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ABSTRACT

Variations of surface air temperature (SAT) are key in affecting the hydrological cycle, ecosystems and agriculture in
western China in summer. This study assesses the seasonal forecast skill and reliability of SAT in western China, using the
GloSea5 operational forecast system from the UK Met Office. Useful predictions are demonstrated, with considerable skill
over most regions of western China. The temporal correlation coefficients of SAT between model predictions and observations
are larger than 0.6, in both northwestern China and the Tibetan Plateau. There are two important sources of skill for these
predictions in western China: interannual variation of SST in the western Pacific and the SST trend in the tropical Pacific.
The tropical SST change in the recent two decades, with a warming in the western Pacific and cooling in the eastern Pacific,
which is reproduced well by the forecast system, provides a large contribution to the skill of SAT in northwestern China.
Additionally, the interannual variation of SST in the western Pacific gives rise to the reliable prediction of SAT around the
Tibetan Plateau. It modulates convection around the Maritime Continent and further modulates the variation of SAT on the
Tibetan Plateau via the surrounding circulation. This process is evident irrespective of detrending both in observations and
the model predictions, and acts as a source of skill in predictions for the Tibetan Plateau. The predictability and reliability
demonstrated in this study is potentially useful for climate services providing early warning of extreme climate events and
could imply useful economic benefits.
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1. Introduction

Surface air temperature (SAT) is a very important hydro-
logical and climatic variable in western China. In contrast
to the monsoon regions in eastern China, most regions in
western China are arid, semi-arid or subject to snow cover.
Variations of the SAT in western China are thus recognized
as key in connecting with heat waves, water resources, agri-
culture and ecosystems (Qin et al., 2006; Chen et al., 2009;
Wei and Chen, 2009). For example, the arid Turpan Basin
in northwestern China, produces fruit and cotton but suffers
from excessive heat and shortage of water resources, relying
heavily on seasonal changes of SAT and the resulting water
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from snowmelt. Thus, a skillful prediction of summer SAT in
western China is in great demand.

Variation of SAT over western China is directly modu-
lated by local ascent rates caused by surrounding anoma-
lous circulations (Qian et al., 2004; Chen et al., 2009). A
warm SAT anomaly tends to occur in association with anoma-
lous descending air motion, increased low-level geopotential
height and anticyclonic circulation, and vice versa. Factors
that relate to changes in these circulation anomalies, like trop-
ical air–sea interactions (Ding and Wang, 2005; Huang et
al., 2011), potentially imply a remote teleconnection with the
variation of SAT over western China, but are not yet well
demonstrated. In addition, variation of SAT over western
China is quite sensitive to climate change, and shows re-
markable warming since the 1980s (Zhou and Huang, 2003,
2010). As a result, this variation links with a strong increase
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of extreme heat days in northwestern China during the last 40
years (Wei and Chen, 2009).

Along with recent advances in climate models and long-
range forecasting, skillful seasonal predictions for some vari-
ables have been possible (e.g., Wang, 2008; Li et al., 2012;
Scaife et al., 2014) and are becoming more useful in eco-
nomic planning and disaster mitigation (Ma et al., 2015;
Svensson et al., 2015; Palin et al., 2016; Clark et al., 2017; Li
et al., 2017). Nevertheless, seasonal forecast skill and relia-
bility of SAT in western China have until recently been elu-
sive. Recently, Bett et al. (2017) assessed the overall seasonal
forecast skill of the climate variables relevant to the energy
sector in China and showed possible skillful summer predic-
tion of SAT in western China. However, they did not analyze
quantitatively the prediction skill of SAT in western China,
nor identify the sources of predictability. Further investiga-
tions of this predictability and its sources are presented here.

We use the latest Met Office seasonal forecast system—
namely, Global Seasonal Forecast System version 5
(GloSea5) (MacLachlan et al., 2015)—to present estimates
of summer prediction of the SAT in western China. GloSea5
is a high-resolution, fully coupled atmosphere–ocean fore-
cast system, with initialized stratosphere and sea ice. It has
demonstrated considerable capability in predicting the North
Atlantic Oscillation (Scaife et al., 2014), Yangtze River val-
ley summer rainfall (Li et al., 2016), winter precipitation over
southeastern China (Lu et al., 2017), tropical storms (Camp
et al., 2015), as well as wind speed and temperature in the
UK and Europe (Clark et al., 2017). As an operational fore-
cast system, GloSea5 has already been effectively applied in
China in-real time seasonal forecasts of monsoon rainfall for
the Yangtze River Basin (Li et al., 2016; Bett et al., 2018). A
better identification in GloSea5 of the summer prediction for
SAT in western China will potentially deliver further climate
services for this region.

Two main questions will be answered in this study: How
well do current coupled models perform in predicting the
SAT in western China? And what are the main sources of
skill? We first describe the data and hindcast experiments in
section 2, then assess the prediction skill and identify the pre-
diction sources in sections 3 and 4, considering the warming
trend and interannual variation of the SAT. We finally present
our conclusions and discussions in section 5.

2. Data and hindcast experiments

The GloSea5 forecast system is developed based on the
second global coupled configuration of HadGEM3 (Williams
et al., 2015). The atmospheric resolution is N216 (0.83◦ in
latitude and 0.55◦ in longitude) and L85 (85 vertical levels
reaching to 85 km height). It is coupled with the JULES land
surface model (Best et al., 2011), the CICE sea ice model
(Rae et al., 2015) and the NEMO ocean model (Megann et
al., 2014). The ocean resolution is 0.25◦ in both latitude and
longitude, with 75 levels. More details of the GloSea5 fore-
cast system are given in MacLachlan et al. (2015). We use a

set of hindcasts produced by GloSea5 covering 1992 to 2011
for each summer (JJA: June–July–August). There are 24 en-
semble members in total, with eight members initialized on
each of 25 April, 1 May and 9 May. We use the ensemble
mean of these hindcasts in this study.

To verify the model prediction, we use the summer SAT
and geopotential height from the ERA-Interim reanalysis
(Dee et al., 2011) from 1992 to 2011 as observations. For
the summer variation of SAT, we have compared the reanaly-
sis results with an observed 160-station temperature dataset
from the China Meteorological Administration, and found
that ERA-Interim follows the station data quite well (not
shown), as found in previous studies (e.g., Inoue and Mat-
sumoto, 2004; Wu et al., 2005). As the stations are relatively
sparse in western China, the spatially complete ERA-Interim
reanalysis data are thus a good substitute. Two other datasets,
including the monthly precipitation data obtained from GPCP
(Adler et al., 2003) and SST data from ERSST.v4 (Huang et
al., 2015), were also used for observational verification.

3. Prediction skill of the SAT in western China

We firstly assess the capability of GloSea5 to describe the
summer SAT in western China. Figure 1 shows the climatol-
ogy and interannual variability of JJA-mean SAT in observa-
tions and GloSea5. In observations, in addition to the mon-
soon region in the east, northwestern China suffers from quite
hot summers, with the mean temperature exceeding 28◦C
around the Taklimakan Desert. These high temperatures in
northwestern China are the result of dry air adiabatic warm-
ing from subsidence associated with surrounding large-scale
circulations (Gamo, 1996; Wu and Liu, 2003; Qian et al.,
2004). Further south, the mean temperature on the Tibetan
Plateau is low because of the high altitude. Temperatures in
northern and western China exhibit large interannual variabil-
ity (Fig. 1c), including both northwestern China and around
the Tibetan Plateau, implying an important role for SAT vari-
ability in the summer climate. Considering the model pre-
dictions, we find that the summer mean and interannual vari-
ability are generally well reproduced in GloSea5 (Fig. 1b and
1d).

Figure 2 displays the spatial distribution of prediction
skill for SAT in China. The skill score used here is the tempo-
ral correlation coefficient between the ensemble mean model
prediction and observation at each grid point. It is clear that
skillful predictions of SAT are demonstrated by GloSea5 in
western China. The prediction skill is significant over most
areas of western China and exceeds 0.6 for large areas. This
distribution agrees well with Bett et al. (2017), who assessed
the skill of temperature for energy demand forecasts, con-
sidering the potential for future climate service development.
Furthermore, this skill pattern is similar to the longer lead-
time prediction correlation of DePreSys3 [version 3 of the
UK Met Office Decadal Prediction System; Figs. 1a and c in
Monerie et al. (2017)]. This uses the same coupled model
as GloSea5 and has a longer hindcast time period from 1960
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Fig. 1. The (a, b) climatology and (c, d) interannual variability of summer (JJA) mean near-surface air temperature
(units: ◦C) for (a, c) ERA-Interim, as observation, and (b, d) the prediction from GloSea5, from 1992 to 2011. The in-
terannual variability in (d) is characterized by the interannual standard deviation, calculated from all ensemble members
and all years. The green boxes indicate the domains of northwestern China (35◦–45◦N, 80◦–105◦E) and the Tibetan
Plateau (30◦–35◦N, 85◦–105◦E).

Fig. 2. Prediction skill (temporal correlation coefficient) of
summer SAT for the GloSea5 hindcasts. The yellow contours
represent gridpoint statistical significance exceeding the 5%
significance level. The green boxes indicate the domains of
northwestern China (35◦–45◦N, 80◦–105◦E) and the Tibetan
Plateau (30◦–35◦N, 85◦–105◦E).

to 2014. This suggests that the skill of forecasts of SAT in
western China achieved by GloSea5 is robust.

To achieve a better understanding of the predictability, we
divide western China into two regions, including northwest-
ern China (35◦–45◦N, 80◦–105◦E) and the Tibetan Plateau
(30◦–35◦N, 85◦–105◦E), and define their temperature indices
as the area-averaged SAT over these two regions. The reason
for us to choose these two regions is their variations of SAT
are relatively independent of each other. The correlation coef-
ficient between the two regions is 0.58 (0.42 after detrending)
from 1992 to 2011 in observations. Although 0.58 is signifi-
cant at the 95% confidence level, it still implies that most of
the variance is independent between the two regions. More-
over, we have also examined the first two EOFs of SAT in
western China. These patterns exhibit anomalies mainly over
northwestern China and the Tibetan Plateau, respectively (not
shown), further supporting the separate investigation of their
sources of skill.
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Figure 3 shows the year to year variation of the average
summer SAT in northwestern China and the Tibetan Plateau
for observations and the predictions. The temperature anoma-
lies are successfully reproduced in most of the years from
1992 to 2011. The correlation coefficients of SAT between
the model prediction and observation in northwestern China
and the Tibetan Plateau are 0.76 and 0.64, respectively. These
are both significant at the 1% significance level according to
the Student’s t-test. These values correspond well to the spa-
tial distribution of prediction skill (Fig. 2) and suggest useful
predictions with potentially useful skill levels in the current
operational forecast system. In addition, the signal-to-noise
ratio, which is defined as the ensemble mean standard devia-
tion divided by the standard deviation of individual members
(e.g. Kumar, 2009), is 0.64 for the temperature in these two
regions. This is similar to the correlation scores, as it should
be for a well calibrated system (Kumar, 2009; Eade et al.,
2014) and there is no discrepancy in signal-to-noise ratio
in these predictions. Furthermore, systematic warming dur-
ing the hindcast period is found in these two regions and is
well reproduced by the model predictions. The SAT in north-
western China (the Tibetan Plateau) has been increasing at

Fig. 3. Normalized time series of SAT in (a) northwestern China
and (b) the Tibetan Plateau from observation (bars) and the
prediction of GloSea5 (red solid line). The correlation coeffi-
cient between the prediction and observation is 0.76 (0.64) over
northwestern China (the Tibetan Plateau). Dashed lines repre-
sent the linear warming trends.

a rate of 0.83◦C (0.37◦C) per decade in observations, and is
reproduced as 0.49◦C ±0.17◦C (0. 41◦C ±0.16◦C) per decade
in GloSea5. The warming trend is suggested to be an im-
portant contributor to the prediction skill of SAT in western
China, and will be discussed in the following section.

4. Sources of the prediction skill

4.1. Warming trend
Systematic warming associated with skillful prediction is

detected in the temperature of western China (Fig. 3). But
to what extent does this warming trend contribute to the pre-
diction skill of SAT in western China? Figure 4 shows the
spatial distribution of prediction skill for SAT after remov-
ing the linear trend. The prediction skill decreases over most
regions of China (c.f. Fig. 2). In northwestern China, the
correlation coefficient of SAT between the model output and
observation declines to 0.45, compared to 0.76 with the trend
included (Fig. 3a). It suggests a contribution of the warming
trend to the skill of seasonal prediction in this region. Never-
theless, the skill is still generally positive (0.45 just exceeds
the 95% confidence level) and is highly significant (> 95%)
in South Xinjiang, which is an extremely arid desert area in
northwestern China.

The skill around the Tibetan Plateau also remains signif-
icant after removing the linear trend. The correlation coeffi-
cient of SAT in the Tibetan Plateau between the model pre-
diction and observation is 0.58, similar to the non-detrended
result (0.64; Fig. 3b). This implies that the warming trend
does not play an important role in the prediction skill of SAT
around the Tibetan Plateau, in contrast to the situation in
northwestern China. Instead, interannual variations of other
factors potentially dominate, and this will be discussed later.

Changes of the prediction skill after detrending are well
reflected by the spatial distribution of the linear trend of SAT
in China (Fig. 5a). Apparent warming of SAT is found over
northwestern China in observations, especially in the north-
east with an increase of more than 0.1◦C yr−1 (corresponding
to the regions with large changes of prediction skill when
detrending). The regions with strong warming are consis-
tent with those that have a large decrease of prediction skill
(Fig. 5b), implying an important role of the warming trend

Fig. 4. As in Fig. 2 but for the prediction skill of detrended SAT.
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Fig. 5. Spatial distribution for (a) the linear trend of SAT in
◦C/year and (b) the change of prediction skill when detrending
(difference between Figs. 2 and 4).

in the prediction skill of SAT in these regions. This also ap-
plies to the summer prediction of SAT in Inner Mongolia and
the middle–lower reaches of the Yangtze River Valley, where
there is significant skill (Fig. 2) and a large warming trend
(Fig. 5).

The tropical SST has a longer memory than the atmo-

sphere and this imparts predictable signals to the tropical at-
mosphere on seasonal time scales (Wang et al., 2009; Kumar
et al., 2013; Scaife et al., 2017); therefore, we search for tele-
connections between the SAT in northwestern China and the
variations of tropical SST. Figure 6 shows the regressed SST
anomalies onto the original and detrended SAT in northwest-
ern China. In association with warm conditions in northwest-
ern China, significant positive SST anomalies in the western
Pacific are found in the tropics. These SST anomalies disap-
pear when the warming trend is removed, implying an impor-
tant role of the warming trend in modulating the teleconnec-
tion of SAT in northwestern China to the SST in the tropical
Pacific. To identify the sources of predictability, the ensem-
ble mean of all members, which contains more predictable
signals, is used as the model prediction. For the SST anoma-
lies in model predictions, the effect of the warming trend can
be reasonably reproduced, and shows east–west dipole SST
anomalies in the tropical Pacific with or without detrending.

The linear trend in SST during the hindcast period from
1992 to 2011 displays a warming of the tropical western Pa-
cific and cooling of the tropical eastern Pacific that is well
captured by the forecast system (Fig. 7). This pattern closely
resembles the SST teleconnection pattern associated with
high SAT in northwestern China (Fig. 6a) and may therefore
explain some of the rapid warming in northwestern China.
It further implies the importance of reasonable ocean data
assimilation for skillful prediction of SAT in northwestern
China, especially in the tropical Pacific Ocean. On seasonal
timescales there is very high skill in tropical SST (Wang et
al., 2009; Yan et al., 2010; Li et al., 2012) and the ENSO-like
pattern shown here. The cooling of the eastern Pacific over
this period is likely related to the negative Pacific Decadal Os-
cillation present in the early 21st century (Ding et al., 2013;
Kosaka and Xie, 2016; Smith et al., 2016).

Fig. 6. Regression of SST anomalies onto the (a, c) original and (b, d) detrended SAT in northwestern China for (a, b) observa-
tions and (c, d) seasonal predictions. Shading indicates regions where anomalies exceed the 5% significance level. The contour
interval is 0.1◦C and a positive (negative) anomaly is represented by a solid (dashed) contour.
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Fig. 7. Spatial distribution for the linear trend of SST (units: ◦C yr−1) from (a) observations and
(b) GloSea5.

Fig. 8. As in Fig. 6 but for the SAT in the Tibetan Plateau. The green box indicates the key domain of SST anomalies in the
western Pacific (10◦S–10◦N, 110◦–150◦E).

4.2. Interannual variation of SST in the western Pacific

As described earlier, the prediction skill of SAT in the
Tibetan Plateau remains high even after removing the linear
trend, suggesting that this prediction skill arises mainly from
its interannual component. Figure 8 shows the regression of
simultaneous SST anomalies onto the SAT in the Tibetan
Plateau. Significant warm SST anomalies are detected in
the western Pacific related to the SAT on the Tibetan Plateau.
The SAT on the Tibetan Plateau tends to be warm (cold) when

there are positive (negative) SST anomalies in the western Pa-
cific. This positive relationship does not decline even when
the linear trend is removed, which is quite different to the
variation of SAT in northwestern China. The corresponding
correlation coefficient between SAT in the Tibetan Plateau
and SST in the western Pacific (10◦S–10◦N, 110◦–150◦E) is
0.64 (0.62) before (after) detrending. In contrast, the SST
in the tropical eastern Pacific has a relative weak impact on
the SAT in western China. The correlation coefficient be-
tween SAT in the Tibetan Plateau and the Niño3.4 index is
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Fig. 9. Scatterplots showing the prediction skill of the (a) orig-
inal and (b) detrended SAT in the Tibetan Plateau and its rela-
tionship with the SST in the western Pacific (box in Fig. 8). The
skill is represented by the prediction correlation between the
model hindcast and observations, and observations are assumed
perfect with a skill of 1. The red solid dot is for the observation;
the blue solid dot is for the ensemble mean of GloSea5; and the
black hollow dots are for the 24 ensemble members in GloSea5.

−0.39 (−0.33) in observations. GloSea5 demonstrates quite
good performance in reproducing this positive relationship,
with significantly warm SST in the western Pacific being re-
lated to both the original and detrended SAT in the Tibetan
Plateau. The significant correlation around the tropical east-
ern Pacific in the model predictions corresponds to the usage

of the ensemble mean result with more predictable signals.
Figure 9 shows the scatterplots for the prediction skill of

SAT in the Tibetan Plateau and its relationship with the SST
in the western Pacific for observation and prediction from
model members. It shows the good performance of the model
in capturing the teleconnection of SST in the western Pacific
and SAT in the Tibetan Plateau, in associated with the skillful
prediction of SAT. The scatter distribution shows a good lin-
ear correspondence and suggests that a better description of
the teleconnection with the SST in the western Pacific favors
a better prediction of SAT in the Tibetan Plateau. The linear
correspondence agrees well before and after detrending.

Interannual variation of SST in the western Pacific may
modulate the variation of SAT in the Tibetan Plateau and give
rise to skillful predictions. Figure 10 illustrates the summer
anomalies related to this western Pacific anomalous SST. The
SST anomalies in the western Pacific are averaged over the
region given by (10◦S–10◦N, 110◦–150◦E). Corresponding
to an anomalously warm SST in the western Pacific, there is
more rainfall around the Maritime Continent and enhanced
500-hPa geopotential height and SAT anomalies around the
Indochina Peninsula and the Tibetan Plateau in observations.
This kind of pattern is known as a Matsuno–Gill response
(Matsuno, 1966; Gill, 1980) forced by the warm SST in
the western Pacific. Anomalous condensational heating as-
sociated with the increased precipitation around the Mar-
itime Continent, caused by the warming in the western Pa-
cific, tends to excite a warm tropospheric Kelvin wave to
the east and an anomalous increase of the 500-hPa geopo-
tential height to the northwest. The surface air around the
Tibetan Plateau can thus be warmed by subsidence induced
by the increased surrounding geopotential height. In the sea-
sonal predictions, the regression of model members is per-
formed on all the ensemble members in GloSea5, to verify the
above process in observation with sufficient sample size. In
the model predictions, a related similar response to the warm
SST anomalies in the western Pacific occurs, consistent with
the above process operating in the model as in observations,
and thus effectively giving rise to the high levels of skill in
SAT in the Tibetan Plateau.

Moreover, to identify the extent to which the skill of SAT
in the Tibetan Plateau can be explained by the western Pacific
SST, a cross-validated reforecast is performed using the west-
ern Pacific SST as the only predictor. The cross-validated
reforecast is built by a statistical linear regression method,
leaving one target year out for prediction. After calculation,
the cross-validated reforecast result achieves a temporal cor-
relation coefficient of 0.58. It is close to the skill of direct
model prediction (0.64) and verifies the western Pacific SST
as one of the main sources of the high skill of SAT in the
Tibetan Plateau.

5. Summary and discussion

Improved understanding of climate dynamics to enhance
regional climate predictions is one of the key research topics
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Fig. 10. Regression of (a, b) precipitation, (c, d) 500-hPa geopotential height, and (e, f) SAT anomalies onto the normal-
ized SST anomalies in the western Pacific (box in Fig. 8) for (a, c, e) observations and (b, d, f) the seasonal predictions
of all ensemble members in GloSea5. The anomalies are detrended before regression. Shading indicates regions where
anomalies exceed the 5% significance level. The contour intervals are 0.5 mm d−1, 10 m, and 0.05◦C for the three
variables, respectively.

in the Climate Science for Service Partnership China (CSSP
China) programme, and is crucial to underpin the develop-
ment of climate services. In this study, we assess the pre-
diction skill of summer SAT in western China and analyze
the dynamical processes that contribute to that predictability,
using the GloSea5 forecast system with a 20-year reforecast
from 1992 to 2011. We find that the summer variation of
SAT is quite skillfully predicted by the forecast system, with
considerable temporal correlation coefficients in most regions
of western China. The correlation between the model out-

put and observation reaches 0.76 for the SAT averaged over
northwestern China, and 0.64 for the Tibetan Plateau.

For the sources of predictability, two important signals
are detected: the linear trend and interannual variation of SST
in the western Pacific. The SST trend in the tropical Pacific
during these 20 years relates closely to the warming trend of
SAT in northwestern China. The prediction skill in north-
western China contains a large component from the trend.
This implies the importance of reasonable ocean assimila-
tion in skillful prediction of SAT in northwestern China, es-
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pecially that over the tropical west Pacific. In contrast, for
the Tibetan Plateau, the prediction skill remains high af-
ter removing the linear trend. A close teleconnection be-
tween the SST variability in the western Pacific and summer
SAT around the Tibetan Plateau is revealed. The anoma-
lously warm SST in the western Pacific appears to excite
a Matsuno–Gill response with enhanced convection around
the Maritime Continent and surface air warming and positive
geopotential height over the Tibetan Plateau.

Some midlatitude factors, such as the teleconnection pat-
tern along the Asian upper-tropospheric westerly jet (Hong
and Lu, 2016; Lin and Lu, 2016; Lin et al., 2017), which
are modulated by atmospheric internal variation and are thus
unpredictable (Kosaka et al., 2012), can also affect SAT in
western China. This internal “noise” factor may limit the
prediction of SAT in western China. The prediction sources
identified in this study further confirm that the prediction skill
of the current coupled model relies largely on tropical air–sea
interactions.

The skillful prediction achieved here suggests a positive
outlook for future climate services for disaster mitigation and
economic planning. The results presented here also have rel-
evance beyond China: The contribution of interannual SST
variation in the western Pacific also helps explain the pre-
diction skill of SAT around the Indochina Peninsula, where
skillful predictions with significant impact from the western
Pacific SST are also detected (Figs. 2, 4 and 9).
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