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Abstract

This study examines the changes in annual mean (minimum and maximum) temperatures for Kolkata weather
observatory during 1941-2010. The analysis focus on the air temperature time series records at Alipore station (Kolkata)
of Indian Meteorological Department (IMD). Variation and trend in annual mean temperature, annual mean maximum
temperature and annual mean minimum temperature time series were statistically examined using CUSUM chart and
bootstrapping techniques to identify the abrupt change in the considered data set. The major change (level 1) in the
annual mean temperature occurred around 2001 with a rise of 1.417 °C. The numbers of change points in annual
mean maximum and annual mean minimum temperature time series are detected at different levels but not at the level
1. Over the period under consideration (1941-2010), 4 forward and backward abrupt changes (1961, 1963, 1971 and
1991) are noticed in annual mean maximum temperatures, while 6 changes (1961,1964,1967,1974,1985 and 2003) are
associated with the annual mean minimum temperature data set.

Keywords: Change point; Bootstrapping; CUSUM; Temperature
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Introduction

In the last two or three decades a lot of researches concerning the
nature of climatic fluctuations and trends of surface air temperature
in different regions of the Earth have been carried out at various time
scales. This type of research induced numerous trend detection studies
on air temperature time series to test and confirm climate change
concern. A study using reconstructed average of Land Surface Air
Temperature (LST) data set by Smith [1] indicated an overall global
scale warming throughout the Twentieth Century associated with a
rise in mean surface temperature of about 0.6°C with an uncertainty
estimate for the warming of + 0.3°C. The study also indicates that
there was a gradual land surface warming until about 1940 followed
by a cooling between 1940 and 1970 and a second phase of warming
trend began by about 1970. The successive periods of global warming,
cooling and warming in the 20th century show distinctive patterns of
temperature change suggestive of roles for both climate forcing and
dynamical variables [2]. Many studies demonstrated that the observed
warming trend during the past Century occurred mainly due to the
growth in the average seasonal minimum temperatures rather than
the average seasonal maximum temperatures. The increment in the
minimum temperatures appeared mainly in the USA, former USSR,
China and Australia [3,4]. This has been linked to several factors
such as global warming, increased concentrations of anthropogenic
greenhouse gases, aerosols (which also exerted cooling effects on the
climate in many cases), increased cloud cover and urbanization [5,6].
The air temperature time series for the Northern Hemisphere seems
to have the same rate of change, IPCC, 2001 [7]. In the South Asian
region, the variations of the air temperature for the last few decades
appear to be similar to the variations of temperature that have been
recorded globally. According to the IPCC [7], the average global surface
temperature increased by 0.74°C over the last 100 years [8]. One of
the most significant potential consequences of climate change may
be alterations in regional hydrological cycles [9]. General consensus
has revealed that planetary warming and related alterations to the
hydrological cycle are likely to raise the frequency and severity of
extreme climate events, causing more serious floods and droughts [10-
16].

Thus, the potential influence and relative importance of climate
modification and human-induced perspectives of the change are the
dominant factors that affect climatic parameters at the regional scale
as well. In this concern, several studies showed that the variations of
hydrological parameters such as precipitation, runoff, stream-flow,
etc. are much more strongly related to regional climatic change. The
key sources of error in the detection of abrupt changes in climatic
data usually consist of the location of the observatory, changes of
instruments, change in observation times, missing data and methods
used to calculate daily or monthly means and increase of the
urbanized area. So, it is difficult to establish the climatic trend, when
in homogeneities of temperature time series occur as it may lead to
misinterpretation of the results of investigation about climate change
over any region. Hence, there is an earnest need for detecting change
points in air temperature time series and adjustment of dataset thereby.

Study Area

Kolkata (22° C35' N and 88°30'E) the largest agglomeration as well
as the capital city of the nation of India, West Bengal. Annual mean
temperature is 26.8°C (80.2°F); monthly mean temperature ranges
between 19°C to 30°C (66°F to 86°F). Summers (March-June) are hot
and moderately humid, with temperature of 30°C in the low. During
dry spells, maximum temperatures often exceed 40° C (104°F) in the
month of May and June. Winter spell is very short; it lasts for only about
two months, with a seasonal low temperature range between 9° C and
11°C (48°F to 52°F) in the month of December and January. May is
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the hottest month, with daily temperature ranging from 27°C to 37°C
(81°F to 99°F); January, the coldest month, has temperatures varying
from 12°C to 23°C (54°F to 73°F) as per the recent past climatological
records. The highest recorded temperature is 43.9°C (111.0°F), and the
lowest is 5°C (41°F), as measured at the Alipore weather observation
station. During April-June, the city eventually experiences heavy rains
or dusty squalls followed by thunderstorms or hailstorms, bringing
cooling relief from the consisting high temperature and humidity in
this region.

Data Base and Methods

The data used in this study were collected from the Eastern
Regional Centre of Indian Meteorological Department, Kolkata
(Alipore). The data consists of time series of year wise monthly average
of maximum and minimum surface air temperature for the period
ranging from 1941 to 2010 for the Kolkata weather observatory. Annual
mean temperature for every year was calculated from the collected data
and then it was statistically processed for further analysis. Studies of
long-term climate change require that data be homogenous. Observed
abrupt changes in a homogenous climate time series are caused only by
variations in weather and climate [17]. In recent times several scientific
studies have been conducted on quality control and homogenization of
climatological data for the detection of climate trends [18-21]. Detailed
explanations of the methods adopted for data analysis are as follows.

Cumulative Sum Charts (CUSUM) and Bootstrapping

The cumulative sum charts (CUSUM) and bootstrapping were
performed as suggested by Taylor [22]. Let x, x,,.... x, represents n data
points of a time series, and Zo.2;, 2,2, are iteratively computed as
follows

o The average of
=T et 1

n
Let, X, be equal to zero

2; are computed recursively as follows

zi = ZH + (x x)

Actually, the cumulative sums are not the cumulative sums of the
values. Instead, they are the cumulative sums of differences between the
values and the average. These differences sum to zero, so the cumulative
sum always ends at zero, Xn=0.

i=12,... n (2)

The confidence level can be determined for the apparent change
by performing a bootstrap analysis [23-24]. Before performing the
bootstrap analysis, an estimator of the magnitude of the change is
required. One choice, which works well regardless of the distribution
and despite multiple change is, A which is defined as

Al=max D) - mind @

Once the estimator of the magnitude of the change has been
selected, the bootstrap analysis can be performed. A single bootstrap
is performed by:

Generating a bootstrap sample of n data points of time seriey
denoted as x(j=1,2,3....n) by randomly reordering the original
values. This is called Samphng Without Replacement (SWOR).

(b) Based on the bootstrap sample, the bootstrap CUSUM is
calculated following the same method and denoted as, =

(c) The maximum, minimum and difference of the bootstrap

CUSUM are calculated and the difference between the maximum and
minimum bootstrap CUSUM is defined as,

A, =max_ ., Z j_minlstn z j (4)
(d) Determine whether,

The bootstrap analysis consists of performing a large number of
bootstraps and counting the number of bootstraps for which bootstraps
difference A less than the original differenceA, . Let N is the number
of bootstrap samples performed and let k be the number of bootstraps
for whichA; <A, . Then the confidence level that a change occurred as a
percentage is calculated as follows:

Confidence Level

(CL) = {%}100 (5)

Bootstrapping results in a distribution free approach with only a
single assumption, that of an independent error structure.

Once a change has been detected, an estimate of when the change
occurred can be made. One such estimator is the CUSUM estimator.
Let i = m, such that:

[ |=max|3 | (6)

Then m is the point furthest from zero in the CUSUM chart. The
point, m estimates last point before the change occurred. The point
m+1 estimate the first point after the change. The second estimator of
when the change occurred is the mean square error (MSE) estimator.
Let MSE (m) be defined as:

MSE@m) =" (x,~ ) +y x2)’ (7

i= m+1 '

n

X,
Where, &, :Z" and x. = M

n—-m

In MSE error estimation, the data series is split into two segments,
1 to m, and m+1 to n, then, it is estimated that how well the data in each
segment fits their corresponding averages. The value of m, for which
MSE (m) is minimized, gives the best estimate of the last point before
change, while the point m+1 denote the first point after the change.
In the same way, data of each segment can be passed through the
above method to find level 2 change points that divide corresponding
segments into sub-segments. Repetition of the procedure mentioned
above helps finding significant change points at subsequent levels
for each of which associated confidence limits and levels can be
determined by bootstrapping. In this manner multiple change points
can be detected by incorporating additional change points each at
successive passes that will continue to split the segments into two. Once
the change points, along with associated confidence levels, have been
detected a backward elimination procedure is then used to eliminate
those points that no longer qualify test of significance. To reduce the
rate of false detection, when a point is eliminated, the surrounding
change points are re-estimated along with their significance level. Thus
the significant change points have been detected for the temperature
time series considered for this study.

Variations and trends of annual mean temperature, annual mean
minimum temperature and annual minimum temperature time series
were examined following the method mentioned above. The Cumulative
Sum Charts (CUSUM) and bootstrapping were used for the detection
of abrupt changes. A section of the CUSUM chart with an ascending
trend indicates a period when the values remaining above the overall
average. Likewise, a section with a descending trend indicates a period
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Figure 1: Temperature trends for (a) mean annual temperature (b) mean annual maximum temperature and (c) mean annual minimum temperature.

of time where the values lie below the overall average. The confidence  (a): Table for Significant Changes for Annual Mean Average Temperature.
level can be determined by performing bootstrap analysis. Year | Confidence Interval Conf. Level = From To Level
. . 1961 (1961, 1962) 100% 27.35 28.445 5
Results and Discussion 1971 (1971, 1971) 100% 28.445 = 26.833 3
Fluctuations and change points detected in long term air 1985 (1972, 1990) 98% 26833 | 27.209 2
2001 (2001, 2002) 100% 27.209 | 28.626 1

temperature time series of annual mean maximum, annual mean
minimum for Kolkata observatory are presented in Figure 1. The period (b): Table for Significant Changes for Annual Mean Maximum Temperature
of change has been indicated with a shaded background and maximum

Year Confidence Interval = Conf. Level From To Level
range of temperature fluctuation indicated by red lines under the 1961 (1961, 1962) 94% 30.232 | 35.082 4
situation of no change in trend. Table 1 describes confidence level and 1963 (1963, 1966) 97% 35082 | 33.64 3
interval of these remarkable changes along with respective mean values 1971 (1970, 1971) 100% 3364 | 31.767 2
of annual, annual maximum and annual minimum temperature. The 1991 (1983, 2002) 94% 31.767  31.421 4

table indicates a level associated with each of the changes signifying

the importance of the change The level 1 change indicates the first (c): Table for Significant Changes for Annual Mean Minimum Temperature

change which is most visibly apparent in the CUSUM chart. The level 2 Year | Confidence Interval = Conf.Level  From To | Level

changes have been detected on passing the data through the analytical 1961 (1961, 1961) 98% 24.445 | 22.539 | 2

process for the second time. Thus, every change point is associated with 1964 (1963, 1964) 97% 22539 23871 5

a particular importance level. There are four change points, including 1967 (1966, 1967) 90% 23871 | 22834 | 4

level 1 change in annual mean average temperature dataset (Table 1a), 1974 (1973, 1984) 95% 22.834 | 21.902 6

four changes in annual mean maximum temperature without any level 1985 (1982, 1986) 100% 21.902 | 23.004 5

1 change (Table 1b) and six points of change none of which is a level 1 2003 (2002, 2004) 100% 23.004 | 25.352 3

change, Table 1: Significant change in (a) mean annual average temperature series,
(b) mean annual maximum temperature series and (c) mean annual minimum

Using the Change Point Analyzer, no departure from the  temperature series.

independent error structure and no outlier’s assumption were found. of them have occurred at the 100% confidence level, at level-5 and

The errors are positively correlated, which means that if the single  jeve]-3 respectively. This analysis, using CUSUM and the bootstrapping

value is above average temperature trend, the next several values will method reveals that the largest change in mean annual temperature

also tend to be above average. Though the results of the analysis may by a magnitude of 1.417°C in associated with 2001 within the interval
incorrectly indicate that a change has taken place, but the associated  period of one year in temporal scale. Prior to the change in 2001 at
level of confidence adaptive from bootstrapping may confirm the level 1, annual mean temperature was 27.209°C, while subsequent to
change to have occurred. This analysis indicates that the annual  the change the average temperature became 28.626°C. In accordance
mean temperature reveals a quasi-change in the year of 1961 and  to this analysis, it has been noted that a level 2 abrupt change in mean
1971 (Confidence intervals 1961-1962 and 1971) respectively. Both  annual temperature took place in the year 1985 (Confidence interval
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Figure 2: CUSUM chart for (a) mean annual temperature, (b) mean annual maximum temperature and (c) mean annual minimum temperature.

1972-1990), at a confidence level of 98%. Prior to change in 1985, the
annual mean temperature was 26.833°C; while after the change of mean
annual temperature became 27.209°C.

Analysis of the mean maximum time series shows that the average
value changed significantly from 30.232°C to 35.082°C by the year
1961 (Confidence level 94%; level 4), from 35.082°C to 33.64°C by
1963 (Confidence interval 1963, 1966; Confidence level 97%; level 3),
from 33.64°C to 30.767°C by 1971 (Confidence interval 1970, 1971;
Confidence and 100%; level 2) and from 31.767°C to 31.421°C by
1991 (Confidence interval 1983, 2002; Confidence level 94%; level 4).
The amount of change of mean annual maximum temperature time
series associated with the change points were 4.85°C, 1.38°C, 1.87°C
and 0.346°C, respectively (Table 1b). On the other hand, the mean
minimum temperature time series indicates six significant changes.
Among them, the changes in 1985 and 2003 are identified at the 100%
confidence level with confidence intervals 1982 to 1986 and 2002 to
2004, respectively. Prior to the six changes in 1961,1964,1967,1974,1985
and 2003, the annual mean minimum temperature were 24.445°C,
22.539°C, 23.871°C, 22.834°C, 21.902°C and 23.004°C respectively,
while after these changes, the annual mean minimum temperature
changed to 22.539°C, 23.871°C, 22.834°C, 21.902°C, 23.004°C and
25.352°C, respectively (Table 1c). Over the entire period considered
(1941-2010), 14 forward and backward changes were found.

In general it can be said that most of the tendencies in this analysis
showed increase in trend in temperatures time series. The effect of
urbanization is usually reflected in the increase in mean minimum
temperature. Besides this, station location, instrumentation and
change in surrounding environment may have been amplified the same
in the regards of said change. The inhomogeneity is an unadjusted
temperature time series is often attributed to change in instrumental
arrangements and/or measuring conditions. But if such was the case
in present context, all the data sets would have supposedly indicated
changes within approximation of common range of years which could
not be found in case of Kolkata. Hence, the change in temperature

trend may be due to rapid urbanized area, expansion of industrial
activities, and these areas are a sort of heat island since 1980s. From
these analysis results it can be inferred that though urbanization and
industrial activities is leading to changing the temperature time series
in the station, it is not the case always. Secondly, the rate of change in
temperature, in rapidly urbanized area may vary. The urbanization and
industrial activities was also dealt with by adopting a different approach
in which combined effect of the population and temperature change in
this study has been considered for the explanation.

The CUSUM charts are presented in Figure 2. The analysis is
important to identify the single or multiple change points over the
period under study. The annual mean temperature CUSUM chart
(Figure 2a) exhibits abrupt changes at most four times which occurred
in 1961, 1971, 1985 and 2001. The first and most important change
point is estimated to have occurred around 2001 with 100% confidence
level. Prior to 2001 average annual mean temperature was found to be
27.2°C while after the first change it was 28.6°C (Table 1a).

After these level 5 changes, the annual average temperature chart
line goes upward till 1971 and then the chart line gradually goes
downward till 2001 Figure 3. Within this period of decreasing trend
from 1971-2001, a level 2 change points have been detected in 1985 at
98% confidence level with a confidence interval of 18 years in temporal
scale. Forth more, the plots of CUSUM line goes gradually upward till
2010. In case of the annual mean minimum temperature, the decreasing
trend period is less than the span of increasing trend over the entire
period; these intervals are 20 years & 49 years, respectively. In the first
ten years (1961-1971) increase was rapid and after forty-nine years
(1972-2010) annual average maximum temperature exhibits an almost
stabling. From first to last sequential change points, the average amount
of change is 1.19°C. On the other hand, analysis with the annual mean
minimum temperature has led to finding at most six change points over
the period. According to the CUSUM chart, the rising trend is detected
till 1961 and after that, the plots of CUSUM values have indicated
a decreasing trend till 2003. Then it further goes upward rapidly,
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Figure 3: CUSUM chart for (a) mean annual temperature standard deviation, (b) mean annual maximum temperature standard deviation and

(c) mean annual minimum temperature standard deviation.
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Figure 4: Temperature trends for (a) mean annual temperature standard deviation (b) mean annual maximum temperature standard deviation

and (c) mean annual minimum temperature standard deviation.

indicating a rising trend till 2010. The value of the average of annual
mean minimum temperature for this period is above the overall average
of annual mean temperature (25.35°C). Figure 4 presents that there is
no significant change in annual mean and annual mean maximum or
annual mean minimum temperatures standard deviations.

Conclusion

Above results may look as if simple to interpret but are in fact so

very complex. In this analysis, the 70 years long term air temperature
time series of annual mean, annual mean maximum and annual mean
minimum temperature has been compiled and statistically analyzed.
The CUSUM analysis has been performed to identify the change points
in every series and bootstrapping has been performed to determine
significance level associated with each of the detected change points.
This analysis confirms a major change in annual mean temperature
of Kolkata observatory to have occurred around 2001 at level I.
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Application of CUSUM chart clearly demonstrates the annual mean,
annual mean maximum and annual mean minimum temperature
trends. The analysis of annual mean minimum temperatures showed
a significant warming trend after the change point in 2003. In change
point analysis, the results significantly depend upon the period of data
and the stations whose data are used. There is a another observation
that the data used in change point detection pertaining to the said
station in that are located rapid urbanized area, expansion of industrial
activities, and these areas are a sort of heat island since 1980s. Thus,
the analysis of change points using this data may not be the correct
depiction of the reality and this aspect need to be addressed. Change
in annual mean minimum temperatures due to urbanization effect.
However, Changes at Kolkata pose a question. Secondly, if the effect
of urbanization is dominant, mean minimum temperatures should
have increased at higher rates than mean maximum. On the other
hand, effect of urbanization is not similar in all seasons. One important
aspect of Indian climate is its dominance by south west monsoon onset
and circulation. This in turn is controlled by many other global and
regional factors. Analysis of these factors was outside the scope of
this research. It is quite possible that the changes in lower atmosphere
may be responsible for variations and detections observed at Kolkata
weather observatory. Thus, it is worthwhile emphasizing that the
results of the present study are not sufficient to approve change point
in temperature time series and subsequent climate change at Kolkata
weather observatory. Future studies with longer data recorded and
several stations are essential to check change point in temperature time
series and its attributes in Kolkata, especially in sub-tropical regions of
India.
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