tions under the RCP2.6 and RCP4.5 scenarios were also ana-
lyzed, but a 4◦C global warming was not reached in the 21st
century (not shown). Third, the noise is defined here as the

inter-annual variability according to most pertinent previous
investigations (e.g., Hawkins and Sutton, 2012; Woldemeskel
et al., 2015). This definition differs from that of a previous
study in which the variability of 20-year averages was em-
ployed (Giorgi and Bi, 2009). Considering the variance de-
creases with averaging, the method used in our work gives
rise to a smaller estimate of the SNR, but it is considered to
have greater relevance to adaptation policies (Hawkins and
Sutton, 2012). Lastly, only the mean temperature and precip-
itation changes accompanied by a 4◦C temperature increase
are analyzed in this study. Extreme climate events, which sig-
nificantly influence human living and natural environments,
in the context of risk prevention, will be addressed in future
work.
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