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Temperature is a most important indicator for climate change. However, compared to
surface air temperature, relatively less attention has been shown to the upper-tropospheric
temperature (UTT). Given that the Asian-Pacific UTT plays a remarkable role in the climate
system, its future change deserves great attention. In this study, based on the Coupled
Model Intercomparison Project phase 6 (CMIP6) simulations, the fidelity of 30 CMIP6
models on the Asian-Pacific UTT patterns was evaluated and their future changes under
the scenarios of the Shared Socioeconomic Pathway (SSP) 2–4.5 and 5–8.5 were
projected. The evaluation indicates that the CMIP6 models have a good capacity to
reproduce the climatology and interannual variability of seasonal UTT during 1965–2014,
with the multi-model ensemble mean (MME) outperforming individual models. The
observed seesaw oscillation between the Asian UTT and the North Pacific UTT during
four seasons, named Asian-Pacific Oscillation (APO), is also well performed. The MME
projects a similar spatial change under both scenarios in the second half of the 21st
century, with lager changes in magnitude under SSP5-8.5 than under SSP2-4.5.
Compared to 1965–2014, during 2050–2099, spring, summer and autumn UTTs are
projected to cool (warm) in a widespread area of Asia (the North Pacific). The projected
winter UTT decreases in East Asia and most of the North Pacific. In addition, an increased
interannual variability of seasonal UTT is anticipated particularly in the mid-low latitudes of
the Asian-Pacific sector. The APO phenomenon is expected to still be dominant in the
future climate, but its intensity (interannual variability) tends to weaken (enlarge) in each
season as compared to the current.

Keywords: CMIP6, evaluation and projection, upper-tropospheric temperature, climatology, interannual variability

INTRODUCTION

Upper-tropospheric temperature (UTT) change in Asia and surrounding oceans has been
documented to exert pronounced impacts on climate variations. For instance, the East Asian
UTT cooling in spring may cause a decrease of precipitation in South China (Xin et al., 2006; Xin
et al., 2008). During the summer time, the UTT cooling trend from 1950 to 2000 in East Asia
contributes to the “southern flood and northern drought” pattern via weakening the East Asian
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summer monsoon (EASM) (Yu et al., 2004), and its recent
reversal favors the intensification of the EASM (Zhao et al.,
2015). The winter mode characterized by the positive
(negative) UTT centered in southern China (Mongolia) tends
to decrease precipitation in southern China and increase surface
air temperature in the southeastern Tibet Plateau (Jiang et al.,
2013). The East Asian UTT also significantly affects changes of
the tropical Pacific sea surface temperature (SST) (Nan et al.,
2009; Zhang and Zhou, 2012, 2015). The UTT variability in Asia
has been identified to change harmoniously with that in the
North Pacific, which exhibits a seesaw oscillation and is referred
to as the Asian-Pacific Oscillation (APO, Zhao et al., 2007).
Abnormal variation of this oscillation pattern can result in
significant anomalies in atmospheric circulations and climate,
such as the precipitation in East Asia (Zhao et al., 2007; Zhao
et al., 2008; Zhou and Zhao, 2010; Zhao et al., 2012; Fang et al.,
2014; Hua et al., 2019; Si et al., 2019; Lin et al., 2021), the
frequency of tropical cyclone in the western North Pacific
(Zhou et al., 2008), and the SST in the North Pacific (Zhao
et al., 2010; Zhou et al., 2010; Wang and Chen, 2017).

Considering significant roles of the Asian-Pacific UTT in
the climate system, its potential change in a future warmer
world deserves great attention. Climate models and emission
scenarios, coordinated by the Coupled Model

Intercomparison Project (CMIP), are essential for the
projection of future climate. Some CMIP3 and CMIP5
studies indicated that the potential behavior of future
changes of the Asian-Pacific UTT differs from that in
surface temperature (Sun and Ding, 2011; Dai et al., 2013;
Ma and Yu, 2014; Zhou, 2016; Zhou and Xu, 2017; Zhou et al.,
2018). Contrary to the warming of surface temperatures
(IPCC, 2013), the summer upper-tropospheric thermal
contrast between Asia and the Pacific is projected to
weaken under warmer scenarios (Sun and Ding, 2011;
Zhou, 2016; Zhou et al., 2018).

However, those CMIP3 and CMIP5 studies only focused on
the summer situation. In addition, compared with the CMIP3
and CMIP5, the current CMIP6 models behave more
complicated physical processes and higher spatial
resolutions (Eyring et al., 2016; Simpkins, 2017; Stouffer
et al., 2017; Tebaldi et al., 2021), and show some
improvements in the simulation of historical climate (e.g.,
Chen et al., 2020; Ha et al., 2020; Jiang et al., 2020; Yang et al.,
2021). Meanwhile, a set of new scenarios named Shared
Socioeconomic Pathways (SSPs) is developed for climate
projection under the CMP6 framework (O’Neill et al., 2016;
Gidden et al., 2019). Two questions arise naturally: 1) How
well do the state-of-the-art CMIP6 models capture the
observed Asian-Pacific UTT pattern? 2) How will the
Asian-Pacific UTT pattern change under the SSP scenarios?
This study, following the previous studies and extending
summer season to four seasons, is aimed to address these
issues.

DATA AND METHODS

Monthly air temperature outputs from 30 CMIP6 models
(Table 1) for the historical simulation (1965–2014) and the
SSP2-4.5 and SSP5-8.5 scenarios (2050–2099) are employed in
this study. SSP5-8.5 (SSP2-4.5) is featured with a peak of
radiation forcing at 8.5 (4.5) Wm−2 by 2100, following the
pathway of a high (a moderate) socioeconomic development
(O’Neill et al., 2016; Gidden et al., 2019). More details can be
referred to the website https://www.wcrp-climate.org/wgcm-
cmip. The NCEP/NCAR reanalysis data (Kalnay et al., 1996)
are applied as observation (OBS) for the evaluation of model
performance. Because the horizontal resolutions vary among
different models, we use the bilinear interpolation to remap all
the data to a 1 ° × 1 ° grid.

This study mainly focuses on the climatology and interannual
variability of seasonal UTT. The UTT is defined as the
temperature averaged in the upper troposphere (300–200 hPa),
in which the zonal mean is removed. We use standard deviation
(SD) to represent interannual variability. December-January-
February (DJF), March-April-May (MAM), June-July-August
(JJA) and September-October-November (SON) are, in turn,
defined as winter, spring, summer and autumn. The arithmetic
average of 30 models is defined as the multi-model ensemble
mean (MME), and the Student’s t-test is adopted for the statistical
significance.

TABLE 1 | Information about the CMIP6 models used in this study.

ID Model name Country Atmospheric resolution (lon
× lat: number
of grids, L:

vertical levels)

1 ACCESS-CM2 Australia 192 × 144, L85
2 ACCESS-ESM1-5 Australia 192 × 145, L38
3 AWI-CM-1-1-MR Germany 384 × 192, L95
4 BCC-CSM2-MR China 320 × 160, L46
5 CAMS-CSM1-0 China 320 × 160, L31
6 CAS-ESM2-0 China 256 × 128, L30
7 CESM2-WACCM United States 288 × 192, L70
8 CIESM China 288 × 192, L30
9 CMCC-CM2-SR5 Italy 288 × 192, L30
10 CMCC-ESM2 Italy 288 × 192, L30
11 CanESM5 Canada 128 × 64, L49
12 EC-Earth3 European 512 × 256, L91
13 EC-Earth3-CC European 512 × 256, L91
14 EC-Earth3-Veg European 512 × 256, L91
15 EC-Earth3-Veg-LR European 320 × 160, L62
16 FGOALS-f3-L China 360 × 180, L32
17 FGOALS-g3 China 180 × 80, L26
18 FIO-ESM-2-0 China 192 × 288, L26
19 GFDL-ESM4 United States 360 × 180, L49
20 IITM-ESM India 192 × 94, L64
21 IPSL-CM6A-LR France 144 × 143, L79
22 KACE-1-0-G Korea 192 × 144, L85
23 MIROC6 Japan 256 × 128, L81
24 MPI-ESM1-2-HR Germany 384 × 192, L95
25 MPI-ESM1-2-LR Germany 192 × 96, L47
26 MRI-ESM2-0 Germany 320 × 160, L80
27 NESM3 China 192 × 96, L47
28 NorESM2-LM Norway 144 × 96, L32
29 NorESM2-MM Norway 288 × 192, L32
30 TaiESM1 China 288 × 192, L30
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EVALUATION OF MODEL PERFORMANCE

Climatology
Figure 1 shows the Taylor diagrams for the climatology of
seasonal UTT during 1965–2014 over the Asian-Pacific region
(0°-60°N, 30°E-90°W; 61 × 241 grids) to quantify each model’s
performance. With reference to the observation in each season,
all the root mean square errors (RMSEs) of individual models
are lower than 0.75; all the SCCs are larger than 0.75 and
higher above 0.90 for most models; the standard deviation
ratios vary from 0.5 to 1.25 for spring UTT and from 0.75 to
1.25 for the UTT of the other three seasons. These results
suggest that the CMIP6 models have a good capacity in
capturing the climatologic pattern of seasonal UTT.
Compared to individual models, the MME simulation is
noted to have a higher SCC and a lower RMSE, implying
better performance of the MME than individual models.
Specifically, the SCCs between the MME simulation and the
observation are 0.97, 0.98, 0.98 and 0.99 (significant at the
99.9% level) for spring, summer, autumn and winter UTT,

respectively. Their respective RMSEs in the MME simulation
are 0.31, 0.22, 0.21 and 0.18.

The climatological distributions of seasonal UTT from the
observation and the MME simulation are further plotted
(Figure 2). A general resemblance can be clearly seen. In
spring (Figures 2A, E), positive values cover the southwest-
northeast oriented region from the mid-low latitudes of Asia
to the high latitudes of the North Pacific, with negative values
residing on the either flank. The positive and negative centers are
located in East Asia and the eastern Pacific, respectively. In
summer (Figures 2B, F), the positives in the Eurasian
continent and the negatives in the central-eastern Pacific are
most dominant. The climatological distribution of autumn UTT
(Figures 2C, G) is similar to that in spring. In winter (Figures 2D,
H), compared to the autumn season, the negatives in
northeastern Asia expand southward and the positive center
moves eastward to the western Pacific. Also, the negatives in
the Pacific shift eastward slightly.

Through the empirical orthogonal function (EOF) analysis,
Zhao et al. (2007); Zhao et al. (2008) highlighted a seesaw

FIGURE 1 | Taylor diagram of (A) spring, (B) summer, (C) autumn and (D) winter UTT over the Asian-Pacific sector during 1965–2014. Numbers 1–30 represent
the individual models (see Table 1 for which model each number indicates). Number 31 represents MME. REF indicates the NCEP/NCAR reanalysis and acts as the
reference point.
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FIGURE 2 | Climatological distribution of (A,E) spring, (B,F) summer, (C,G) autumn and (D,H) winter UTT (unit: °C) during 1965–2014 from (A–D) NCEP/NCAR
reanalysis and (E–H) MME simulation.

FIGURE 3 | EOF1 (×0.01) mode of (A,E) spring, (B,F) summer, (C,G) autumn and (D,H) winter UTT during 1965–2014 from (A–D) NCEP/NCAR reanalysis and
(E–H) MME simulation. Green boxes in (A–D) are used to define APO index.
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FIGURE 4 | AI-PI correlations in (A) spring, (B) summer, (C) autumn and (D)winter during 1965–2014. Numbers 1–30 represent the individual models (see Table 1
for which model each number indicates). Number 31 and 32 represent MME and observation, respectively.

FIGURE 5 | Same as in Figure 1, but for (A) spring, (B) summer, (C) autumn and (D) winter UTT standard deviation during 1965–2014.
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oscillation in the UTT variability over the Asian-Pacific sector
(i.e., APO), which features a warming of the Asian UTT
accompanied with a cooling of the North Pacific UTT and
vice versa. Accordingly, the EOF analysis for seasonal UTT in
the observation and the MME simulation was conducted.
Shown in Figures 3A–D, the first leading pattern (EOF1)
of spring, summer, autumn and winter UTT in the
observation, explaining 32, 24, 33 and 41% of their
respective total variance, clearly displays a seesaw structure
in the Asian-Pacific region. These oscillation features can be
reasonably reproduced by the MME simulation (Figures
3E–H). The MME simulated EOF1 pattern from spring to
winter accounts for 34, 31, 37 and 35% of the total variance,
respectively. Their corresponding spatial correlations with the
observed EOF1 patterns are 0.92, 0.84, 0.92, and 0.91, all
higher than the 99.9% significance level.

Following Zhao et al. (2007), we refer to the location of
positive (negative) center shown in Figure 3 and then define
the regional mean UTT as AI (PI) index to measure the variation
of the Asian (the North Pacific) UTT. The APO index is
calculated as the AI minus the PI. The definition for four
seasons is shown as follows:

IAPO-MAM = UTT(15°-35°N,60°-120°E)–UTT(10°-30°N,170°-120°W)

IAPO-JJA = UTT(30°-55°N,65°-135°E)–UTT(30°-50°N,180°-130°W)

IAPO-SON = UTT(15°-45°N,60°-120°E)–UTT(10°-35°N,180°-120°W)

IAPO-DJF = UTT(20°-40°N,80°-150°E)–UTT(5°-35°N,170°-100°W)

where the left-hand side of each equation represents the APO
index for each season and the first (second) term on the right-
hand side indicates the corresponding AI (PI) index.

Figure 4 shows the observed and simulated AI-PI correlations
for the period of 1965–2014. The observed correlations
(represented by the number 32) are −0.85 in spring, −0.62 in
summer, −0.73 in autumn and −0.83 in winter. All the
correlations are above the 99.9% significance level, again
demonstrating the inverse linkage of the Asian UTT to the
North Pacific UTT. Such an inverse relationship in four
seasons can be well simulated by the CMIP6 models. For the
MME simulation (represented by the number 31), the seasonal
AI-PI correlations from spring to winter are, in turn, −0.80, −0.57,
−0.74 and −0.81, also higher than the 99.9% significance level and
close to the observation.

Interannual Variability
Figure 5 displays the Taylor diagrams for the simulated
seasonal interannual variability of UTT over the Asian-
Pacific region. Most models show a SCC value of above 0.75
in four seasons, with the RMSE less than 0.75. Seasonally, the
best performance is shown for winter SD. Also, the MME
simulation generally outperforms its ensemble members for all
seasons. For the MME simulation, the SCCs in spring,
summer, autumn and winter are 0.86, 0.89, 0.88 and 0.90
(significant at the 99.9% level), and the RMSEs are 0.51, 0.46,
0.49 and 0.45, respectively. The MME simulated SD

FIGURE 6 | Spatial distribution of standard deviation (unit: 10–1°C) of (A,E) spring, (B,F) summer, (C,G) autumn and (D,H) winter UTT during 1965–2014 from
(A–D) NCEP/NCAR reanalysis and (E–H) MME simulation.
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distributions in four seasons, which are similar to the
observation, exhibit large interanual variability (SD
exceeding 0.6) in Asia and the central-eastern Pacific
(Figure 6). These results illustrates that the MME performs

well in capturing the interannual variability of the Asian-
Pacific UTT.

In brief, the MME shows a good capacity to reproduce the
climatology and interannual variability of seasonal UTT in the

FIGURE 7 |MME projected changes of (A,E) spring, (B,F) summer, (C,G) autumn and (D,H) winter UTT (unit: °C) during 2050–2099 relative to 1965–2014 under
(A–D) SSP2-4.5 and (E–H) SSP5-8.5. Regions above the 95% significance level are dotted.

FIGURE 8 | AI-PI correlations in (A) spring, (B) summer, (C) autumn and (D) winter during 2050–2099 under SSP2-4.5 and SSP5-8.5. Numbers 1–30 represent
individual models (see Table 1 for which model each number indicates). Number 31 represents MME.
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FIGURE 9 | Projected changes of (A) spring, (B) summer, (C) autumn and (D) winter APO during 2050–2099 relative to 1965–2014 under SSP2-4.5 (blue) and
SSP5-8.5 (pink). Boxes indicate the interquartile model spread (25th and 75th quantiles) with the horizontal line indicating the MME and the whiskers showing the
ensemble range.

FIGURE 10 | Ratio of MME projected UTT standard deviation during 2050–2099 under (A–D) SSP2-4.5 and (E–H) SSP5-8.5 to that during 1965–2014 in (A,E)
spring, (B,F) summer, (C,G) autumn and (D,H) winter. Regions above the 95% significance level are dotted.
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Asian-Pacific sector. The APO pattern in each season can also be
well captured. All of these provide a basis for using the MME to
project their future changes.

PROJECTED CHANGES

Climatology
Figure 7 presents the MME projected seasonal UTT anomalies
during 2050–2099 (relative to 1965–2014) under the scenarios
of SSP2-4.5 and SSP5-8.5. The anomalous patterns for the two
scenarios are similar in each season. However, the changes in
magnitude are larger under SSP5-8.5 than that under SSP2-4.5,
due to stronger external forcing imposed on the models. In
spring (Figures 7A, E), significant negative anomalies are
dominant in a widespread region of Asia and significant
positive anomalies are pronounced in large areas of the
North Pacific. Such an anomalous pattern generally
opposites to the current climatological UTT distribution
(Figure 2E), indicating a weakening of the upper-
tropospheric thermal difference between the Asian
continent and the North Pacific in a warmer scenario.
Decreases in UTT over most Eurasia are projected in
summer (Figures 7B, F). In comparison, the projected UTT
increases in the North Pacific with an exception that a decrease
of UTT occurs over the eastern Pacific. In combination with
Figure 2F, the projected change in summer UTT hints that the
UTT centers at current climate will shift eastward in the future
climate, in addition to a weakening of the upper-tropospheric
thermal difference between Asia and the North Pacific. This
finding conforms to the CMIP5 result (Zhou, 2016). The case
for the projected change of autumn UTT (Figures 7C, G)
approximates that for spring UTT. In winter (Figures 7D, H),
decreases in UTT are projected to occur in East Asia and the

North Pacific except some parts of the western and eastern
Pacific where an increase of UTT is projected.

We further calculated the AI-PI correlations in both scenarios.
Figure 8 illustrates that the AI and PI projected from all the
CMIP6 models are negatively correlated in each season. The
MME projected spring, summer, autumn and winter AI-PI
correlations under SSP2-4.5 (SSP5-8.5) are −0.81 (−0.82),
−0.57 (−0.57), −0.77 (−0.77) and −0.84 (−0.83), respectively,
all of which exceed the 99.9% significance level. It suggests
that current out-of-phase relationship in the Asian-Pacific
UTT (i.e., APO pattern) will still exist in a warmer world.

Changes of the APO intensity for SSP2-4.5 and SSP5–8.5
during the second half of the 21st century are displayed in
Figure 9. During 2050–2099 relative to 1965–2014, the change
of APO intensity projected by individual models from spring
to winter under SSP2-4.5 (SSP5-8.5) is in the range of
−1.33–0.34°C (−1.75–0.29°C), −0.94–0.33°C (−0.93–0.55°C),
−0.91–0.47°C (−1.22–0.31°C) and −0.61–0.43°C
(−0.97–0.61°C), respectively. The MME projected spring,
summer, autumn and winter APO intensity decreases by
0.42°C, 0.13°C, 0.27°C and 0.15°C under SSP2-4.5, and
further to 0.55°C, 0.19°C, 0.39°C and 0.25°C under SSP5-8.5,
respectively. In other words, with reference to current climate,
the APO intensity tends to weaken by 19.9% (26.1%) in spring,
2.5% (3.7%) in summer, 31.8% (45.9%) in autumn and 11.4%
(18.9%) in winter over the course of the second half of the 21st
century under SSP2-4.5 (SSP5-8.5).

Interannual Variability
To examine future changes of the UTT interannual variability, we
plotted the MME simulated SD ratio between 2050–2099 and
1965–2014 (Figure 10). The distribution of SD ratio under SSP2-
4.5 and SSP5-8.5 resembles each other in each season, showing an
increase of interannual variability over most of the Asian-Pacific

FIGURE 11 | Same as Figure 9, but for the projected ratio of APO standard deviation in (A) spring, (B) summer, (C) autumn and (D) winter.
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sector, particularly over the mid-low latitudes in the future. Due
to stronger external forcing, the projected changes in SD under
SSP5-8.5 are greater than that under SSP2-4.5. Seasonally, the
projected greatest increase of SD occurs in winter.

Accordingly, the MME projected interannual variability of
APO is enhanced in four seasons, with larger enhancement under
SSP5-8.5 than under SSP2-4.5 (Figure 11). During 2050–2099
under SSP5-8.5 (SSP2-4.5), the MME projects a percentage
increase of 25% (13%), 13% (1%), 16% (8%) and 31% (21%),
respectively, for the SD of spring, summer, autumn and winter
APO. Large inter-model spreads are also noted in the projection
of APO interannual variability. Moreover, the model spread
becomes wider under SSP5-8.5 as compared to that under
SSP2-4.5. For SSP5-8.5, the largest model spread is found for
the SD of summer APO, which ranges from a decrease of 28% to
an increase of 193%, followed by the SD of winter APO, ranging
from a decrease of 17% to an increase of 122%. The largest model
spread for the SD of summer APO mainly results from the
CIESM projection which shows considerably greater change as
compared to other models. The model spreads for the SD of
spring and autumn APO are in the range of −31%–88% and
−30%–58%, respectively. For SSP2-4.5, the projected percentage
changes in the SD of spring, summer, autumn and winter APO
are −32%–61%, −33%–37%, −41%–42% and −15%–89%,
respectively.

CONCLUSION

The performance of 30 CMIP6 models in the simulation of the
Asian-Pacific seasonal UTT, including the climatology, the
interannual variability and the APO pattern during
1965–2014, was evaluated in this study. Based on the
evaluation, their changes under SSP2-4.5 and SSP5-8.5 over
the course of the second half of the 21st century were further
projected. The main findings are summarized below:

1) The evaluation results show that the CMIP6 models perform
well in reproducing the observed climatology and interannual
variability of seasonal UTT pattern in the Asian-Pacific sector.
The MME outperforms individual models with a higher SCC
and lower RMSE. The MME simulated climatological
distribution of seasonal UTT, including the position of
warm and cold centers and the north-south migration
from spring to winter, well resembles the observation. The
simulated SD pattern with large interanual variability over
Asia and the central-eastern Pacific is broadly comparable to
the observation. The observed APO pattern in four seasons
can also be captured.

2) The MME projects that future changes in the UTT
climatology and interannual variability are spatially similar
for the two scenarios, however, the magnitudes of changes
under SSP5-8.5 are larger than that under SSP2-4.5. During
2050–2099 relative to 1965–2014, spring, summer and
autumn UTTs are projected to fall in larger areas of Asia
and rise in most of the North Pacific, signifying a weakening of
the upper-tropospheric thermal contrast between the two
regions. The winter UTT is projected to decrease in East
Asia and the North Pacific except that an increase of UTT
occurs over some parts of the western and the eastern Pacific.
The projected UTT interannual variability increases in four
seasons particularly over the mid-low latitudes of the Asian-
Pacific sector.

3) The MME projects that current APO phenomenon still exists
in the future climate. However, a weakening of APO intensity
and an enlargement of its interannual variability are
anticipated. The changes in magnitude under SSP5-8.5 are
greater than that under SSP2-4.5. For SSP5-8.5, the projected
weakening of APO intensity is the highest in autumn, and that
during the summer time is the lowest. The largest increase of
APO interannual variability is projected in winter, and the
projected smallest increase occurs in summer.
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