J. Earth Syst. Sci. (2021)130:55
https://doi.org/10.1007/s12040-021-01563-9

Ó Indian Academy of Sciences
(0123456789().,-volV)(0123456789(
).,-volV)

Decadal prediction skill for spring and summer surface
air-temperature over India and its association with SST
patterns in CFSv2 and CNRM coupled models
S SWETHA1,2, JASTI S CHOWDARY1,*, ANANT PAREKH1 and C GNANASEELAN1
1
Indian
2

Institute of Tropical Meteorology, Ministry of Earth Sciences, Pune 411 008, India.
Savitribai Phule Pune University, Pune 411 007, India.
*Corresponding author. e-mail: jasti@tropmet.res.in
MS received 27 May 2020; revised 22 December 2020; accepted 23 December 2020

In this study, we have assessed the skill of decadal prediction of boreal spring (March–May) and summer
(June–September) Surface Air Temperature (SAT) over India and its relation with Sea Surface Temperature
(SST) in the National Centers for Environmental Prediction (NCEP) Climate Forecast System Version 2
(CFSv2) coupled model. The skill of CFSv2 is compared with CNRM (Centre National de Recherches
M
et
eorologiques) coupled model, which is the best among the selected CMIP5 (Coupled Model Intercomparison Project 5) models for long-lead forecasts (6–9 years) of global SSTs (with high skill). It is found that
both models show significant skill in predicting 4-year mean SAT over central and southern peninsular India at
1–5 year leads in spring. During summer, significant skills for SAT over the northwest and southeast India are
seen in CFSv2, whereas CNRM displayed significant skills over the north and central India at 1–5 years lead.
The Brst Empirical Orthogonal Function (EOF) mode of SAT variability over India indicates a country-wide
warming/cooling pattern in both observations and models for spring and summer. The analysis reveals that
the decadal variability of SAT (EOF-1) over India is highly related to SST variations over the Indo-PaciBc and
North Atlantic regions. The strong convergence of low-level winds over the equatorial Indian Ocean and
maritime continent accompanied by warm SST anomalies drive the northerly dry winds over India and favour
warm SAT in both spring and summer. Further, changes in shortwave radiation also contributed to SAT
variability over India. In general, the SAT relationship with SST in different parts of tropical and sub-tropical
regions is underestimated in CFSv2 compared to the observations and CNRM in both boreal spring and
summer. The models are able to represent the changes in the atmospheric circulation and related Indo-Western
PaciBc SST patterns reasonably well at the 1–5 years lead with some discrepancy. However, both models
showed relatively low skills in capturing the relationship between SAT over India and equatorial PaciBc SSTs.
This might limit the skills of models in predicting decadal variations of SAT over India.
Keywords. Surface air-temperature; decadal prediction; CMIP5 models; Indian ocean; El Niño southern
oscillation.

1. Introduction
Decadal climate predictions have gained interest
during the last few years due to their ability to oAer
important and crucial inputs for near-term climate

information for the decision-makers on agriculture,
health sector, energy resources, and impact assessment sectors (e.g., Meehl et al. 2014). It aims to
provide climate information from a few years to a
few decades into the future and has a significant
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inCuence on the social, economic, and environmental life of the global community (e.g., Meehl et al.
2009). The prediction of multiyear to decadal climate variability is important for stakeholders and
decision-makers. Decadal climate prediction experiments have been designed to predict near-term
climate based on coupled global climate models
(e.g., Taylor et al. 2012). These decadal predictions
are initialized with the observed state of the ocean
and atmosphere as in seasonal forecast, whereas,
they are extended to 10–30 years using a scenario of
future external forcing similar to climate projections. This hybrid nature makes decadal predictions
distinct from seasonal forecasts and uninitialized
climate projections (e.g., Towler et al. 2018). On the
other hand, decadal predictions Bll the gap between
the seasonal prediction and the climate change
projections (e.g., Meehl et al. 2010), and bridges the
gap between seasonal/interannual and long-term
climate projections (Kim et al. 2012). Early studies
show that climate models can produce skillful decadal predictions of global and some regional Sea
Surface Temperature (SST) (e.g., Smith et al. 2007;
Keenlyside et al. 2008; Mochizuki et al. 2010).
Variability associated with the near-term prediction arises from different climate forcings, both
internal dynamics and external forcing including
anthropogenic forcing. Decadal variabilities due to
natural external forcing include volcanic eruption
and solar activity. Natural variabilities such as the
PaciBc Decadal Oscillation (PDO), and Atlantic
Multidecadal Oscillation (AMO) come under
internal forcing (e.g., Bellucci et al. 2015). Note
that PDO is the leading mode of SST variability
in the North PaciBc (poleward of 20°N) (Mantua
et al. 1997), with anomalies of one sign in the
Kuroshio–Oyashio extension region and the opposite sign along the west coast of North America
(e.g., Nakamura et al. 1997). Predominantly, PDO
varies on decadal-to-multidecadal time scales
(Minobe 1997). On the other hand, AMO is a
basin-scale SST warming or cooling phenomenon in
the North Atlantic and the AMO time series is
dominated by low frequency–multidecadal variations (e.g., Kerr 2000). Both PDO and AMO could
aAect the precipitation and temperature over different parts of the globe (e.g., Knight et al. 2006).
In general, it is believed that increasing the
forecast range reduces the skill of prediction. Still,
some skill is maintained due to external forcing
from greenhouse gas, aerosols, and volcanoes
(Meehl et al. 2014). Owing to the inherent importance of decadal prediction, decadal runs are
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included as per the IPCC (Intergovernmental
Panel on Climate Change) assessments (Taylor
et al. 2012). Decadal runs are part of the CMIP5
(Coupled Model Intercomparison Project Phase 5)
experiments along with the long-term run experiments (Meehl et al. 2009). CMIP5 includes various
experiments, in the near-term run, it includes: (1)
decadal (initialized with observed conditions), (2)
non-volcanic (potentially removing the eAects of
erupted volcanoes like Pinatobu, etc.), and (3)
volcanic (predictions with the eAect of the volcano)
(Taylor et al. 2012).
It is also well established that the seasonal
prediction over India is highly important in the Beld
of agriculture, which in turn invariably contributes
to the economy of the country (Gadgil and Rupa
Kumar 2006; Gadgil and Gadgil 2006). Several
developed and developing countries are nowadays
actively working on estimating the climate change
projections of the near future to the far future. In the
recent years, decadal prediction is gaining momentum in India especially after the establishment of
extended range and seasonal prediction system and
the Earth System Model for climate change studies
based on the National Centers for Environmental
Prediction (NCEP) Climate Forecast System Version 2 (CFSv2) (e.g., Sahai et al. 2013; Swapna et al.
2018; Rao et al. 2019). Thus, it is essential to assess
the skill of CFSv2 in predicting basic variables such
as Surface Air Temperature (SAT), SST, and precipitation. In general, decadal prediction of SAT is
higher than precipitation (e.g., Gaetani and Mohino
2013) and hence in this study, we have focused
mainly on skills of SAT over India during spring and
summer. Previous studies on decadal prediction
reported that significant SST predictive skill is due
to the large thermal inertia which the oceans possess
(Kim et al. 2012; Meehl et al. 2014; Belluci et al. 2015;
Morioka et al. 2018). This predictive skill for precipitation and the surface-land temperature remains
less compared to SST. However, some studies have
reported significant predictive skills in Sahelian
precipitation during summer (Gaetani and Mohino
2013) and summer temperature over East Asia (e.g.,
Wu et al. 2019).
In this study, the predictability of decadal SAT
over India during boreal spring (March–May) and
summer (June–September) and its association with
the tropical and sub-tropical SST variability is
explored in the coupled model CFSv. The annual
cycle of all-India mean SAT suggests that temperatures are generally high in spring and early
summer (e.g., Kothawale et al. 2010). Further, the

Page 3 of 13 55
Atmos: ERA 40/ERA-Interim
Ocean: GODAS and SODA (Interior Ocean
Assimilation included)
Atmos: ERA 40/ERA-interim
Ocean: GODAS and SODA
(Interior Ocean Assimilation not included)
Atmos: ERA40/ operational ECMWF reanalysis
Ocean: OAline ocean reanalysis product

Coupled model integration nudged to
NEMOVAR ocean reanalysis product

Initial condition

occurrence of heatwave conditions is more frequent
in these seasons (e.g., Bhadram et al. 2005;
Kothawale 2005; Fu et al. 2018). Thus, exploring
decadal variability or predictability of SAT in
boreal spring and summer is useful in the context of
its application. The skill of CFSv2 is compared
with CNRM (Centre National de Recherches
M
et
eorologiques) coupled model, and both models
are part of CMIP5 decadal hindcast. Section 2
describes the data and methodology used in this
study. Section 3 presents the skills of the coupled
models in predicting SAT over India, and a summary and discussion are provided in section 4.

Atmos, sea ice, land: CFSR reanalysis
Ocean: NEMOVAR
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HadCM3-2
(Johns et al. 1997)
MOHC

10 (Decadal)

CanCM4-2
(MerryBeld et al. 2013)
CCCMA

10 (Decadal)

CanCM4-1
(MerryBeld et al. 2013)
CCCMA

10 (Decadal)

CNRM-CM5
(Voldoire et al. 2012)
CNRM-CERFACS

10 (Decadal)

Atmosphere: 1 9 1,
Ocean: 0.5 9 0.5
Time: 1960–2015
Atmosphere: 1.4 9 1.4,
Ocean: 1 9 1
Time: 1961–2015
Atmosphere: 2.812592.8125,
Ocean: 1 9 1
Time: 1961–2015
Atmosphere: 2.812592.8125,
Ocean: 1 9 1
Time: 1961–2015
Atmosphere: 2.5 9 3.75,
Ocean: 1.25 9 1.25
Time: 1960–2015
1 (Non-volcanic)
CFSv2
(Saha et al. 2014)
NCEP/COLA

Ensembles
Model
Modelling group

Table 1. Detailed description of the CMIP5 models used in this study.

In this study, we have assessed the CFSv2 model
decadal skill in representing the SAT in boreal
spring and summer. In addition to this, we have also
analyzed decadal hindcasts from CNRM, CanCM41/2, and HadCM3. All these models, including
CFSv2, are part of CMIP5 decadal prediction runs
(Taylor et al. 2012). Details of the models, such as
resolution, time period, number of ensembles, and
model agency are provided in table 1. We have used
the 10-year hindcasts initialized every 5 years from
1960 to 2005. These 10-year hindcasts help in
assessing the skill of the forecast system in the decadal prediction when the initialized year climate
state has detectable inCuence over the predicted
years. The model run starts from 1960 which acts as
the Brst initialized year and runs for the next 10
years till 1970. The second initialized year is 1965
which runs till 1975. Likewise, 10 initialized years
are taken over the period 1960–2015. Thus the
models and observational data are used for the period of 1960–2015. These experiments included in the
design of the CMIP5 project in the near-term prediction paves the way to calibrate the internal climate variability of the model and its response to
increasing CO2 (e.g., Meehl et al. 2009; Taylor et al.
2012). Convective parameterization schemes in
most CMIP5 models are based on convective available potential energy (CAPE) or dilute CAPE
(DCAPE) based closure and trigger function, and in
few models, moisture convergence-based closure and
moisture convergence or relative humidity-based
triggers are used (e.g., Taylor et al. 2012).
The model outputs are assessed against the
observational data. We have obtained the 2 m air
temperature, 850 hPa winds, surface speciBc
humidity, and downwelling solar radiation from the

Resolution (lat 9 lon) and time period

2. Data and methodology
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European Centre for Medium-Range Weather
Forecasts (ECMWF’s) atmospheric reanalysis
dataset of 20th century, namely, ERA-20CM (Poli
et al. 2016) for the period 1961–2010. The observed
SST data used is the Extended Reconstructed Sea
Surface Temperature Version 3 (ERSST.v3b)
(Smith et al. 2008) for the years 1960–2015. Various
statistical techniques such as empirical orthogonal
function (EOF), correlation, and regression are
carried out in the present study. The EOF technique
has been frequently used in atmospheric problems to
identify the dominant patterns of variability,
specifically, cyclical behaviour in the Beld. EOF
analysis decomposes a multivariate dataset into
some orthogonal functions or modes based on the
eigenvectors of the covariance matrix of the dataset.
These modes represent the variability in temporal
and spatial patterns of the original dataset. In this
study, EOF analysis is used to extract the dominant
modes of decadal surface air temperature over India.
In order to focus only on decadal variations, we Brst
de-trended the data to remove the long term
warming or cooling signals for both observations and
model outputs. Further, a 4-year running mean is
applied on the anomalies of detrended data to
smooth out inter-annual variations (e.g., Kim et al.
2012). Anomalies for decadal runs are computed
similar to previous studies (Goddard et al. 2012; Kim
et al. 2012) as follows.
A0jt ¼ Ajt 

N
1X
Ajt ;
N j¼1

where Ajt represents the forecast value and A0jt represents the forecast anomalies, with J ¼ 1; 2; . . . ; N
identiBes the initial years ð1961; 1966; . . . ; 2006Þ and
t ¼ 1; 2; . . . ; 10 denotes the forecast range. The
average of the t forecast year over the N initial-time
predictions is Brst calculated. Then the anomaly of
the j initiated year prediction at forecast year t (A0jt )
is computed by subtracting the average from the
original forecast value (Ajt). Yearly mean and seasonal anomalies are used to calculate the anomaly
correlation coefBcient (e.g., Gaetani and Mohino
2013).

3. Decadal prediction of surface
air-temperature over India
We Brst assessed the decadal prediction skill of
global SST in Bve coupled models by calculating
the anomaly correlation coefBcient. It is noted that

the SST prediction skill of models for the Tropical
Indian Ocean (TIO) is high from forecast year 1 to
6–9 average (Bgure 1a–o). High anomaly correlation is seen over the tropical and subtropical
regions of the Atlantic Ocean in most models. The
skill of these models over the eastern equatorial
PaciBc Ocean is low from forecast year 1 to 6–9
year average, which is apparent with negative
correlation values (Bgure 1). The high predictive
skill of SST over the TIO is seen in all models
including CFSv2 (e.g., Bombardi et al. 2015).
Previous studies have attributed the high SST
prediction skills over the Indian Ocean to small
internal variability and predominance of external
forcing, particularly due to greenhouse gas forcing
(e.g., Deser et al. 2010; Guemas et al. 2013). The
SST skill at long lead times is high in CNRM over
most of the global oceans as compared to other
models (Bgure 1j–l) and so CNRM in addition to
CFSv2 is selected for detailed analysis. In the rest
of the paper, we have compared CFSv2 skills with
CNRM.
The skill of the models CFSv2 and CNRM in
predicting SAT spatial patterns over the Indian
subcontinent on the decadal time scale is examined. Anomaly correlation is used to Bnd the predictive skill of SAT over India during spring and
summer in these models. Figure 2(a–d) shows the
anomaly correlation between observations and
models for forecast 1–5 year average. It is noted
that CNRM shows higher skill compared to CFSv2
in both seasons. Significant (5%) positive correlation values are seen in north-central India and
southern India for both the models during spring.
However, in summer CFSv2 shows significant skill
over northwest India, and CNRM on the other
hand displays a significant correlation over northern and southcentral India (Bgure 2e and f). It is
seen that the skill of the SAT in models is reduced
as lead increases, which is apparent in forecast year
6–9 especially in the summer season (Bgure 2g and
h). Overall, the models showed high skill in predicting SAT at 1–5 forecast year and slightly
reduced in forecast 6–9 years lead over the north to
west-central India and parts of southern peninsular
India.
Motivated by the significant skills in predicting
SAT over India in the coupled models for 1–5
forecast year lead compared to long lead time, the
rest of the analysis is focused on 1–5 years forecast.
Empirical Orthogonal Function (EOF) analysis of
SAT is carried out during the study period of
1960–2010. Figure 3 shows the EOF1 of SAT over
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Figure 1. Anomaly correlation of observed annual mean SST (ERSST v3) with (a) HadCM3-2 SST at 1 year lead, (b) HadCM32 SST at 2-5 year lead and (c) HadCM3-2 SST at 6-9 year lead. (d–f) same as in (a–c) but for CanCM4-2, (g–i) same as in (a–c),
but for CanCM4-1, (j–l) same as in (a–c), but for CNRM and (m–o) same as in (a–c), but for CFS. Hatching represents 5%
significance level.

India during spring and summer for observations
(ERA-20CM) and models (CFSv2 and CNRM). In
general, the Brst leading mode displays a dominant
country-wide-positive signal, suggesting the cooling/warming signals over India as a response to the
natural mode of variability. The observed analysis
shows that maximum EOF loading is seen north of
16°N with northwest–southeast tilt in spring
(Bgure 3a). Similarly, both models show maximum
loading over the northern parts of India with some
differences (Bgure 3c and e). In case of the summer,
the Brst mode of SAT variability also showed
country-wide signals in observations and CNRM
(Bgure 3b and f). CFSv2 on the other hand

displayed positive loading over most of central
India and negative signals over the extreme
southern and northern parts of India (Bgure 3d).
The variance explained by EOF-1 in the observation is 63.5% and 66.8%, respectively, for spring
and summer. Both models (CFSv2 and CNRM) are
able to represent the Brst leading mode of SAT
pattern over India with variance close to the
observations. Similarly, HadCM3-2 also captured
the Brst leading mode of variability well (figure not
shown). Figure 4 illustrates the corresponding
Principal Component (PC1) of the EOF1 of SAT in
observations and models. The observations show
clear positive and negative phases with time. The
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Figure 2. Lead 1–5 year MAM (spring) observed SAT anomaly correlation with (a) CFSv2 and (b) CNRM SAT. (c–d) same as
in (a–b), but for JJAS (summer). Lead 6–10 year MAM (spring) observed anomaly SAT correlation with (e) CFSv2 and
(f) CNRM. (g–h) same as in (e–f), but for JJAS (summer). Stippling represents 5% significance level.

correlation of the observed PC1 with CFSv2 and
CNRM are 0.26 (0.42) and 0.62 (0.27), respectively, in spring (summer). This shows that the
models have reasonable skills in predicting the
decadal variability of SAT over India in spring and
summer for forecast year 1–5 (at 5% significant
level). The models also displayed reasonably good
skills for forecast year 6–9 average.
Well-established leading modes of decadal SST
variability such as AMO and PDO and interannual
variability (El Niño Southern Oscillation) have a
considerable impact on air-temperature over the
Asian region. For example, a recent study by Wu
et al. (2019) suggested that the AMO has a strong
impact on the northern-hemisphere summer decadal prediction of land SAT. To understand the
impact of SST variability on SAT over India during spring and summer, PC1 of SAT is correlated
with global SST anomalies. Figure 5(a) shows that
observed spring SAT variability is positively correlated with SST anomalies over the TIO, west and
northwest PaciBc, and parts of the North Atlantic
regions. This indicates that SST patterns over

these regions have a positive inCuence on the
decadal variability of the SAT over India. The SST
anomalies also show central PaciBc La Niña like
pattern. CFSv2 captured the significant positive
correlation over the north and west equatorial
Indian Ocean, western and Northwest PaciBc, and
equatorial Atlantic regions (Bgure 5c) in spring.
But correlation in the model is opposite to the
observations in some regions of the eastern equatorial Indian and PaciBc Oceans. This discrepancy
in CFSv2 may inCuence model ability in predicting
SAT over the Indian land region. On the other
hand, in CNRM model, the SST correlation pattern with SAT is more close to the observations
except over the eastern equatorial PaciBc and
North Atlantic (north of 30°N) regions.
During boreal summer, the observations show
that EOF1 of SAT is positively correlated with the
north Indian Ocean, parts of equatorial, and
Northwest PaciBc region SSTs, and negatively
correlated with extreme southern Indian Ocean
SSTs (Bgure 5b). In the case of CFSv2 significant
correlation is seen over parts of North Indian
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Figure 3. EOF1 of SAT (°C) over India in observations for (a) spring and (b) summer, (c–d) same as in (a–b), but for SAT
EOF1 in CFSv2 model and (e–f) same as in (a–b) for SAT EOF1 in CNRM model.

Ocean, southeast Indian Ocean, and equatorial
western PaciBc region. The high correlation over
the southeast PaciBc Ocean is noted in CFSv2,
unlike the observations. However, the CNRM
model displays positive correlations over most
of the tropical Oceans, the North PaciBc, and
Atlantic Ocean regions (Bgure 5f). CNRM model
shows that the correlation of SAT PC1 with SST is
much higher in most of the tropical regions,
whereas the relationship is underestimated in
CFSv2. But, both models display relatively low
skills in capturing the relationship between SAT
over India and equatorial and southern PaciBc
SSTs. This might limit the skills of models in

predicting decadal variations in the SAT over
India. Unlike in the other two models, significant
positive correlation of SST is seen mostly over
tropics in HadCm3-2 and negative correlation in
the equatorial PaciBc is misrepresented for both
seasons (Bgure not shown). Overall, this analysis
shows that the SAT decadal variability is strongly
correlated with SST over tropical and parts of
subtropical oceans. It is important to examine how
these SST patterns could inCuence the SAT variability over India during spring and summer.
The atmospheric response to tropical SST
anomalies can extend to the free-tropospheric circulation and have a notable impact elsewhere (e.g.,
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Figure 4. PC1 of spring SAT (EOF1) over India from observations, CFSv2, and CNRM at (a) 1–5 year lead and (b) 6–10 year
lead. (c–d) are same as in (a–b), but for summer.

Figure 5. Regression of SAT (°C) PC1 with SST anomalies (°C) at 1–5 year lead in observations for (a) spring and (b) summer.
(c–d) are same as in (a–b), but for CFSv2 and (e–f) are same as in (a–b), but for CNRM. Stippling represents 5% significance
level.
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Horel and Wallace 1981). The inCuence of the
changes in the atmospheric circulation on regional
SAT has been discussed in the earlier studies. For
example, Li et al. (2018) examined the impact of
summer atmospheric circulation pattern on SAT
over East Asia. The interannual variability of the
SAT over India in different seasons is strongly
inCuenced by changes in local atmospheric circulation (e.g., Chowdary et al. 2014). The atmospheric circulation has a strong impact on the SAT
through cloud-induced changes in surface radiation
(e.g., Chen and Wu 2017) and this circulation
further impacts the lower atmosphere through
various dynamic and thermodynamic processes
(e.g., Fischer et al. 2007). Figure 6 shows the
regression of PC1 upon 850 hPa winds and surface
speciBc humidity in observations and models.
Observed 850 hPa winds show northwesterlies over
the north Indian region corroborated by dry surface (1000 hPa) speciBc humidity in the spring
season (Bgure 6a). At the same time, strong convergence of low level winds over the equatorial
Indian Ocean and maritime continent accompanied
by warm SST anomalies is noticed. This strong
convergence at the equatorial Indian Ocean could
drive northerly winds over India and favours warm
SAT there. The anomalous cyclonic circulation
over the northwest PaciBc is also evident in
Bgure 6(a). Strong SST warming in the southern
Cank of the cyclonic circulation is consistent with
southwestrlies, which is against the mean wind.
This cyclonic circulation also causes low-level
convergence over the Northwest PaciBc in spring.
Remarkably, low-level circulation and humidity
patterns over the Indian subcontinent and TIO
region in CFSv2 are similar to that of observations
(Bgure 6c). This clearly suggests that northwestelies from midlatitudes and dry humidity over
India are mainly responsible for the warm SAT in
the model. The dry moisture is also evident over
northern parts of India escorted by easterly wind
anomalies in CNRM (Bgure 6e) unlike in the
observations. Even though there are some differences in the circulation patterns (north of the
equator) over the Indo-Western PaciBc region,
conditions are favourable for warm SAT over
India.
In the case of boreal summer, dry air intrusion to
the northern parts of India supports low humidity
in observations (Bgure 6b). In addition to this, the
anomalous cyclonic circulation over the Northwest
PaciBc causes strong convergence evidenced by
positive humidity. This low-level circulation
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favours strong convergence, as a result, weak
easterlies over the north Indian Ocean. The strong
convergence/convection over the Northwest PaciBc could induce divergence over the north Indian
region (e.g., Bandgar et al. 2014), which in turn,
supports warm SAT over India. These circulation
and humidity patterns are well represented in
CFSv2 over the Indo-Western PaciBc region consistent with SST patterns (Bgures 5d and 6d). A
weak low-level anticyclone centered over north
India is apparent in CNRM, which favours warm
conditions locally during summer (Bgure 6f). Both
models show some discrepancies in representing
circulation patterns correctly associated with the
leading mode of SAT variability. The inCuence of
the Atlantic and PaciBc on the variability of the
SAT over India is yet to be established.
It is well known that surface downwelling solar
radiation has a direct relation with the SAT. The
atmosphere being transparent to incoming radiation, it is the surface that gets heated Brst.
Therefore, an increase in solar radiation causes the
surface temperature to increase further. Figure 7
shows the surface downwelling solar radiation over
the Indo-western PaciBc region regressed on the
PC1 of the SAT during spring and summer.
Regression analysis of observations shows high
positive values over India during spring (Bgure 7a).
This shows that incoming solar radiation is one of
the major factors that drive the SAT over India
during the spring season on the decadal time scale.
The models showed some/moderate skill in capturing this relationship, especially in CNRM positive solar radiation anomalies that are noted over
north India unlike in the observations and CFSv2
(Bgure 7). The positive solar radiation anomalies
are well distributed over India in CFSv2, suggesting the importance of solar radiation impact on the
SAT over India in spring. During summer, the
observations show positive solar radiation over the
southern and northern parts of India (Bgure 7b).
Similarly, positive solar radiation is noted in
northwest India (central and south India) in
CSFv2 (CNRM) when regressed with PC1 of SAT
(Bgure 7d and f). The positive solar radiation
anomalies are in coherence with SAT over India
both in observations and models. Overall, it is
noted that in both the models, skill for decadal
prediction of SAT over India is highly determined
by SST patterns, atmospheric circulation, and
shortwave radiation variability. However, detailed
studies that explain the link between these SST
patterns over the Atlantic and subtropical PaciBc
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Figure 6. Regression of SAT (°C) PC1 with 850 hPa winds (vectors; m/s) and surface speciBc humidity (shaded; g/kg) anomalies
at 1–5 year lead in observations for (a) spring and (b) summer. (c–d) are same as in (a–b), but for CFSv2 and (e–f) are same as
in (a–b), but for CNRM.

and modes of decadal SAT variability essentially
need further attention.
4. Summary and discussion
With climate modelling advancing in recent years,
decadal climate predictions ranging from 10 to 30
years is increasingly gaining importance. In general, the skill of decadal prediction of temperatures
(ocean and land) is higher than other variables. In
this study, decadal prediction of the spring and
summer SAT over India and its relationship with
SST, circulation, and radiation is examined in
CFSv2 and CNRM models. The interannual variability of SAT over India and its linkage with the
large-scale circulation and SST are examined in
long-term datasets (e.g., Kothawale et al. 2010;

Chowdary et al. 2014). The large variability of
SAT over northwestern India and Pakistan during
boreal spring and early summer on the interannual
time scale is related to heat-wave events causing
high mortality (e.g., Knowlton et al. 2014; Mazdiyasni et al. 2017). It is also reported that the
decade 2001–2010 is India’s warmest decade on
record, with an anomaly of 0.4°C surpassing the
previous decadal record of 0.2°C set in 1991–2000
(NOAA-NCDC 2010). Mostly, previous studies
focused on the long-term trends and interannual
variability of SAT and heat-waves over India (e.g.,
Kothawale et al. 2010; Mazdiyasni et al. 2017; Zhou
et al. 2019). There has been minimal research
conducted on decadal variability and assessing the
coupled model’s ability in predicting decadal SAT
over India.
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Figure 7. Regression of SAT (°C) PC1 with downwelling solar radiation (Wm2) anomalies at 1–5 year lead for (a) spring and
(b) summer. (c–d) are same as in (a–b), but for CFSv2 and (e–f) are same as in (a–b), but for CNRM.

It is found that CFSv2 and CNRM models display reasonably good skills in predicting spring and
summer SAT over the Indian subcontinent for 1,
2–5, and 6–10 year lead times and skill is generally
decreasing with lead time. The leading mode of
decadal spring SAT variability over India shows a
country-wide pattern. The decadal spring SAT
variations over India in both observations and
models are highly inCuenced (positively correlated)
by SST anomalies over the TIO, Northwest PaciBc,
and North Atlantic regions. This indicates that
SST patterns over these regions have a positive
inCuence on the decadal variability of SAT over
India. In general, the SAT relationship with SST in
different parts of tropical and sub-tropical regions
is underestimated in CFSv2 compared to the
observations and CNRM in both boreal spring and
summer. However, models showed low skills in
capturing the relationship between SAT over India

and equatorial and southern PaciBc SSTs in spring.
This might limit the skills of models in predicting
decadal variations in the SAT over India. Variations in shortwave radiation, surface humidity, and
large-scale circulation changes driven by SST
variations played a major role in controlling the
SAT over the Indian subcontinent during spring
and summer on the decadal time scale. For example, during spring dry northwesterly winds caused
dry weather (Bgure 6). These northwesterlies over
the north-central India are blowing from the land
region to its northeastern parts. These winds in
spring generally favour warm conditions over
north-central India where EOF-1 shows strong
positive loading (Bgure 3). Similarly, during summer winds blowing from the northwest and dry
conditions over northern India contributed
towards warm SAT in the observations and
CFSv2. The low-level circulation patterns over
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India are strongly inCuenced by anomalous SST
induced convergence in the eastern equatorial
Indian Ocean and western/northwestern PaciBc
region. The models are able to represent changes in
SAT quite well though there are some discrepancies in capturing the circulation pattern compared
to the observations. However, detailed studies that
explain the link between SST patterns over the
Atlantic and eastern PaciBc and modes of decadal
variability of SAT over India essentially need
attention and further work.
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