J. Earth Syst. Sci. (2021)130:21
https://doi.org/10.1007/s12040-020-01521-x

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

Modelling and forecasting for monthly surface
air temperature patterns in India, 1951–2016:
Structural time series approach
K V NARASIMHA MURTHY1,* , R SARAVANA1, G KISHORE KUMAR2
and K VIJAYA KUMAR3
1
Department
2
Department
3

of Mathematics, Madanapalle Institute of Technology & Science, Madanapalle 517 325, India.
of Atmospheric and Space Sciences, Savitribai Phule Pune University, Pune 411 007, India.
Department of Statistics, S.G.S. Arts & Science College, Tirupati 517 501, India.
*Corresponding author. e-mail: murthy.koundinyas@gmail.com
MS received 22 February 2018; revised 18 September 2020; accepted 6 October 2020

Surface air temperature (SAT) is a key meteorological parameter. Modelling and forecasting of the SAT
has vital importance to understand the ecological and agricultural changes. We utilized all India monthly
mean SAT, which covers a time span of 1951–2016. We used structural time series (STS) analysis to
model and forecast the monthly mean SAT. Forecast during 2006–2016 well matched with the observational data. Further, the forecast of monthly mean surface air temperature patterns for 2017–2019
shows a good agreement with climatological behaviour. Note that we observed an increasing trend
0.0009°C per year in monthly mean surface air. Further, we noticed slight chance of rise in temperature
about 0.1°C specially for the months of April, May and December in the years 2017–2019.
Keywords. Surface air temperature; STS model; modelling.

1. Introduction
Surface air temperature (SAT) is an important
factor, not only from the meteorological point of
view as well as from the climatological point of
view. It contributes a notable role in environmental
sustainability, ecological, earth, climate change,
weather and agricultural systems. To analyse the
current state of knowledge on climate change,
Intergovernmental Panel on Climate Change
(IPCC) published assessment repots. SAT is one of
the major factors discussed in these reports. As per
IPCC reports, the averaged global SAT has risen
by about 1°C since the middle of 19th Century.
Most part of this rise in temperature is taken place
after the industrial revolution. The rise in

temperature alters the oceans and atmospheric
layers as well. The study of surface air temperature
always has societal importance. Research studies
(e.g., Wu and Zhao 2007; Keller 2009; Foster and
Rahmstorf 2011; IPCC 2013) showed statistically
significant increase in temperature trends. In
addition to global prospective, temperature variability on regional scales also have same
importance.
Wide variety of tools have been used to analyse
the time series data analysis. Auto Regressive
Integrated Moving Average (ARIMA) models are
popularly used for time series analysis. Enakshi
et al. (2016) used Seasonal ARIMA (SARIMA) to
predict minimum and maximum temperatures over
Eastern Plateau of India. Narasimha Murthy et al.
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Figure 1. (a) Temperature patterns in geographical region of India. (b) The network of 395 stations selected in the study (image
source from Srivastava et al. 2009).

Figure 2. Box plot for monthly mean temperatures in India (1951–2016).

(2018, 2019a) reported the behaviour and forecasted
the patterns of southwest monsoon rainfall
in northeast India and the patterns of monthly
temperature in India by applying SARIMA. However, it is not possible every time to convert a timeseries stationary by differencing or by applying
transformations. In that sense, the structural time
series (STS) modelling is a good tool to succeed in
dealing with the difBculty of time series stationary
(Box et al. 1994), and determines the hidden

mechanisms involved in ARIMA model. The STS
models are also referred as unobserved component
models (UCM) or dynamic models.
In STS modelling, the time series disintegrates as
the concealed components of trend, seasonal, cycles
and the regression (Harvey 2001). STS models are
suitable for Bayesian time series (West and
Harrison 1999). The hidden components in STS
modelling obey the acceptable stochastic models for
predicting, and allow analysis of the response series.
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Figure 3. Time series plot of monthly average temperatures in India (1951–2016).

Also, the STS modelling involves the description of
variables and in-depth understanding of data irregularities. STS models have been used in lot more studies
such as atmospheric carbon dioxide (CO2) time series
(Young 2011), mean temperature patterns in Finland
(Mikkonen et al. 2015), and characterization of both
maximum and minimum temperatures over India
(Kaipa Viswanath and Ramachandran 2019). In
regional scale, Narasimha Murthy et al. (2019b, c)
analysed the patterns of seasonal rainfall in Rayalaseema and coastal regions of Andhra Pradesh, India
and seasonal rainfall patterns over Tamil Nadu, India
(Viswanath et al. 2020). Murthy and Kishore Kumar
(2020) used UCM to study the seasonal temperature
variations with all India average surface air temperature data. In the present study, we used the UCM
technique to study the STS modelling behaviour of the
monthly mean surface air temperature during the
period 1951–2016 and to predict the next two years.
The appropriate UCM model has been selected among
the various parsimonious models based on AIC, BIC
and the model diagnostics.
The paper is organised in the following manner:
the database and data analysis (section 2), results
and discussion (section 3) and summary and
conclusions (section 4).
2. Data base and data analysis
In the present study, we used all India averaged
monthly mean surface air temperature (SAT) from
1951 to 2016. The data has been collected from
India Meteorological Department (IMD), India.

Table 1. Significance analysis of components suitable BSM for
mean temperature.
Based on the Bnal state
Component

DF

Chi-square

Pr [ Chi-square

Level
Slope
Auto regression
Season

1
1
1
11

188269
33.90
19.38
19867.4

\0.0001
\0.0001
\0.0001
\0.0001

Pr indicates probability.

Figure 1(a) illustrates the temperature patterns
over India. The all India averaged SAT were prepared by using 395 stations (shown in Bgure 1b).
More details about the dataset can be found in
Srivastava et al. (2009).
In this study, we utilized structural time series
(STS) model. STS analyses and forecasts the
equidistantly spaced univariate time series and
decomposes the response series into components
such as trend, cycle, seasonality and the eAects of
regression due to predictor series (SAS Institute
Inc. 2014). Here, we discuss brieCy about the
components. Detailed explanation with mathematical equations for this method can be found in
Murthy and Kishore Kumar (2020).
The generalised STS model is of the type
yt ¼ lt þ ct þ wt þ rt þ et ;
where yt represents the observed monthly mean
temperature at time t.
The trend component (lt) generally adopted in
STS model is locally linear trend (LLT) model. In
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Table 2. Final estimates of the free parameters for mean temperature suitable BSM model.
Based on the Bnal state
Component
Auto regression
Auto regression

Parameter
q
r2m

Estimate
0.40409
0.18987

Standard error

t value

Pr [ —t—

0.03617
0.01248

11.17
15.21

\0.0001
\0.0001

Figure 4. (a) Filtered level of linear time trend for identiBed STS model for monthly mean temperatures in India. (b) Filtered
slope of linear time trend for identiBed STS model for monthly mean temperature in India.

STS model, there are two basic ways of modelling
the cyclical component (wt) such as non-stochastic
cycle and stochastic cycle. The seasonal component
(ct) is usually modelled in two alternative forms
either in the stochastic dummy form or
trigonometric form of seasonal model. Rather than
modelling the cyclical behaviour of a time series
(non-stochastic or stochastic), the autoregressive
component (rt) is a speciBc kind of cycle that

corresponds to the frequency of zero or p and


i:i:d:
irregular et  Gaussian 0; r2e .
The presence of different components in the
selected STS model depends on the tests of significance for free parameters and components based on
the Bnal state. A wide range of STS patterns can be
created by proper inclusion of components known as
basic structural models (BSM). The model
parameters are estimated through maximizing the
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Figure 5. Filtered linear time trend component of identiBed STS model for monthly mean temperature in India.

Figure 6. Filtered seasonal component of identiBed STS model for monthly mean temperature in India.

likelihood function. The most suitable STS model is
chosen from the BSMs based on the minimum
information criteria (Akaike’s Information Criteria
(AIC) and Schwartz’s Bayesian Information Criteria (BIC)) and goodness-of-Bt. The selected STS
model diagnostics (Stoffer and Shumway 2010) is
found with normal diagnostics checking, i.e., correlation diagnostics checking, p-values of LJungBox residual test statistic and cumulative residuals
(Cryer and Chan 2008). After fulBlling all the above
criteria, the selected STS model is utilized for
forecasting.

3. Results and discussion
We start our study with basic monthly variations
of the surface air temperature. Figure 2 illustrates
the monthly variations of the SAT based on the
observations from 1951 to 2016. The box car plots
shown in Bgure 2 provides a clear statistical picture
of the SAT. We also provided the month-wise
descriptive statistics in the Bgure itself. Average
surface air temperature shows a clear annual variation with maxima during summer months (May
and June) and minima during winter months
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Figure 7. Filtered auto regression component of identiBed STS model for monthly mean temperature in India.

(December and January). The standard deviations
explain the inter-annual variation of the surface air
temperature. From the Bgure, it is clear that the
inter-annual variations are less during monsoon
(July, August and September) compared to other
months. It indicates that consistent behaviour
during southwest monsoon season. Figure 3 illustrates the monthly mean surface air temperature.
A clear seasonal and inter-annual variations
(cyclical variations) are evident from the Bgure. In
addition to that, a tiny rising trend is also evident,
which is more prominent after 1990.
In the present study, we used STS modelling for
the monthly mean surface air temperature patterns. We listed out the analysis of the significant
components (level, slope for trend, autoregressive
component and seasonal component) and free
parameters in tables 1 and 2, respectively. From
the tables, it is clear that all the components are
highly significant. Finally, the STS model has AIC
= 1081.5, BIC = 1095.5, R2 = 0.98159, adjusted R2
= 0.98156, and Amemiya’s adjusted R2 = 0.98147
and is a well accepted structural model for forecasting the monthly mean surface temperatures in
India.
The trend component model has the nonstochastic linear time trend lt = l0 + b0t. We
illustrated the Bltered level component and Bltered
slope component in Bgure 4(a and b), respectively.
From Bgure 4(a and b), it is clear that the

temperature shows an increasing trend (b0) of
0.0009°C per year and mean level (l0) is 24.611°C.
Figure 5 illustrates the Bltered linear time trend
based on l0 and b0.
The non-stochastic trigonometric Bltered seasonal
monthly mean temperature is illustrated in Bgure 6.
A clear seasonal variation is evident from the Bgure.
Since the seasonal period is 12 months, the Bltered
seasonal monthly mean temperature patterns are
modelled by the equation c6,t = c6,t1.
The damping factor and error variance of auto
regression components are at significant level.
Hence, the UCM auto regression term of cycle for
monthly mean temperature is modelled as
rt = 0.4041rt1 + 0.1899 and from Bgure 7, the
predicting stochastic nature of cyclic variations are
stationary.
The residual and correlation diagnostics for the
STS model are shown in Bgure 8. The distribution
of the residuals goes well with Gaussian assumption of the white noise. The ACF and PACF plots
show no significant autocorrelation. Further, we
applied LJung-Box test statistics and the results
are illustrated in Bgure 9.
In the plot, the initial few lags of p-values are
identical as the model estimated parameters; the
fact is illustrated in the blue shade. Further, there
is no whiteness violation in the initial p-values next
the 3rd lag. In general, the large sample theory of
p-values indicates that the statistical analysis for
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Figure 8. Residual and correlation diagnostics of the identiBed STS model for monthly mean temperature series in India.

Figure 9. LJung-Box portmanteau test of identiBed STS model for monthly mean temperature series.

the lags greater than the square root of the size of
the sample is not acceptable. The result strictly
agrees with the large sample analysis which is
pﬃﬃﬃﬃﬃﬃﬃﬃ
allowable up to 792  28 lags.
Figure 10 shows the residuals plot vs. time
with LOESS (LOcally WEighted Scatter-plot
Smoother) curve for mean temperatures. The plot
helps to check whether there are any perceptible
patterns in the residuals or not. No significant
patterns are evident in the Bgure.

From the diagnostics plots, it is observed that
the linear time trend and trigonometric seasonal
components of non-stochastic; the cycle and irregular components of stochastic auto regressive is
well suitable STS model to study and forecast the
SAT patterns in the Indian region with
yt = lt + ct + rt.
Further, to show the identiBed STS model
performance, we study the observed monthly SAT
values for the years 2006–2016 with the predicated
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Figure 10. Residuals of identiBed STS model for monthly mean temperature series with LOESS smooth.

Figure 11. Forecasted monthly mean temperature patterns in India from the identiBed structural model.

values (2006–2019) as shown in Bgure 11. It is clear
that almost all the actual values during the period
(2006–2016) were situated on the predicated curve
under 95% conBdence interval with an exception
during May 2016. We also tabulated the forecast
monthly mean values from 2017 to 2019 in table 3.
The monthly mean forecast surface air temperature values resemble the climatological behaviour
as discussed earlier. From the forecast of
2017–2019, there is a possibility to increase the
monthly mean SAT 0.1°C in the month of April,
May and December.

4. Summary and conclusion
Surface air temperature (SAT) is a key meteorological parameter. The forecasting of SAT has lot
of importance. In the present study, we tried to
forecast the SAT using the monthly mean SAT
observations over Indian region. The monthly
mean SAT clearly shows an annual variation with
maximum temperatures during the months May
and June and minimum temperatures during the
months December and January. Clear inter-annual
variability is also shown in the time series of SAT.
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Table 3. Forecasts along with 95% conBdence limits for mean temperature in India based on
identiBed BSM model.
Forecasts of mean temperatures in India

Month and year

Forecast

Standard
error

January 2017
February 2017
March 2017
April 2017
May 2017
June 2017
July 2017
August 2017
September 2017
October 2017
November 2017
December 2017
January 2018
February 2018
March 2018
April 2018
May 2018
June 2018
July 2018
August 2018
September 2018
October 2018
November 2018
December 2018
January 2019
February 2019
March 2019
April 2019
May 2019
June 2019
July 2019
August 2019
September 2019
October 2019
November 2019
December 2019

18.94
20.79
24.08
27.05
28.78
28.78
27.82
27.42
26.88
25.24
22.38
19.81
18.95
20.80
24.09
27.07
28.79
28.79
27.84
27.44
26.89
25.25
22.39
19.83
18.85
20.67
23.96
26.97
28.70
28.74
27.76
27.36
26.83
25.16
22.29
19.73

0.54357
0.54361
0.54364
0.54366
0.54368
0.54370
0.54372
0.54373
0.54375
0.54377
0.54379
0.54381
0.54397
0.54401
0.54404
0.54407
0.54409
0.54410
0.54412
0.54414
0.54416
0.54417
0.54420
0.54422
0.48616
0.4862
0.48622
0.48622
0.48622
0.48623
0.48623
0.48623
0.48623
0.48623
0.48625
0.48627

In order to understand the temperature patterns
and forecast the same, we used structural modelling. The identiBed BSM with the components of
non-stochastic trend, non-stochastic trigonometric
seasonal and stochastic auto regressive for cycle is
examined to explore the behaviour of the components and to forecast the monthly mean temperature pattern with 95% conBdence interval in the
Indian geographic region. Based on the estimated
parameters, we have forecasted the monthly mean

95% conBdence limits
Lower limit

Upper limit

17.87
19.73
23.01
25.99
27.71
27.71
26.76
26.36
25.81
24.17
21.32
18.75
17.89
19.74
23.02
26.00
27.72
27.73
26.77
26.37
25.82
24.18
21.32
18.76
17.90
19.72
23.00
26.02
27.75
27.79
26.81
26.41
25.88
24.21
21.33
18.78

20.00
21.86
25.14
28.18
29.84
29.85
28.89
28.49
27.94
26.30
23.45
20.88
20.02
21.87
25.15
28.13
29.86
29.86
28.90
28.50
27.95
26.32
23.46
20.89
19.80
21.63
24.91
27.92
29.65
29.70
28.72
28.31
27.78
26.11
23.24
20.68

SAT for the period 2006–2019. The forecast
monthly mean temperatures for 2006–2016 have
well represented the measurements. The forecast
monthly mean temperatures for the period
2017–2019 resemble the climatological monthly
mean behaviour. We noticed an increasing trend of
about 0.009°C per year. There is also a chance of
slight increase in monthly mean temperature of
0.01°C in April, May and December months over
the years 2017–2019.
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