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Abstract The accuracy of reconstructing missing daily
temperature extremes in the Jaffna climatological station,
situated in the northern part of the dry zone of Sri Lanka,
is presented. The adopted method utilizes standard depar-
tures of daily maximum and minimum temperature values
at four neighbouring stations, Mannar, Anuradhapura,
Puttalam and Trincomalee to estimate the standard depar-
tures of daily maximum and minimum temperatures at the
target station, Jaffna. The daily maximum and minimum
temperatures from 1966 to 1980 (15 years) were used to
test the validity of the method. The accuracy of the esti-
mation is higher for daily maximum temperature com-
pared to daily minimum temperature. About 95% of the
estimated daily maximum temperatures are within £1.5 °C
of the observed values. For daily minimum temperature,
the percentage is about 92. By calculating the standard
deviation of the difference in estimated and observed
values, we have shown that the error in estimating the
daily maximum and minimum temperatures is +0.7 and
+0.9 °C, respectively. To obtain the best accuracy when
estimating the missing daily temperature extremes, it is
important to include Mannar which is the nearest station
to the target station, Jaffna. We conclude from the analy-
sis that the method can be applied successfully to recon-
struct the missing daily temperature extremes in Jaffna
where no data is available due to frequent disruptions
caused by civil unrests and hostilities in the region during
the period, 1984 to 2000.
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1 Introduction

Serially incomplete climatic datasets create problems in
many climatological studies and applications. Especially
when large datasets are needed for the analysis of climatic
parameters and other factors affected by climate condi-
tions (Kiraly et al. 2006; Efstathiou et al. 2011; Varotsos
et al. 2012), this becomes an issue. The existence of miss-
ing data may have been caused by a number of factors
such as failure of equipment due to malfunctioning, ex-
treme weather conditions such as hurricanes or floods,
human-induced factors such as civil unrests or even acci-
dental loss of data files in computers (Elshorbagy et al.
2000). A number of techniques have been developed in
the past to estimate missing data based on regression anal-
ysis, time series analysis, artificial neural networks and
interpolation techniques (Kemp et al. 1983; DeGaetano
et al. 1995; Eischeid et al. 1995; Elshorbagy et al. 2000;
Islam et al. 2000; Allen and DeGaetano 2001). The accu-
racy of these techniques may depend on the region, time
of the year or spatial distribution of stations.

Estimation of missing temperature data is important for
meteorologists, hydrologists and environment protection
workers all over the world. The literature dealing with
the estimation of missing daily temperature discusses a
number of methods or procedures to resolve this problem.
The methods adopted in the past can be classified into
three broad categories: (1) within the station, (2) between
stations and (3) regression-based techniques (Allen and
DeGaetano 2001). The within-station method which can
be considered as one of the simplest methods of estimat-
ing missing observations is based on taking the average of
the temperature records of the previous and following
days. The other two methods use data from one or more
neighbouring stations to estimate the missing values at the
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target stations. Kemp et al. (1983) assessed missing daily
extremes in Idaho and British Columbia by a method
based on the data either from the station itself or from
neighbouring stations. They used seven different methods
to estimate missing observations. The mean square error
between the estimated and actual values is used to test the
accuracy of the results. They concluded that the type of
data, the length of the missing weather records and also
the data in surrounding stations that are available for use
in the analysis all contribute to the selection of the most
appropriate technique. The authors reported that the
between-station regression techniques generate signifi-
cantly smaller errors compared to other methods.

Huth and Nemesova (1995) used a method to estimate
the missing temperature based on the classification method
by using principal component analysis and cluster analysis.
Weather observations at close meteorological stations are
utilized in the classification and the coefficients of the
regression equations are determined for each class to
estimate the temperature from a nearby station. They
concluded that weather classification improved temperature
estimation. Xia et al. (1999) applied six methods to estimate
missing climatological data at three forest climate stations
and six weather stations. Their study shows that multiple
regression analysis using the closest stations produces the
best results. A least squares regression approach to estimate
missing daily maximum and minimum temperatures was
presented by Allen and DeGaetano (2001). They have com-
pared their method with two other popular estimation
methods based on temperatures from neighbouring stations
using regression and temperature departure-based ap-
proaches. They concluded that the accuracy of individual
daily maximum and minimum temperature estimates is sim-
ilar between the methods.

This paper presents a temperature departure-based ap-
proach of estimating the missing daily extreme tempera-
tures at the Jaffna climatological station in the northern
peninsula of Sri Lanka. Estimating missing daily data is
particularly important for the dry zone covering northern
and eastern regions of Sri Lanka since they have only a
few climatological stations to cover a large extent of land
mass. The recording of data was affected by frequent hos-
tilities in these regions during the period 1984 to 2000,
leading to long periods of missing data. In an earlier
work, a temperature departure-based method was applied
to estimate the missing monthly mean temperature records
and found to be successful (Thevakaran and Sonnadara
2013). The purpose of the present paper is to extend the
work carried out previously and to adopt the method to
reconstruct missing daily maximum and minimum tem-
perature records of the Jaffna climatological station, to
determine the accuracy of the estimation and to suggest
ways of improving the estimates.
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2 Data sample

The data sample used in this work consisted of daily maximum
and minimum temperature records of five stations (Target sta-
tion—1Jaftna; Neighbouring stations—Mannar, Anuradhapura,
Puttalam and Trincomalee) during a 15-year period obtained
from the Department of Meteorology, Sri Lanka. All stations
were selected from the dry zone in the northern part of Sri
Lanka within the same geographical region which experience
similar climatic conditions (see Fig. 1). The weather in the
northern part of Sri Lanka is usually hot during the dry season
(February to October) and slightly cooler during the wet season
(November to January). Although Sri Lanka is affected by two
monsoons (southwest monsoon and northeast monsoon), the
selected region is considered as semi-arid since most of the rain
is received during the few months of the northeast monsoon
period leaving the rest of the year with very little precipitation.
Further details of the demarcation of these climatological zones
and their rainfall and temperature characteristics have been giv-
en in several previous studies (Domroes and Ranatunge 1993;
Puvaneswaran and Smithson 1993).
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Fig. 1 Map of Sri Lanka indicating the locations of the selected stations:
Target station—1Jaffna; Neighbouring stations—Mannar, Puttalam,
Anuradhapura and Trincomalee
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The target station Jaffna is one of the main stations in Sri
Lanka having weather records dating back to 1869. During
the period where the data are missing, the selected
neighbouring stations were in operation without any inter-
ruptions and thus can be used in the missing temperature
reconstruction work. Ideally, data from the climatological
station at Mulative which is on the northeast coast parallel
to Mannar on the northwest coast could have been used.
However, due to missing temperature data, it was not select-
ed as a neighbouring station. The analysis in this study is
based on daily maximum and minimum temperature data of
five first-order stations (given in Table 1) recorded during
the period 1966 to 1980. The missing temperature records
during this period were very few (range from 0.6 to 1.2%).
To create a serially complete dataset, isolated missing values
were filled by using the measured temperature records of the
adjacent days at the same station. The estimated error in this
procedure is approximately +1 °C. Since the region selected
for this work is mostly a flat terrain without hills, the influ-
ence of elevation on temperature (DeGaetano and Belcher
2007) is minimal. On the other hand, the literature indicates
that the impact of coastal effects is high up to 10 km inland
from the coast (Daly 2006), and four of the five stations
selected for this work are within this boundary. However,
coastal effects are most noticeable when the water tempera-
ture is significantly different from the land temperature such
as during the winter season. In our situation, since the tem-
perature difference between land and water during different
seasons is small, the effect on the reconstruction is minimal.
However, the seasonal temperature in the inland station may
behave differently to the other four stations which are in the
close proximity to the coast. The lengths of data records
together with the relevant station information (latitude, lon-
gitude and altitude) and percentage of missing records in
each station are given in Table 1.

3 Methodology

form of the method originally developed by Steurer (1985,
unpublished), based on the between-station technique. An as-
sumption is made in this method that for a given day, the
temperatures experienced by stations having similar geo-
graphical conditions will deviate by similar amounts from
their standard normal values.

Thus, for daily maximum/minimum temperatures, it was
assumed that for the five selected stations, the temperatures
will deviate from their standard normal by similar amounts.
For daily temperatures, the standard departure Z for station j
was defined as,

where j represents any station in the same climate division, 7;
is the daily maximum/minimum temperature, 7'; is the mean
of the daily maximum/minimum temperatures and S; is the
standard deviation of the daily maximum/minimum tempera-
tures. The average daily standard departure at the target station
can be calculated by using the standard departures from the
neighbouring stations excluding the target station, provided
these stations are from the same climate division as the target
station. However, the daily temperature in stations of close
proximity to the target station may show higher correlation
compared to distant stations. In addition, the variation in the
seasonal temperature cycle between a pair of stations during a
year may not follow a linear pattern. Since this method is
based on daily standard departures of temperature values, sea-
sonal variability in temperature will not be an issue. In order to
favour the stations having better correlation with the target
station, when combining the standard departures, separate
weights are assigned for each station based on the inverse
square of the standard deviation of the difference between
the estimated and observed values, for the given pair of sta-
tions. Thus,

.. . . .. . w; X Z.

Estimation of missing daily minimum and maximum temper- 7 — L

atures for the target station Jaffna was done by using a refined 2w,

Table 1 Summary of daily

maximum and minimum Station name Period Latitude Longitude Altitude Length Missing

temperature data used in this (years) N° E° (m) (years) records

study
1 Jaffna 1966-1980  9.68 80.03 3.1 15 0.55%
2 Mannar 1966-1980  8.98 79.92 3.6 15 0.60%
3 Anuradhapura 1966-1980  8.35 80.38 92.5 15 0.58%
4 Puttalam 1966-1980  8.03 79.83 2.1 15 1.02%
5 Trincomalee 1966-1980  8.58 81.25 239 15 1.22%
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and the weights w; are estimated by taking,

12
Wj:;
J

where the o; are the standard deviations of the difference be-
tween the estimated and observed values of the target and
neighbouring stations. In this work, only four neighbouring
stations of the target station were considered. The minimum
requirement is to have data from at least one neighbouring
station although three is recommended. Thus, the missing dai-
ly maximum/minimum temperature at the target station can be
estimated by,

T, =7, xS, +T,

where ¢ represents the target station, and T, and S, are the
mean daily maximum/minimum temperatures and their stan-
dard deviations. The accuracy of the estimates is verified by
calculating the standard deviation of the difference between
the estimated values and observed values.

4 Results and discussion

Jaffna is located in the northern peninsula which belongs to
the dry zone of Sri Lanka. It has one of the highest average
temperatures in the country. In this part of the country, the
daily maximum temperature increases steadily from January
to April and then decreases gradually during the remaining
months up to December. The daily minimum temperature also
follows a similar pattern with the peak month being May
instead of April. During the period under consideration, the
highest daily temperature was observed during the month of
April (36.1 °C) and the lowest daily temperature was observed
during the month of January (18.3 °C). The standard deviation
of daily maximum and minimum temperatures varies by ap-
proximately 2.1 and 3.2 °C, respectively. As shown in Table 2,

the temperature variation in the neighbouring stations selected
for this work is similar to the variation seen in Jaftna.

In order to explore the link between the seasonal variation
of daily maximum and minimum temperatures between sta-
tions, the correlation between the daily mean maximum/
minimum temperatures at the target station and the
neighbouring stations was studied. Figure 2a, b shows the
seasonal variation of daily mean maximum temperature at
Jaffna and two neighbouring stations, namely Mannar and
Trincomalee. For comparison, the same is shown in Fig. 2c,
d for the daily mean minimum temperature. The data show
that, from the selected stations, Mannar which is in the north-
west coastal belt and the station in close proximity to Jaffna
closely follows the seasonal variation of maximum tempera-
ture in Jaffha. Trincomalee, which is on the northeast coastal
belt and located far from Jaffna, shows a different seasonal
pattern. In contrast, the minimum temperature for the same
two stations shows a different relationship although the corre-
lation between Mannar and Jaffna appears to be slightly better
than that between Trincomalee and Jaffna. Thus, for minimum
temperature, there is only a slight advantage by choosing
Mannar over Trincomalee. Comparatively, the correlation of
minimum temperature between stations may not be strong and
the estimation could be difficult due to the effect of urban
warming which is connected to the local climatic conditions
of the stations. In all selected stations, the mean daily
maximum/minimum temperature increases from the begin-
ning of the year and reaches a peak towards mid-year and then
decreases towards the end of the year. The cycle of tempera-
ture change during the year is depicted by the smooth line
drawn through the daily mean temperature variations.

Initial work showed that the standard departures of daily
maximum/minimum temperature of the target station Jaffna
and the selected neighbouring stations are correlated at differ-
ent degrees. Figures 3 and 4 show the histograms of difference
between the standard departure of daily maximum/minimum
temperature at the target station and neighbouring stations. In
order to obtain the best result, measurements where the differ-
ence of the Z value is greater than +2 can be adjusted when
estimating the temperature at Jaffna from neighbouring sta-
tions. The difference in the Z value of maximum/minimum

Table 2 Daily temperature

variability (1966-1980) Station name Maximum Minimum Maximum temperature ~ Minimum temperature

temperature temperature variability variability
°C) ) (°O °O

1 Jaffha 36.1 18.3 +3.21 +2.14

2 Mannar 36.7 17.7 +2.70 +1.68

3 Anuradhapura 38.7 15.7 +3.44 +1.82

4  Puttalam 36.6 14.9 +1.80 +2.18

5 Trincomalee 37.9 19.9 +3.76 +1.36
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Fig. 2 Seasonal correlation of
daily maximum and minimum
temperature. Tmax: a Jaffna vs.
Mannar and b Jaffna vs.
Trincomalee. Tmin: ¢ Jaffna vs.
Mannar and d Jaffna vs.
Trincomalee. Smooth line is
drawn through the 10-day moving
average values calculated with
daily mean values

Fig. 3 Histograms of the
difference between standard
departures estimated based on
daily maximum temperature
values at Jaffna and four
neighbouring stations
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temperatures between Jaffna and the neighbouring stations
shows that there are only a few outliers outside +2 (about
2% to 8%). Since the outliers could be due to real shifts in
temperature, in this analysis, no adjustments were applied.
The corresponding weights can be estimated by computing
the difference between the measured and the estimated daily
maximum/minimum temperature at Jaffna based on standard
departures of daily maximum/minimum temperatures calcu-
lated from each neighbouring station.

Table 3 shows the linear correlation coefficients, stan-
dard deviations and corresponding weights between the tar-
get station and the four neighbouring stations separately for
the daily maximum and minimum temperatures. As expect-
ed, a strong correlation (» = 0.90) is observed for daily
maximum temperature between Jaftha and the neighbouring

Z (Jaffna-Trincomalee)

station Mannar. The other three neighbouring stations,
Anuradhapura, Puttalam and Tricomalee, are also correlat-
ed, but the relationship is not as strong as Mannar. This is
expected since Mannar is the station closest to the target
station compared to other stations. Unlike the daily maxi-
mum temperature, the correlation coefficients of daily min-
imum temperatures are not very different between the sta-
tions (0.82 to 0.88). Based on the estimated standard devi-
ations between Jaffna and the neighbouring stations, the
corresponding weights are calculated separately for daily
maximum and minimum temperatures and shown in the
last two columns of Table 3. Thus, stations having smaller
standard deviations indicating a better correlation will con-
tribute to a higher weight when the missing values are
calculated.

Table 3 Linear correlation

coefficients, standard deviations Neighbouring stations

Correlation coefficient

Standard deviation (o) Weights (w))

and corresponding weights

between the target station Jaffna Maximum  Minimum  Maximum  Minimum  Maximum  Minimum
and the four neighbouring stations
Mannar 0.9034 0.8798 0.711 1.075 1.98 0.87
Anuradhapura 0.8405 0.8715 0914 1.112 1.20 0.81
Puttalam 0.8282 0.8564 0.949 1.175 1.11 0.72
Trincomalee 0.7534 0.8197 1.136 1.317 0.77 0.58
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Fig. 5 Comparison between the 38
actual and estimated values for
daily maximum temperature at

Jaftna for the period 1966 to 34+
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The correlation between the observed and estimated
daily maximum temperatures in Jaffna is shown in
Fig. 5. The same is shown for daily minimum tempera-
tures in Fig. 6. For both maximum and minimum temper-
atures, the linear correlation coefficient is 0.9 which is
significant at p < 0.01. The gradient of each of the fitted
lines is approximately 1. About 95% of the estimated
values of daily maximum temperature are within +1.5 °
C of the actual values, while for daily minimum temper-
ature, it is about 92%. In general, the accuracy of estimat-
ed maximum temperatures is higher than minimum tem-
peratures. The standard deviation of the difference be-
tween the actual and predicted value is +0.71 °C for the
maximum temperature and £0.93 °C for the minimum
temperature. There are a few outliers substantially deviat-
ing from the expected y = x line. In principal, these could
be due to actual shift in the temperature values in the
target station. Furthermore, no significant systematic
temperature-dependent bias was detected in the data.
The accuracy was also tested by using three stations in-
stead of four stations and systematically removing one
station at a time. When the Mannar station was not in-
cluded in the calculation, the error in reconstruction was
increased to +0.85 and +£0.98 for daily maximum and

Actual - Estimated °C

minimum temperatures, respectively. Removing other sta-
tions did not change the error in reconstruction by an
appreciable amount. Thus, even with the weighted aver-
age, to obtain the best accuracy, it is important to include
the station nearest to the target station (in this case
Mannar) situated within the same climatological division
in reconstructing the missing daily extreme temperature
data.

The main assumptions made when extending the tech-
nique discussed above to the calculation of missing
maximum/minimum temperatures are that the long-term
mean and standard deviation of maximum/minimum tem-
peratures calculated from the period where the data is
available would remain the same during the period where
the data is missing. The linear trend of monthly mean tem-
peratures at the target station Jaffna during the last
100 years varies from —0.06 to +0.04 °C per decade.
Thus, the shift in mean temperature for a 15-year period
is less than £0.1 °C. The error of the mean value (St/\/ﬁ )
of the daily maximum/minimum temperatures estimated
for the period 1966—-1980 is approximately +0.25 °C which
indicates that the variability in the daily maximum/
minimum temperature during a 15-year period is quite
small.

Fig. 6 Comparison between the
actual and estimated values for
daily minimum temperature at
Jaffha for the period 1966 to
1980. a Correlation. b Difference
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5 Conclusions

The results of a statistical method of estimating the miss-
ing daily maximum and minimum temperature in Jaffna,
which is situated in the dry zone of Sri Lanka, is present-
ed. The daily maximum and minimum temperatures from
1966 to 1980 (15 years) were used to test the accuracy of
the method. Four neighbouring stations having serially
complete temperature data records from the same clima-
tological division were selected to estimate the daily ex-
treme temperature at the target station. There is a strong
correlation between the target station Jaffna and the
neighbouring station Mannar for the daily maximum tem-
perature. Among the selected stations, weakest correlation
was found between Jaffna and Trincomalee. In contrast,
the correlation between the daily minimum temperature in
Jaffna and neighbouring stations has less diversity. The
standard deviation of the difference between the target
station and the neighbouring stations varied from 0.7 to
1.1 °C for the daily maximum temperature, while the var-
iation for the daily minimum temperature was 1.1-1.3 °C.

The accuracy of estimating maximum temperatures is
higher than minimum temperatures. The accuracy of the tem-
perature reconstruction can be evaluated by calculating the
standard deviation of the difference between the actual and
estimated values. The estimated accuracy is +0.71 °C for the
daily maximum temperature and +£0.93 °C for the daily min-
imum temperature. About 95% of the estimated values of
daily maximum temperatures are within +1.5 °C of the actual
values, while for daily minimum temperatures, it is about
92%. Especially for the maximum temperature, it is important
to include stations in close proximity such as Mannar to obtain
the best results. In fact, the accuracy of the reconstruction of
the daily maximum temperature can be improved slightly by
removing distant stations having relatively weak correlations,
such as Trincomalee.

The level of accuracy obtained in this work is compa-
rable with published literature and perhaps sets the lower
limit that can be achieved in temperature reconstruction
for this region. In moving forward, the technique applied
in this work can be extended to improve the quality of
temperature data. Especially given the fact that there are
no terrain effects in the dry zone, this technique can assist
in developing a high-quality data set for the dry zone of
Sri Lanka or at least improve the data collected during the
periods of civil unrest.
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