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ABSTRACT
This paper introduces a quality control (QC) program for the real-time hourly land surface temperature
observation developed by the Central Weather Bureau in Taiwan. There are three strategies involved. The
first strategy is a range check scheme that inspects whether the observation falls inside the climatological
limits of the station to screen out the obvious outliers. Limits are adjusted according to the station’s elevation.
The second strategy is a spatial check scheme that scrutinizes whether the observation falls inside the derived
confidence interval, according to the data from the reference stations and the correlations among the stations,
to judge the reliability of the data. The scheme is specialized, as it employs the theorems of unbiased and
minimum error estimators to determine the weights. The performance evaluation results show that the new
method is in theory superior to the spatial regression test (You et al.). The third strategy is a temporal check
scheme that examines whether the temperature difference of two successive observations exceeds the temperature variation threshold for judging the rationality of the data. Different thresholds are applied for the
data observed in different times under different rainfall conditions. Procedurally, the observation must pass
the range check first and then go through the spatial or the temporal check. The temporal check is applied only
when the spatial check is unavailable. Post-examinations of the data from 2014 show that the QC program is
able to filter out most of the significant errors.

1. Introduction
Air temperature is an important factor that influences
human activity. Successive, accurate real-time land surface temperature observations can help people recognize
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the trends occurring related to environmental change.
Should there be sufficient reliable data available, one can
then assess the changes in temperature distribution maps,
and accordingly do further analysis. False information
could contaminate the analysis results. The records considered to be in error, however, can occasionally be seen
and are a result of mistakes made during the operation of
the instruments, the inaccuracies of the instruments, the
failure of data transmission, or possibly interference from
human activity. It is thus desirable for the data management center to build a quality control (QC) system to
ensure that the incoming data are accurate before any
further analysis is taken.

DOI: 10.1175/JTECH-D-15-0005.1
 2016 American Meteorological Society
Unauthenticated | Downloaded 01/09/23 04:41 AM UTC

954

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

FIG. 1. Map of Taiwan and distribution of real-time meteorological
stations.
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The territory investigated in this paper is Taiwan, an island located in eastern Asia, lying on the Tropic of Cancer,
as shown in Fig. 1. The island at its widest point is 143 km
and has a length of 385 km. The total land area is around
36 193 km2, where more than two-thirds of the landmass is
mountainous. The land slopes of the mountains are generally steep. Currently, there are 347 real-time meteorological stations being accessed; 31 of them are the CWB
manually operated stations, denoted by the triangular
symbol in Fig. 1. The data records for the CWB manually
operated stations can be more than 40 years in length. The
280 CWB automated stations, denoted by the hollow circular symbol, have data records from 1 to 27 years in length.
The CWB continues to expand its network of automated
stations in the south yearly. The other stations, denoted by
the cross symbol, indicate stations belonging to other authorities (for the convenience of interpretation, they are to
be seen as the cooperating stations), with all containing
data records that are more than 10 years old. The stations’
elevations range from 2.0 to 3844.8 m MSL. Most of the
stations are situated on plains and hills; only a few are on
high mountains and the surrounding islands because of
communication difficulties. Among the stations, the CWB
manually operated stations offer the most reliable data,
while the cooperating stations are generally less reliable.
There are five sections in this paper. Section 1 provides the introduction and context. Section 2 details the
algorithms and data verification strategies. Section 3
shows the experimental results for the data from 2014.
Section 4 presents the performance evaluation of the
spatial check scheme. And the final section offers conclusions and suggestions.

2. Data verification strategies
The temperature QC issues have been discussed in
many articles. For the short-term and/or instantaneous
observation check, there are typically three processes
emphasized: the range check, the spatial check, and the
temporal check (e.g., Graybeal et al. 2004; Feng et al.
2004; Fiebrich et al. 2010; Lussana et al. 2010). The approaches used for implementation, however, differ from
system to system because they are regionally adapted
and proposed based on different statistical assumptions.
The purpose of this study is to introduce the real-time
land surface temperature QC program developed by
Taiwan’s Central Weather Bureau (CWB). The program
is unique, as it presents new thoughts on developing
models for data verification, such as employing the theorems of unbiased and minimum error estimators for
implementing the spatial check. The proposed verification processes and strategies used to check data are accepted practices across the research community.

There are three strategies for checking data in the
program; they are the range check, the spatial check,
and the temporal check. The design of the data verification procedure is shown in Fig. 2. The temperature
observation must first pass the range check, followed by
the spatial or temporal checks. The temporal check is
applied only to the stations that lack sufficient references and hence are unable to carry out the spatial
check. The implementation procedures of the strategies are as follows.

a. Range check
The range check is the primary test that inspects
whether the observation falls inside the climatological
limits of the station to screen out the obviously incorrect
measurements. The limits are determined according to
the historical records. Some systems use the world’s
most extreme temperature records, 289.48–93.98C, as
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FIG. 2. Data verification procedure.

the limits (e.g., Feng et al. 2004; Durre et al. 2010). The
historical minimum and maximum temperatures observed in Taiwan have been 218.48 and 40.58C, respectively. The world’s extreme temperature range is
thus too wide to reference. Hubbard et al. (2005) advise
using the monthly mean 63 times the standard deviation
as the upper and lower boundaries for the daily temperature verification. The ranges are adjusted according
to the month. Meek and Hatfield (1994) and Fiebrich
et al. (2010) assert applying a sinusoidal variation to the
yearly maximum and minimum temperatures to derive
the daily extreme limits. Unfortunately, none of the
range check methods mentioned above is suitable for
Taiwan, because in addition to solar radiation, there are
other factors that could lead to fluctuations of the hourly
temperature. Such factors may include mei-yu (precipitation along a persistent stationary front that could
last for several days to weeks, typically occurring in May
and June), typhoons, frontal passages, thunderstorms,
foehn winds, and so on. Hence, less rigid variable limits
ought to be considered.
According to climate conditions in Taiwan, the year is
divided into five periods: December–February (period I),
March and April (period II), May and June (period
III), July–September (period IV), and October and
November (period V). Presuming that the weather
patterns in the same period are similar, the limits are
then derived by the period. It is our desire to formulate a
limit-estimation algorithm that is applicable to all stations. The elevation of the stations in Taiwan ranges

from 2.0 to 3844.8 m MSL; the elevation effect on the
temperature is thus notable. Data comparisons can
be done only for the data that come from the same
elevation. Consequently, data mappings are required.
Figure 3 shows the scatterplots of the data pairs of the
station elevation versus the air temperature observed in
the past 10 years, from 2003 to 2012, in different periods.
It is observed that the mean temperature is approximately linearly related to the elevation, where the slope
is known as the average lapse rate. The station’s observation (the land surface temperature) is converted to the
corresponding ‘‘sea level temperature’’ using
Ts 5 To 1 gh ,

(1)

where To and Ts denote the observation and the sea
level temperature, respectively; g is the average lapse
rate; and h is the station elevation. Finding the maximum and minimum sea level temperatures from each Ts ,
and extending the maximum and minimum sea level
temperatures by 62.58C takes into account uncertainty
and possible future climate change as well (Hsu and
Chen 2002); we can then derive the limits of the sea level
temperatures (Ts,max and Ts,min ) for each period as listed
in Table 1. The range check is processed by examining
whether the observation satisfies
Ts,min 2 gh # To # Ts,max 2 gh.

(2)

The observation is regarded as an abnormal outlier
should it fall outside the range.
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FIG. 3. Scatterplots of the data pairs for comparing the station elevation to the air temperature observed from 2003 to 2012 in different
periods. Gray cross denotes the observation; black circle denotes the average temperature.

b. Spatial check
The spatial check is a process that examines the deviation between the observation of the target station and

the estimate derived from the observations of its
neighboring reference stations to judge the reliability of
the data (Karataş and Yalçin 2005). The spatial check
scheme introduced in this study is specialized, as there is
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TABLE 1. Average lapse rates and limits of sea level temperature in
different periods.

Period

Avg
lapse rate

Max sea
level temp (8C)

Min sea
level temp (8C)

I
II
III
IV
V

0.0046
0.0049
0.0053
0.0056
0.0050

40.0
43.5
44.5
46.0
45.5

23.0
22.0
7.0
9.0
0.0

no other subjective assumption applied; however, under
the theorems of unbiased and minimum error estimators, the reference stations are allowed to determine
their own weights according to their correlations between each other.
The steps used for analysis are as follows.

1) SELECTING REFERENCE STATIONS
The reference stations are those neighboring stations
of which their observations are used to evaluate the
target station. The selection of the reference stations is
generally based on distance, and some have particular
restrictions associated with them. For example, in the
spatial regression test, Hubbard et al. (2005) suggest
choosing the best five linearly fit neighbors as the references for the daily maximum/minimum air temperature verification. Candidates are selected from the
surrounding stations within a radius of 50–150 km, depending on the station density. Hubbard and You (2005)
assert at least 10 stations are needed to derive the stable
weighted estimate. Candidates are selected from the
surrounding stations within the same range of 50 km
with an r 2 value larger than 0.5. Unlike the spatial interpolation, where the optimum estimate is demanded,
for the spatial check, some good estimates are considered sufficient to approach a satisfactory weighted estimate. Considering that time control is an important
issue in real-time data management, all jobs must be
done in a short period of time; we thus suggest using five
references. Should one or two of the referenced observations be missing; it is still possible to use the remaining
references for the spatial check. The spatial check can be
regarded as a form of voting, as at least three references
must be available. Otherwise, a judgment cannot be
determined.
This study employs the Pearson product-moment
correlation coefficient (r) as the reference stations’
searching criteria, as the correlation coefficient is statistically the most well-defined index in interpreting the
linear relationship between two variables: the higher the
coefficient, the more reliable the estimate. Theoretically, the nearer the station pairs are to each other, the
higher the correlation between them. However, we have

FIG. 4. Scatterplot of the data pairs’ distance vs correlation
coefficient from all the observations in the past 10 years.

observed that in some situations, a higher correlation is
not always the case. We thus suggest starting the selection by taking all of the surrounding stations within a
specified radius from the target
pﬃﬃﬃﬃﬃﬃﬃstation with a correlation
coefficient of r $ 0. 707 (; 0. 5) as the candidates. The
average distance between the target stations and their
nearest five stations is about 0.098 (;0.1)8, and also from
the scatterplot of the data pairs of the distance versus the
correlation coefficient from all the observations in the
past 10 years, as seen in Fig. 4, it is observed that most of
the correlation coefficients of the station pairs with a
distance less than 0.18 are larger than 0.9. Therefore, a
radius of 0.1 was chosen. A ranking of the candidates by
r in a descending order is applied thereafter and the top
five candidates with the highest correlation are selected
as the references. Should there not be sufficient references found, the radius is enlarged by 0.058 until the
requirement is fulfilled or the radius reachespthe
ﬃﬃﬃﬃﬃﬃﬃvalue of
0.58. The correlation threshold is taken as 0. 5, which
means that r 2 must be no less than 0.5 (i.e., more than
50% of the total variation of the observations of the
target station is accounted for by a linear relationship
with the observations made from the reference station).
It notes that the two nearby stations may not necessarily have a similar temperature time series. Figure 5
shows an example. The two subgraphs are the hourly
average temperature series of stations D2F230 and
C0F861 in periods I and IV, respectively, derived from
the observations from the 2010–12 period. Station
D2F230 is located in a valley with an elevation of
1734 m, and station C0F861 is on a hill with an elevation
of 2215 m MSL. The distance between these two stations
is around 17 km. The temperature observations from
station D2F230 are typically lower than those from
station C0F861 in the early morning hours, while the
situation reverses later in the day. The gradient changes
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FIG. 5. Variation of the hourly average temperature associated with the hour for station D2F230 (black cross) and
C0F861 (gray circle) in periods I and IV derived from the historical observation during the years 2010–12. An hourly
average temperature is computed by taking the average of the data observed at the same hour in a period.

for different periods of time. Table 2 shows the correlation coefficients between stations C0F861 and D2F230
in different periods. The mean correlation coefficients
are all above 0.8. But if the correlation coefficients are
calculated by the hour, r varies dramatically with time.
The two stations were not evenly correlated at 0800
local time (LT) in periods II–IV, while the coefficients
jump to 10.7 immediately in the next hour. Menne and
Duchon (2001) assert not to take the stations across the
topographical barriers as references. It is the authors’
opinion that the stations can still be put on the candidate
list only if the references and the parameters were determined by the period, and also by the hour.

2) EVALUATING REFERENCE ESTIMATES
To estimate the temperature of the target in relation
to that of the reference, a regression model needs to be
established first. The temperature lapse between the two
stations can be described by the linear equation
y 5 a 1 bx,

(3)

where x and y denote the temperatures of the reference
and the target, respectively; a is the intercept; and b is
the slope. Figure 6 shows an example. Each station pair
has their particular regression equations. Substituting
the reference observations into their equations, it derives then a set of the reference estimates to the target.

3) EVALUATING WEIGHTED ESTIMATE
Assuming there are n reference stations selected, the
weighted estimate can be expressed as the linear combination of the reference estimates:
y~ 5 w1 y^1 1 w2 y^2 1 ⋯ 1 wn y^n 5

n

å wj y^j ,

j51

(4)

where y^j is the estimate given by the reference station j
and wj is the weight. According to the theorem of the
unbiased estimator, it confines that
n

å wj 5 1 .

(5)

j51

Many approaches to determining weights, such as the
inverse distance, are typically subjective. Hubbard and
TABLE 2. Correlation coefficients between stations D2F230 and
C0F861 in different periods. Numbers larger than 0.707 are given in
bold.
Hour period

I

II

III

IV

V

0000
0100
0200
0300
0400
0500
0600
0700
0800
0900
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
2100
2200
2300
Mean (without
subdivision)

0.767
0.761
0.759
0.740
0.734
0.737
0.742
0.742
0.622
0.691
0.814
0.891
0.902
0.899
0.896
0.902
0.875
0.857
0.863
0.864
0.861
0.838
0.808
0.801
0.840

0.705
0.713
0.691
0.659
0.656
0.645
0.635
0.493
0.380
0.783
0.895
0.902
0.912
0.911
0.905
0.904
0.890
0.875
0.870
0.852
0.832
0.805
0.783
0.758
0.837

0.865
0.846
0.838
0.824
0.829
0.819
0.753
0.267
0.424
0.836
0.907
0.897
0.897
0.859
0.852
0.816
0.814
0.795
0.831
0.891
0.897
0.892
0.888
0.860
0.883

0.548
0.576
0.605
0.572
0.577
0.596
0.524
0.009
0.118
0.722
0.872
0.850
0.778
0.752
0.749
0.773
0.803
0.769
0.775
0.777
0.726
0.634
0.590
0.518
0.876

0.751
0.744
0.745
0.724
0.715
0.703
0.684
0.655
0.528
0.778
0.865
0.875
0.816
0.763
0.754
0.742
0.772
0.839
0.872
0.872
0.859
0.825
0.808
0.781
0.866
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FIG. 7. Probability distribution of j~
y 2 yj/s derived from the historical observations during the years 2003–12. Terms y and y~ denote the observation and the weighted estimate of the target
station, respectively; s is the expected error deviation of the
weighted estimate. Factor l is the value of j~
y 2 yj/s with
F $ 99. 95%.

FIG. 6. Scatterplot with a regression line of the data pairs of station
D2F230 vs C0F861 observed at 1200 LT in period III.

You (2005) introduce the spatial regression test that
assigns the weights based on the inverse root-meansquare error of the regression lines. The method, however, fails to take into account the correlations between
the references and also has less theoretical support. In
this paper, we employ the theorem of minimum error
estimator to do the objective analysis (refer to appendix
A). The weights are derived by solving the following
simultaneous equations:

continues to construct new stations. For the newly constructed stations that started their operations in the
middle of the previous year, 2 years of data are required
to fulfill the above-stated condition. While considering
that the new stations may also need a period of operation to provide stable observations (missing data may
occur occasionally at the beginning stages of a station’s
operation), it is preferable to use 3 years of data.
The parameters need to be updated yearly to include
the information from the newly constructed stations.

4) EXECUTING EXAMINATION

n21

The observation y is accepted true should it fall inside
the confidence interval, or it is otherwise flagged as an
error. The confidence interval is given as

k51

y~ 2 ls # y # y~ 1 ls ,

å wk (covkj 2 covkn 2 covjn 1 s2n ) 5 s2n 2 covjn ,
for

j 5 1, 2 . . . n ,

(6)

where covkj is the error covariance of the reference
stations k and j, and s2n is the error variance of the reference station n. The expected error variance s2 of the
weighted estimate is given by
y 2 y)2 ] 5
s2 5 E[(~

n

n

i51

j51

å wi å wj covij .

(7)

The parameters are assessed according to recent historical observations. To get statistically valid results, at
least 90 samples are needed to do the regressions (to
get a stable regression result, the data should be distributed widely). A period contains 2 or 3 months, that
is, about 60 or 90 days. Thus, at least 90 samples are to
include all data from all days in a period. The CWB

(8)

where l is a factor that reflects the degree of tolerance for
the estimation deviation. Rearranging Eq. (8) yields the
condition l $ j~
y 2 yj/s. Statistics are applied to the historical data for the period 2003–12 to derive the distribution of j~
y 2 yj/s, and l is taken as the value of j~
y 2 yj/s,
whose relative cumulative frequency (F) is exactly
larger than or equal to the confidence criteria. l ’ 7. 2 for
F ; 99. 95%, as shown in Fig. 7. A 99.95% confidence
interval indicates that there is no more than one record
flagged as an error in 3 months per station.
We note that if x is wrong, it would inversely contaminate the estimate result of y and lead to a false
alarm. To avoid this, the spatial check must be processed
recursively; that is, before making any judgment, first,
the specific value of an error for each target station is
calculated as
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FIG. 8. Scatterplots of the data pairs for comparing the hour to the temperature rise with and without rain during the years 2003–12 in
each period. Dark gray diamond denotes data from a station above 1000 m. Empty light gray circle denotes data from a station lower than
300 m. Black cross denotes the remainder of the stations. Dashed segments were the temperature rise thresholds taken.
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FIG. 8. (Continued)

d5

j~
y 2 yj
.
ls

(9)

The target station is marked ‘‘suspicious’’ if d . 1. After
the calculation, all the d values are compared; the suspicious station with the largest d is formally flagged as an
error and taken off the list. The examination repeats
until there are no suspicious stations identified.

c. Temporal check
The spatial check is not always applicable. Stations located in the high mountains, or on the outlying islands, may
be too far from other stations to offer sufficient reference
support. For stations that were recently constructed, there
are not enough sufficient historical data that can be used to
generate spatial check parameters. In these cases, the
temporal check is used to evaluate the observations.

The temporal check examines whether the temperature difference of two successive observations (the current and previous records) from a specific station
exceeds the temperature variation threshold to judge
the rationality of the data. Meek and Hatfield (1994)
suggest using a constant value, 68C, as the hourly temporal check threshold. It, as pointed out by Graybeal
et al. (2004), may misidentify the jumps brought up by
the frontal passages as errors. It is more reasonable to
set the variable thresholds according to the weather
condition.
It is known that, although not definitely, there are
reasons for the temperature variations. The rapid increases in temperature occur typically in the morning.
The sudden drops of the temperature are often the result
of rainfall or a frontal passage; the temperature may
rebound should it stop raining. In most cases, the
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FIG. 9. Scatterplots of the data pairs for comparing the hour to the temperature drops with and without rain during the years 2003–12 in
each period. Dark gray diamond denotes data from a station above 1000 m. Empty light gray circle denotes data from a station lower than
300 m. Black cross denotes the remainder of the stations. Dashed segments were the temperature drop thresholds taken.
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FIG. 9. (Continued)

variations are regional and the nearby stations may record the same trend. The dramatic rises or drops may
not necessarily be erroneous, especially for those observed in the open areas. Accordingly, this paper does
not use the commonly seen target-flagging rate skill
(Graybeal et al. 2004) to determine the temperature
difference thresholds, but instead focuses on finding the
ceiling and floor boundaries.
The processes used for analysis are discussed in this
and the following paragraphs. The historical temperature records observed during the years of 2003–12 are
taken to calculate the temperature differences using
DTt,i 5 Tt,i 2 Tt21,i ,

(10)

where Tt,i is the temperature of station i given at time t;
the first subscript t denotes the hour checked; and the

second subscript i denotes the station index. Records
that are incorrect are picked out manually (more than
2800 records were eliminated). The temperature differences are grouped into 20 subsets, according to their
sign (plus or minus value), the rainfall condition (rainfall
in Taiwan is high with an annual amount of around
2500 mm and an average of more than 150 days per year
of rain, making rainfall an important factor in influencing temperature change in Taiwan, along with solar radiation), and the time of the observation. For each
subset, the hour versus the temperature difference pairs
are plotted (Figs. 8 and 9). It is observed that the temperature increase on a sunny winter morning, or on a
sunny early-spring morning, may approach a change of
128C. The increase may not exceed 78C if it rains. On the
other hand, an afternoon thunderstorm in the summer
may lead to a dramatic drop of the temperature by as
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FIG. 10. Error rates contributed by individual stations in 2014.

much as 128C. There are no significant differences between the stations in different locations. The dashed
segments in Figs. 8 and 9 are the temperature difference
thresholds taken.
The thresholds are relatively large. To enhance the
ability to identify errors, an additional ‘‘step consistency’’ condition is further applied to the station that has
passed the first stage temperature difference check.
Presuming that the nearby stations experienced the
same trend, if the differences between the temperature
differences of the target station and its neighboring
stations are all large (larger than the criteria), then it is
possible that the observation at the target station is irrational. Let the notation diff(DTt )ij denote the difference between the temperature differences of station i
and j:
diff(DTt )ij 5 DTt,i 2 DTt, j .

(11)

Data from 2003 to 2012 are applied to derive the relative
frequency distributions of diff(DTt ), subject to the various conditions of temperature drops without rain, the
temperature drops with rain, temperature rises without
rain, and temperature rises with rain. Assuming the step
consistency threshold is taken as the value of diff(DTt ),
whose relative cumulative frequency is exactly larger or
equal to 99.95%, the thresholds of 25.28, 25.08, 4.98, and
4.98 are obtained, respectively. The four figures are close
in value, which agrees with the premise that the irrational jumps in temperature are not related to weather
conditions. As a result, the value of 58C is taken as the

step consistency threshold. The step consistency examination is as follows. Except for the temperature rise
caused by solar radiation in the morning and the temperature drop caused by an afternoon thunderstorm in
the summer, for the stations that have passed the first
stage temperature difference examination, its temperature difference is further compared with those of its
neighboring stations that fall within a radius of 20 km
and have already passed the spatial check or the temporal check. If the following conditions are fulfilled,
then the target station is also flagged as an error:
jDTt,o j . jDTt,i j,

" i2n

(12)

and
jdiff(DTt )oi j . 5. 08C,

" i 2 n,

(13)

where o denotes the target station, n is the number of the
neighboring stations of station o, and the vertical lines
on both sides of the variable means an absolute value
was taken.
At least two neighboring stations are needed to do the
comparison.

3. Results of the experiment
The data verification procedure is as shown in Fig. 2.
The observation must first pass the range check and then
go through the spatial or the temporal check. The temporal check is applied only to the stations that are unable
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FIG. 11. Temperature time series comparison for station 467650 (black cross) with its
neighboring station C0H950 (orange circle). Observations were taken from 0000 LT 17 May
2014 to 0000 LT 21 May 2014. Red cross denotes the data that failed to pass the range check.

to do the spatial check. If the previous observation is
absent, it uses the interpolation value estimated by the
universal kriging technique (Maidment 1992) instead for
comparison.
Applying the parameters generated from the historical data to examine the hourly temperature, it derives
the ratios of the data flagged contributed by the range,
spatial, and temporal checks to the total observations to
be 0.0079%, 0.0304%, and 0.0011%, respectively. The
error rates of the individual stations are shown in Fig. 10.
The post-examinations are applied to data from 2014
that were flagged as errors. By comparing the time series
of the target station with that of its neighboring stations
during the time interval of 248 to 1 48 h (centered by
the flagged time), it allows for the review of the rationalities by the three data checking schemes. The results
show that the QC program proposed in this paper is able
to filter out most errors. Figures 11–15 present some
examples. Figure 11 is an example of the range check
failures from station 467650, Figs. 12 and 13 are examples of the spatial check failures from stations C0AD00
and C0U650, and Figs. 14 and 15 are examples of the
temporal check failures from stations 467350 and
C0R600. The background information of the stations is
listed in Table 3. The stations starting with prefix ‘‘46’’
mostly include CWB manually operated stations, while

the stations starting with prefix ‘‘C0’’ designate the
CWB automated stations. The other stations are corporate managed.
Figure 11 shows an example of a range check failure
for station 467650 (a CWB manually operated station).
The temperature dropped abruptly from 20.58 to 0.68C
during 0000–0100 LT 18 May 2014. The low values
(denoted by the cross symbol in red) lasted for 60 h until
1300 LT 20 May 2014, when the temperature jumped
back to 19.08C. The lower range check limit for station
467650 in May is 1.68C; the low value thus failed to pass
the range check. From the time series comparison of
station 467650 to its neighboring station C0H950 in the
period from 0000 LT 17 May to 0000 LT 21 May 2014, it
shows that the temperature variations of station C0H950
were relatively mild and smooth. This information may
indicate that the low values were incorrect. The errors
may have resulted from an instrument or transmission
failure.
Figure 12 shows an example of a spatial check failure
for station C0AD00. The data flagged as errors were
those observed from 2000 to 2300 LT 18 February, as
denoted by the red crosses in Fig. 12. It uses the data
from 2000 LT to explain the case. According to the correlation, there were three reference stations selected,
given as C0AD10, C0A920, and C0A931. The correlation
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FIG. 12. Temperature time series comparison for station C0AD00 (black cross) with its
reference stations C0AD10 (orange circle), C0A920 (green triangle), and C0A931 (purple
diamond). Observations were taken from 2000 LT 16 Feb 2014 to 2000 LT 20 Feb 2014. Red
cross denotes that the data failed to pass the spatial check.

coefficients between the target and the reference stations at 2000 LT in period I are 0.962, 0.962, and 0.939,
respectively. From the figure, it is observed that the
temperature variations of these four stations were
generally similar, except for outlying data. At 2000 LT,
the temperature observed at the target station C0AD00
was 19.18C, and the temperatures at the reference stations C0AD10, C0A920, and C0A931 were, 13.88, 12.48,
and 12.58C, respectively. The estimates derived from
the corresponding linear regression equations [Eq. (3)]
are 13.468, 13.998, and 14.628C, and the weights solved
from the simultaneous equations [Eq. (6)] are 0.562,
0.358, and 0.08, respectively. From Eqs. (4) and (8), the
weighted estimate is 13.748C, and the expected mean
square error variance is 0.598. The 99.95% confidence
interval is 9.448–18.048C. As the observation from
station C0AD00 (19.18C) was outside the confidence
interval, it was thus regarded as an error. The temperature rise at station C0AD00 from 1900 to 2000
LT was 6.38C, which was larger than the temperature
difference threshold (6.08C; refer to Fig. 8). Accordingly, if it were put into the temporal check, it would
also be unable to pass. There is no known condition
that could lead to a sudden rise in the temperature

during a winter night. This information may indicate
and provide a level of confidence that the outlying data
were incorrect.
Figure 13 shows another example of a spatial check
failure. From the time series comparison, it is observed that the data of station C0U650 in the period
from 1800 LT 28 March to 0800 LT 29 March were
obviously incorrect. A 4.28C rise was observed at station C0U650 from 1700 to 1800 LT 28 March. Although the value was lower than the temperature
difference threshold, the temperatures of its neighboring stations—C0U640, 467080, and C0U520—
showed drops and detected the temperature differences of 21.08, 21.28, and 21.08C, respectively. If the
data were put into the temporal check, according to
the conditions in Eqs. (12) and (13), then the data from
station C0U650 at 1800 LT would also be unable to
pass the check.
Figures 14 and 15 are the examples of temporal check
failures. Most of the temporal check failures in 2014
were the result of the temperature difference going beyond the threshold. The example presented in Fig. 14 is
the perfect example to represent this type of failure.
Station 467350 is a solo station located on a surrounding
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FIG. 13. Temperature time series comparison for station C0U650 (black cross) with its reference stations C0U520 (orange circle), 467080 (green triangle), and C0U600 (purple diamond). Observations were taken from 2100 LT 26 Mar 2014 to 2100 LT 30 March 2014. Red
cross denotes the data that failed to pass the spatial check.

island; there is no suitable station nearby that can be
used as a reference.
Figure 15 shows the time series comparison of
station C0R600 to its neighboring stations. The observations of station C0R600 at 2000 and 2100 LT
31 March were identified as errors. The former error
identification was the result of the temperature difference (24.28 2 17.68 5 6.68C) between the observations collected at 2000 and 1900 LT being larger
than the threshold (6.08C; refer to Fig. 8), and the
latter also exceeded the threshold based on the result of the temperature difference (24.28 2 17.28 5
7.08C) between the observation collected at 2100 LT
and the interpolation value from 2000 LT estimated
by the universal kriging technique (since the observation at 2000 LT was rejected). Station C0R600
is relatively new; construction was completed on
1 December 2013.

of interpretation, it is called the CWBSCS), the comparisons for the CWBSCS to the spatial regression test
(SRT), known as one of the most efficient spatial
check schemes introduced by Hubbard et al. (2005)
and You et al. (2008), are presented in this section.
There are two concerns: the first is the ability for estimation and the second is the ability for error
identification.
The CWBSCS resembles the SRT in that both
methods employ the linear regression to derive the
reference estimates, while their estimate and error variance weighting algorithms are all quite different. In the
SRT, Hubbard et al. (2005) suggest calculating the
weighted estimate by

y~ 5



n

å

i51

y^2i /s2i

0.5

n

å

i51

1/s2i

(14)

and the weighted error variance is given as


4. Spatial check scheme performance evaluation
Among the three data verification strategies, the primary scheme used is the spatial check method. To
evaluate the performance of the new spatial check
scheme (SCS) proposed in this paper (for the convenience

s2 5

n

å 1/s2i

 21
.
n

(15)

i51

You et al. (2008) modify the estimate weighting process as
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FIG. 14. Temperature time series for station 467350. Observations were taken from 1700 LT
3 Feb 2014 to 1700 LT 7 Feb 2014. Red cross denotes the data that failed to pass the
temporal check.

y~ 5

n

å y^i /s2i



i51

n

å 1/s2i .

(16)

i51

The comparisons are performed on both of the different estimate weighting algorithms. For ease of distinction, they are given as SRT-2005 and SRT-2008,
respectively, next.

a. Estimation comparisons
As seen in the Eqs. (14) and (16), the SRT does not
take into the account the correlation between the reference stations; that is, the scheme is developed under
the assumption that the references are independent of
each other. It is desirable to study how the correlation
plays a role in influencing the estimation results. To
ensure the experiment’s data request is fulfilled, fake
data are used for testing. The data generation processes
are described in appendix B. There are 41 stations involved: one station is the target and the other 40 stations
are the references that are distributed randomly within a
range of 40 km from the target, as shown in Fig. 16. The
stations’ variances are all assumed to equal 9.0—this is a
value that approaches the mean value of the variances of
the real observations; the correlation length parameter
D in the correlation coefficient function r 5 exp(2d/D)
is 200 km. This assumption enables the usage of the

function to model the general spatial temperature
variation in Taiwan. The mean value of the target station is 158C—that is an arbitrary value taken just for the
use of the simulation result comparisons. There were
10 000 sets of samples generated to evaluate the weights,
and another 10 000 sets of samples generated for
examination.
Figure 17 shows the variations of the average
weighted estimate associated with the number of references (n) and the variations of RMSE associated
with n simulated by different schemes. Among the
four schemes, the CWBSCS behaves the best with the
least estimation errors, and the estimation variations
are relatively stable. The performances of the SRT2008 and the inverse distance weighting (IDW) are
similar, that is because we assume the stations’ variances are of the same magnitude, the decay of the
exponential function is mild, and the values approach
to being linear at the beginning stage. Therefore, the
weights’ assignments of the two schemes are close to
each other. The performances of the SRT-2005 are not
as good as the other three schemes. Increases in n
could inversely lead to a larger estimation error because the SRT-2005’s weighting process does not fulfill
the unbiased estimator condition, so the bias trend
arises naturally.
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FIG. 15. Temperature time series comparison for station C0R600 (black cross) with its
neighboring stations C0R190 (orange circle), C0R140 (green triangle), and C0R240 (purple
diamond). Observations were taken from 2100 LT 29 Mar 2014 to 2100 LT 2 Apr 2014. Red
cross denotes the data that failed to pass the temporal check. Purple star represents the interpolation of C0R600 estimated by the universal kriging technique.

Figures 18, 19, and 20 show the estimation results
given by the samples with D 5 300, 100, and 50 km,
respectively. Other conditions, including the random
number generation, are the same as in the previous case.

From the figures, it is observed that the example with a
lower value of D has the higher RMSEs, which is reasonable because the exponential function decays faster,
and the temperature differences between the stations

TABLE 3. Background information for the stations shown in Figs. 11– 15, and 25.
Code No.

Name

Lon (8)

Lat (8)

Height

Typea

Location

Fig.

467650
C0H950
C0AD00
C0AD10
C0A920
C0A931
C0U520
C0U650
467080
C0U600
467350
C0R140
C0R190
C0R240
C0R600
467490
467410
467660
466920

Rihyuetan
Jhongliao
Sanjhih
Bali
Fugueijiao
Sanhan
Shuanglianpi
Yulan
Yilan
Jiaosi
Penghu
Majia
Chihshan
Laiyi
Jioutaiwu
Taichung
Tainan
Taitung
Taipei

120.9081
120.7585
121.4934
121.3953
121.5573
121.5870
121.6331
121.5789
121.7481
121.7592
119.5553
120.6789
120.6063
120.6171
120.6569
120.6759
120.1970
121.1465
121.5067

23.8814
23.8863
25.2596
25.1523
25.2656
25.2349
24.7547
24.6772
24.7656
24.8203
23.5672
22.6847
22.5941
22.5291
22.5900
24.1475
22.9952
22.7540
25.0396

1017.5
192.0
86.0
27.0
196.0
216.0
517.0
494.0
7.2
10.0
10.7
740.0
32.0
87.0
766.0
84.0
40.8
9.0
5.3

CWB_M
CWB_A
CWB_A
CWB_A
CWB_A
CWB_A
CWB_A
CWB_A
CWB_M
CWB_A
CWB_M
CWB_A
CWB_A
CWB_A
CWB_A
CWB_M
CWB_M
CWB_M
CWB_M

Central
Central
North
North
North
North
Northeast
Northeast
North
Northeast
Southwest
South
South
South
South
Central
South
East
North

11
11
12
12
12
12
13
13
13
13
14
15
15
15
15
25
25
25
25

a

CWB_M represents CWB manually operated stations. CWB_A represents CWB automated stations.
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least estimation errors; the curve becomes flat when
n $ 5. The RMSEs for n 5 1 are different for different
schemes because the references are selected based on
different criteria.

b. Error identification comparisons

FIG. 16. Distribution of the randomly generated stations for the use
of the spatial scheme performance evaluation.

are larger. The CWBSCS still behaves the best in all
cases, while the other three schemes become worse as D
decreases, especially the SRT-2008, whose bias trend
turns significant.
Figure 21 shows the RMSE plot given by the real data
observed in 2014, where the RMSEs are computed from
all the data available without time and space separation.
As expected, the CWBSCS performs the best with the

The error identification evaluation is implemented by
seeding some known errors to the clean dataset to see
how many seeded errors are flagged, which allows for
judging the error identification evaluation’s ability of the
QC scheme (Hubbard et al. 2005). To ensure the data
are cleansed before seeding, it uses also the fake data to
carry out the test.
The 5 nearest stations in the 40 randomly distributed
surrounding stations within the range of 40 km from
the target are selected as the references. Initially, 10 000
sets of samples are used to determine the l threshold
values in Eq. (8). For a 99.95% confidence interval, it
derives l ; 3.6 for the CWBSCS and l ; 2:3 for the SRT
(Fig. 22).
The data check experiment is repeated 500 times. In
each experiment, all data and parameters, including the
station locations, are rearranged. A sample size of 270
sets is generated to calculate the parameters, and another 10 000 sets of samples are generated for examination. Of the 10 000 samples of the target, 1000
randomly selected samples are seeded with errors. Following the suggestion of Hubbard et al. (2005), the error
is taken as the value of s«i , where s is the standard
deviation of the target (3.0 in this hypothesis case), and
«k is a white noise from an uniform probability distribution with a range of 63.5. The experiment results are
shown in Figs. 23 and 24. The CWBSCS always performs

FIG. 17. Variations of the estimation results associated with the number of references simulated by different spatial check schemes—
CWBSCS (black cross), SRT-2005 (black circle), SRT-2008 (black diamond), and IDW (black triangle)—from the fake data with
a correlation length parameter of 200 km.
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FIG. 18. Variations of the estimation results associated with the number of references simulated by different spatial check schemes—
CWBSCS (black cross), SRT-2005 (black circle), SRT-2008 (black diamond), and IDW (black triangle)—from the fake data with
a correlation length parameter of 300 km.

better than the SRT. The error identification rates for
the CWBSCS range from 80% to 100% with an average
of 93%, while the error identification rates for the SRT
range from 46% to 98% with an average of 76%. From
the above-mentioned experiment results, it is demonstrated that the CWBSCS is in theory superior to
the SRT.
Some experiments for the real data observed from
four manually operated stations, located in the northern,
central, southern, and eastern regions of Taiwan (refer
to Table 3), in 2014 are also performed. The l threshold
values for the CWBSCS and the SRT are 7.2 and 4.6,
respectively. Out of all the observations, 1% are seeded

with errors and the experiment’s results are as shown in
Fig. 25. The error identification rates from the real observations are not as high as those from the idealized
fake data, but the overall performance of the CWBSCS
is acceptable. The experiment’s results show that the
CWBSCS is capable of identifying most of the significant errors.

5. Conclusions and suggestions
In this paper, a QC program for the real-time
hourly temperature observation developed by the
Central Weather Bureau in Taiwan is introduced.

FIG. 19. Variations of the estimation results associated with the number of references simulated by different spatial check schemes—
CWBSCS (black cross), SRT-2005 (black circle), SRT-2008 (black diamond), and IDW (black triangle)—from the fake data with
a correlation length parameter of 100 km.
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FIG. 20. Variations of the estimation results associated with the number of references simulated by different spatial check schemes—
CWBSCS (black cross), SRT-2005 (black circle), SRT-2008 (black diamond), and IDW (black triangle)—from the fake data with
a correlation length parameter of 50 km.

There are three data verification strategies involved,
which are the range check, the spatial check, and the
temporal check.
The range check scheme inspects whether the observation falls inside the climatological limits of the station
to screen out obvious outliers. According to the climate
conditions in Taiwan, the year is divided into five periods, given as December–February, March and April,
May and June, July–September, and October and November. The temperatures limits for research are derived from each period. Station elevation is also taken
into account and the limits are adjusted accordingly.
The spatial check scheme scrutinizes whether the
observation falls inside the derived confidence interval,
according to the data from the reference stations and the
correlations among the stations, to judge the reliability
of the data. The spatial check scheme introduced in
this study is specialized, as it employs the theorems of
unbiased and minimum error estimators to determine
the weights. Compared with the existing spatial regression test (You et al. 2008) that was developed
under the assumption that the references are independent of each other, the new spatial check scheme
proposed in this paper performs better in the ability for
both estimation and error identification, be it the fake
data or the real data tested. It can then conclude that
while taking into account the correlations between
the references, they do play a role in influencing the
estimation results. As a result, the new spatial check
scheme is in theory superior to the spatial regression
test. As the correlations between the stations are time
dependent, the parameters are derived period by period and also hour by hour.

The temporal check scheme examines whether
the temperature difference of two successive observations from an individual station exceeds the
temperature variation threshold for judging the rationality of the data. Different thresholds are applied
for the data observed in different times under different rainfall conditions. Further, for the station
that has already passed the first stage temperature
difference examination, an additional ‘‘step consistency’’ test is applied to enhance the ability to identify errors.
Procedurally, the observation must pass the range
check first before it passes through the spatial check or

FIG. 21. Variations of the RMSE associated with the number
of references estimated by different spatial check schemes—
CWBSCS (black cross), SRT-2008 (black circle), and IDW plus
linear regression (black diamond). RMSEs are computed from
all the data available in 2014, without time and space
separations.
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FIG. 22. Probability distribution of j~
y 2 yj/s of the fake data given by different spatial check schemes.

the temporal check. Time control is an important issue
in real-time data management, as all jobs must be done
in a short period of time. The range check is only a
primary test that can help promptly screen out obvious
outliers. The data that have passed the range check are
not immediately confirmed as correct; they will be
evaluated further.
The spatial check is the main data verification
strategy used. Compared to the temporal check
scheme, the theory is comprehensive and is much more
reliable. The applicability of the spatial check, however, is dependent on the density of the network. As
new stations are constructed, the parameters will need
to be updated yearly to improve the performance of
the QC program.
The temporal check is applied only to the stations that
are unable to do the spatial checks, such as those located
on the surrounding islands or the recently constructed.
To calculate the temperature difference, if the previous
observation is absent, it uses the interpolation value

estimated by the universal kriging technique instead, for
comparison. It is noticed that the spatial check scheme
proposed in this paper is possibly universally applicable,
while the temporal check scheme is only regionally
adaptable.
From post-examinations to the data collected up until
2014, as well as the experiments obtained from online
monitoring, it is shown that the QC program proposed in
this paper is able to filter out most of the significant errors. The real-time data verification is difficult to conduct, since the events in the following hour are totally
unknown; the online QC program has been working well
since it was built.
The data checking schemes were developed based
on statistics; thus, uncertainty does exist. To handle
unexpected problems, Taiwan’s CWB has built a mobile application that can send related information to
researchers automatically once data are flagged. This
procedure allows experts to make judgments to alter
the flags.

FIG. 23. Distribution of the error identification rate from different experiments.
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FIG. 24. Variations of the error identification rate associated with the « value simulated by
different spatial check schemes—CWBSCS (black cross), SRT-2008 (black diamond), and
SRT-2008 (black circle)—from the fake data.

For future development, more studies for the improvement of the temporal check scheme are needed to
reinforce the reliability of the scheme. Determining the
threshold is subjective and time consuming. An objective, automated, and localized procedure for selecting
the appropriate thresholds is required. The prescribed
rules for checking the data under the unanticipated
weather conditions, such as a weather front or a foehn
wind, are also desired. These events will be taken into
consideration in the future.

n

å wj 5 1 .

Substituting Eqs. (A1) and (A2) into the expression
for the expected value of the error sum of squares s2 , it
yields
y 2 y)2 ],
s2 5 E[(~
5 E[(w1 y^1 1 w2 y^2 1 ⋯
1 (1 2 w1 2 w2 2 ⋯ wn21 )^
yn 2 y)2 ].

Acknowledgments. This project was funded by Taiwan’s
Central Weather Bureau. Special thanks to Deputy
Director Dr. Kuo Chen Lu and the authorities for
their full support and assistance.

(A2)

j51

(A3)

According to the theorem of the minimum error estimator, the value of the partial derivative of s2 , with respect to any wi , must always be zero; that is,

APPENDIX A
The Weights Derivation Algorithms
The sources of the reference weights for the objective
spatial check are given as follows. Assuming there are n
reference stations selected, the weighted estimate can be
expressed as the linear combination of the reference
estimates:
n

y~ 5 w1 y^1 1 w2 y^2 1 ⋯ 1 wn y^n 5

å wj y^j ,

(A1)

j51

where y^j and wj are the estimates and the weight of the j is
the reference station, respectively. According to the
theorem of the unbiased estimator, it confines that

FIG. 25. Error identification experiment results for the real data
observed from four manually operated stations, located in the
northern, central, southern, and eastern regions of Taiwan in 2014.
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›s2 ›s2
›s2
5
5⋯5
5 0.
w1 w2
wn21
Let y0j 5 y^j 2 y, which then obtains the following:
›s2
5 E[w1 y01 1 w2 y02 1 ⋯ 1 (1 2 w1 2 w2 2 ⋯ wn21 )y0n ](y0j 2 y0n ),
2›wj
n21

å E[wk ( y0k 2 y0n )(y0j 2 y0n )] 1 y0n (y0j 2 y0n ) 5 0,

5

k51

n21

0

å wk E[ y0k y0j 2 y0k y0n 2 y0j y0n 1 y0n2 ] 5 E[y0n2 2 y0n y0j ],

k51
n21

0

å wk E[(y0k 2 0)(y0j 2 0) 2 (y0k 2 0)(y0n 2 0)

k51

2 (y0j 2 0)(y0n 2 0) 1 (y0n 2 0)2 ]
5 E[(y0n 2 0)2 2 (y0n 2 0)(y0j 2 0)],
n21

0

å wk (covkj 2 covkn 2 covjn 1 s2n ) 5 s2n 2 covjn ,

(A4)

k51

where covkj is the error covariance of reference stations
k and j. The simultaneous equations given above can be
expressed in a matrix form: A  W 5 G. The A on the lefthand side of the expression is the variance–covariance

matrix, W is the weight vector, and G on the right-hand
side of the expression is the variance–covariance vector.
Term W can be solved by W 5 A21 G. The expected
error variance s2 of the weighted estimate is given by

y 2 y)2 ], 5 E[(w1 y^1 1 w2 y^2 1 .:: 1 wn y^n 2 fw1 2 w2 2 :::: 2 wn y)2 ],
s2 5 E[(~
5 E[(w1 y01 1 w2 y02 1 ::: 1 wn y0n )2 ], and 5

APPENDIX B
The Fake Data Generation Processes
The fake data generation processes are as follows.
1) In statistics, a time series variable T(t) can be taken
as the sum of a deterministic term m(t), which can
be the trend or the periodicity of the station, and
a stochastic term z(t). Should there be n 1 1 stations, the time series variables can be expressed
as Ti (t) 5 mi (t) 1 zi (t), i 5 0, 1, :::, n. The expected
value of zi (t) is E[zi (t)] 5 0, and the variance of zi (t)
is var[zi (t)] 5 si2 . Assuming the correlation coefficient between any two stations is the distance
related to only and follows the exponential form,
then the covariance of zi (t) and zj (t) can be given as
cij 5cov[zi (t), zj (t)] 5 si sj rij 5 si sj exp(2dij /D), where
dij is the distance between station i and j, and

n

n

i51

j51

å wi å wj covij .

(A5)

D is a constant length parameter. Let Z(t) be
the stochastic vector and C be the covariance matrix:
2

z0 (t)

3

7
6
6 z1 (t) 7
7
6
T
7
Z(t) 5 6
6 .. 7C 5 E[Z(t)  Z(t) ]
6 . 7
5
4
zn (t)
2 2
3
s0 c01 ⋯ c0n
6
7
6 c11 s21 ⋯ c1n 7
6
7
7,
56
6 .
7
.
.
.. ⋱ .. 7
6 ..
4
5
cn0

cn1

⋯

s2n

where C is a Hermitian matrix that, by using the
Cholesky decomposition technique, can be decomposed
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into the product of a lower triangular matrix L and
its conjugate transpose LT , C 5 L  LT . The random
sample of Z(t) can then be derived by multiplying
L by a Gaussian white noise vector e(t) generated
randomly by the Monte Carlo experiment, Z(t) 5
L  e(t), where «i (t) ; N(0, 1).
2) Let station 0 be the target station, and station i be the
reference station, i 5 1, 2, . . . , n. The reference station relates to the target station with a linear relationship; hence, zi (t) can also be the variation of
station i from the mean value of station 0. Repeating
the random sampling experiment with a sufficient
number of times, it can then use the derived z values
to calculate the weights of the references.
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