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ABSTRACT

CO, and CH, outliers may have a noticeable impact on the trend of both gases. Nine years of measurements since 2010
recorded at a rural site in northern Spain were used to investigate these outliers. Their influence on the trend was pre-
sented and two limits were established. No more than 23.5% of outliers should be excluded from the measurement se-
ries in order to obtain representative trends, which were 2.349 + 0.012 ppm year ' for CO, and 0.00879 +
0.00004 ppm year ' for CH,. Two types of outliers were distinguished. Those above the trend line and the rest
below the trend line. Outliers were described by skewed distributions where the Weibull distribution figures promi-
nently in most cases. A qualitative procedure was presented to exclude the worst fits, although five statistics were con-
sidered to select the best fit. In this case, the modified Nash-Sutcliffe efficiency is prominent. Finally, three symmetrical
distributions were added to fit the observations when outliers are excluded, with the Gaussian and beta distributions
providing the best fits. As a result, certain skewed functions, such as the lognormal distribution, whose use is frequent
for air pollutants, could be questioned in certain applications.

1. Introduction

speed, whereas low concentration events may be determined by wind di-
rection or local sinks (Belikov et al., 2019; Yang et al., 2019). At urban

Outliers appear in measurement series with unequal frequency. The rea-
sons for this may vary substantially. Scattered outliers of high CO, and CH,
values recorded at rural sites were linked with local sources and/or partic-
ular weather conditions, such as temperature inversions and low wind
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sites, these outliers are more prominent than in rural environments due to
pollution sources (Yang et al., 2021).

Observation selection is necessary for specific applications. For in-
stance, data must be filtered when the aim is to determine background con-
centrations or large-scale features where certain local influences such as
ecosystem emissions or nearby traffic must be isolated (Wang et al.,
2020). In the same line, Fang et al. (2016b) excluded high CO, concentra-
tion night-time episodes, linked with biospheric respiration in a poorly
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mixed atmosphere, and local sources or sinks associated with wind speeds
lower than 1.5 m s~ !, from regional events.

Following Ben-Gal (2005), procedures for outlier detection may be di-
vided between parametric and non-parametric methods. Parametric
methods either consider a known data distribution or are based on calcula-
tions of unknown distribution parameters (van Zoest et al., 2018). In con-
trast, within non-parametric methods, those which are distance-based
stand out since they are suitable for large databases (Kontaki et al.,
2011). In some cases, the average value is locally computed in a given
neighbourhood, and outliers are observations that differ significantly
from this average. In this situation, one additional problem is the definition
of neighbourhood (Carrilho et al., 2018). When a distance is required, a
threshold, which considers the standard deviation of observations, must
be established (Martinez et al., 2014).

Procedures used to treat atmospheric concentrations do not usually in-
clude distribution function fitting (Fang et al., 2014; Kilkki et al., 2015).
However, some examples demonstrate the usefulness of such analyses.
Karaca et al. (2005) used ten distribution functions to study particulate mat-
ter in the municipality of Istanbul. Air quality in Delhi for SO,, NO,, and
particulate matter was studied by Sharma et al. (2013), and the statistical
analysis included 12 distribution functions to identify and estimate the
best-fit distribution. A generalised form of the Gumbel distribution was in-
troduced by Korkmaz (2015) and applied to air pollution data to demon-
strate its modeling potential. Statistics such as skewness and kurtosis as
well as the generalised extreme value distribution were used by Battista
et al. (2016) to investigate air pollution in Rome, Italy. Martins et al.
(2017) used the generalised extreme value and the generalised Pareto dis-
tributions to analyse air pollution in the two largest urban areas in Brazil.
Finally, the contrast between CO, concentrations in Seoul city centre,
South Korea, and a mountain in its surroundings was described by the prob-
ability density function, which was quite flat in winter, but more peaked in
summer (Park et al., 2021).
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CO, and CH4 evolutions are measured in various environments due to
their link to climate change. This objective is achieved by station networks
such as stations under the Global Atmosphere Watch (GAW) programme of
the World Meteorological Organization (WMO) (WDCGG, 2021), or by the
cooperative air sampling network of the Global Monitoring Laboratory
(NOAA, 2021). These networks focus on measurements to determine
trend evolution and its accompanying cycles. However, particular analyses
are carried out at polluted sites, which are considered sources of both gases
(Lian et al., 2021; Nyasulu et al., 2021), when transport plays a key role
(Jain et al., 2021), or at certain sites of specific interest (Kurbatova et al.,
2020).

The measurement site considered in the current analysis is a place
where the evolution of both gases has already been investigated
(Fernandez-Duque et al., 2020; Pérez et al., 2020). However, the database
used in this paper was increased vis-a-vis that employed in previous studies.
The first objective is to study outlier influence on the CO, and CH, trend
measured at this rural site. Consequently, this trend is calculated and com-
pared with values determined in various environments. The influence of
the number of observations on the trend of both gases has been calculated
by Pérez et al. (2019). However, outlier influence remains unexplored.
Moreover, compared to time series analysis (Bianchi et al., 2020), which
could be seen as quite complex, the procedure for isolating outliers
presented in this study is relatively easy, since it is based on linear
regressions.

The second objective is to describe these outliers by some distribution
functions. Since the studies cited above focus on skewed distributions,
some distributions of this type will be used. In order to simplify the calcula-
tion procedure, iterative calculation methods were excluded. For this objec-
tive, the key point is that distributions are only used for outliers and not for
all observations. A second key point lies in the statistics used to establish the
goodness of the fit. This paper considers statistics that have scarcely been
investigated to date.

Fig. 1. Image courtesy of © ign.es showing the measurement site and its surrounding area.
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This analysis assumes that the observations present a defined trend and
noticeable outliers are a fraction of observations that follow a skewed distri-
bution. Consequently, fairly regular observations, where outliers are
marginal or are clusters of values, fall outside the scope of this study.

In the materials and methods section, the measurement site is de-
scribed, followed by the procedure employed to isolate outliers and the dis-
tribution functions used together with the goodness-of-fit statistics. The
results section presents the trends under different outlier percentages, and
the selection of specific percentages is investigated. Moreover, the fits of
ten skewed distributions are presented as a function of outlier percentage
in order to compare the values of the goodness-of-fit statistic. Finally, a sim-
ilar treatment is applied to observations excluding outliers by adding some
symmetrical distributions to the skewed ones previously used.

2. Materials and methods
2.1. Observations

Dry concentrations of CO, and CH4 were measured over nine years,
commencing in October 2010, at the Low Atmosphere Research Centre
(CIBA station, 41° 48’ 50” N, 4° 55’ 59” W, 852 m a.s.l., Fig. 1). The site is
nearly flat and the vegetation is formed by scrublands surrounded by
rainfed crops and sparse trees. The climate of the site determines both the
vegetation and its annual evolution. Following the Koppen classification,
the climate is Cfb, i.e. temperate without a dry season and with a temperate
summer. The nearest urban site is the city of Valladolid (around 300,000 in-
habitants), located some 25 km SE of the measurement site.

Observations were obtained from a Picarro G1301 analyser where three
levels were considered; at heights of 1.8 m, 3.7 m, and 8.3 m. However,
only half-hourly averages of measurements at the lowest level were used
in this analysis.

Calibrations were periodically performed with three NOAA standards,
which were 452.56 ppm, 399.27 ppm and 348.55 ppm for CO,, and
1.9904 ppm, 1.8420 ppm and 1.6310 ppm for CHy, i.e. above, around
and below ambient concentrations. However, due to a technical problem,
there were two distinct measurement periods; the first until 19 July 2017,
and the second from 6 December 2017. The corresponding equations for
correcting the measurements were:

Cco,c = 1.00355 C¢p,—0.18482

Cenye = 0.99264 Ceyy, +0.01092
Cco,e = 1.00572 Ccp,—1.17899

Ccr,e = 0.99017 Cep, + 0.00884

}for the first period.
@
}for the second period.

In these equations, subscript C corresponds to the corrected concentra-
tion.

2.2. Procedure for obtaining outliers

Outliers are determined by an iterative procedure where the starting
point is a straight line calculated with initial observations. Once the first
outlier from this line is determined, it is excluded from the observations
and the procedure continues with the remaining observations (Fig. 2),
i.e., a new straight line is calculated, the second outlier is determined and
then excluded, and so on. Absolute values of outlier residuals against
their corresponding linear fits were calculated and their medians were
also obtained. Since outliers may be located above the trend line or below
this line, their residuals were denoted as top and bottom, respectively. An
exponential expression was also used for outlier selection. Some robust sta-
tistics were calculated. The median was used as a location indicator, the in-
terquartile range indicates measurement spread, symmetry is calculated by
the Yule-Kendall index, and flatness is expressed by the robust kurtosis,
which is the quotient between the interquartile range and the double dis-
tance between the 9th and 1st deciles.
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Fig. 2. Schematic representation of the outlier determination method.

2.3. Distribution fitting

Thirteen distribution functions presented in Table 1 were employed.
Ten of them were skewed and three were symmetrically distributed.

Theoretical and experimental cumulative distribution functions were
calculated with programs in Fortran developed by the authors and the
goodness of fit was determined with five efficiency statistics (Krause
et al., 2005), which are presented in Table 2, where O refers to observed
values and C to calculated values.

3. Results
3.1. Trend calculation

Fig. 3(a, b) presents the results for both - lineal and exponential - fits fol-
lowing the percentage of outliers suppressed. Two values were considered
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Table 1

Distribution functions used to fit the outlier residuals (only the skewed ones), and the central residuals (all the functions):.
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Type Distribution Probability density function Parameter calculation
Skewed Beta ® flx) = [rlzg;]t(lj;)} X1 (1=x)"0<x <L, f>0 a=208 54 rx(l S %;
52 = s;
X 7 (b-a)’
Exponential fix) = 0exp (—0x);x>0;6>0 0=1/x
Frechet © fx) :Q;(i)ﬂl exp {7(i)4};x20;0’/1> 0 —In[—In{FG)}] = — Alns + A1n ()
a PR
Gamma fx) = &x/p) . 1E(X£>( XD s a, >0 . 14 /1 R %
D=In(x)-1 .
! El 4D ’
p=x/a
Gumbel f(x):/l;exp{—exp [_u/;o]_n%o} B =200 = X—ypy = 057721
Lindley ® fx) =25 (1 +x)ex>0,0>0 0 —<i—1)+\/2§—1)2+82
e

Lognormal ¢

_ . (Inx—p)
Fx) = o exp (Lol

p=1Inx;s = Sy

. d — 3% —a—|
Triangular 2(x—a) fas<x<c ¢ = 3X—a-b
fy - | [-a)e=a)]
279 cx<h
. [(b-a)(b=c)] " "7 7
> _ s
Wald fx) = \/52zexp ( 2(};)’:) ) H=X1="
ibull © a1 P _ _ = _
Weibull o) = (7;) (_) e [_ ()/_;) ]x wf>0 In(—In(1 —Fo)) =aln(x) —aln @)
. . a s o
Symmetrical Gaussian f) =& ( ();szu) ) u=x
d
Laplace £) = % exp ( e ﬂ\) a=%b=/¢
Logistic 4 Flx) = ep|(x-a)/b] a=%b—3s/x

b{1+ exp [(x—a)/B]}

#X is the average and s the standard deviation.
& (Wilks, 2019).
b (Ghitany et al., 2008).
¢ (Bury, 1999).
4 (Forbes et al., 2011).
¢ (Akdag and Dinler, 2009).

for the exponential fit since trends are different for the beginning and end of
the measurement period. A first section including around 4% of outliers is
associated with a noticeable change in the trend. The second outlier border
may be better defined for CO, than for CH,. The outlier frontier proposed
was around 23.5% of all the outliers. This interval between both limits is
featured by a slow decrease in the CO trend and is followed by a relatively
steady trend. However, the CH, trend increased in this interval and was
followed by a slight decrease and a subsequent increase. The trend values
calculated with the linear fit for this outlier percentage are 2.349 +
0.012 ppm year ™! for CO,, and 0.00879 + 0.00004 ppm year ™' for CH,.
Fig. 3(c) shows the coefficient of determination, 2, for the linear fit as a
function of the outlier percentage. It is slightly better for CH,4 than for
CO,. Moreover, the increase is noticeable at low percentages for CH,, re-
vealing the few outliers that have a pronounced impact on the trend.
Since the trend for the linear fit is around the average of the trend values
for the exponential fit, the linear fit was used in the rest of the current study.
Fig. 4 presents the medians of absolute values of residuals for both groups

Table 2
Efficiency statistics used in this study.
Name Equation
Coefficient of determination 2
~ ZL(0-0)(c¢)
\/Z (0-0)"y/ 2t (6-C)”

Willmott index of agreement 1 3 (0i=C)*

S
2 (|e-0]+|o-0])

dpoq = 1— ¥ [0i=Gi|

Modified index of agreement _
p (|c‘ 0[+[0,-0])

Nash-Sutcliffe efficiency _1- L (0=Ci)*
poyl ,(o‘ o)
Modified Nash-Sutcliffe efficiency Epog = 1— i 1\‘0 -G ‘\
mod 00

together with their outlier percentages. A noticeable drop in the median
is observed for the first outliers. However, once this initial drop is passed,
the decrease in the outlier residual median with the outlier percentage is
slight. This result indicates that the number of conspicuous outliers is
low. Moreover, a higher number of outliers is obtained above the trend
line and their concentrations are higher.

Fig. 5 presents the box-plot for the three types of observations when out-
liers account for 23.5% of data. In this figure, the median is the line in the box
representing the interquartile range. Whiskers extend from the 10th to the
90th percentile and isolated dots correspond to the 5th and the 95th percen-
tiles. Differences between pairs of group means are statistically significant fol-
lowing Fisher's least significant difference method. Observation dispersion is
similar for central and bottom CO, values and for the three CH,4 groups.

Concentrations of absolute values of CO, and CH, residuals are quite
dissimilar. However, they may be scaled in an interval between 0 and 1
to make them comparable. The second frontier, 23.5% of all outliers, was
selected to make additional calculations of these scaled values. Table 3 pre-
sents some robust statistics. The dispersion of CO, scaled residuals is sim-
ilar for both residual types. However, a noticeable contrast is obtained
for CHy, since the dispersion of the top residuals is low, but higher for
the bottom residuals. Finally, the robust kurtosis is similar to that of a
Gaussian distribution, 0.262, for the bottom residuals. However, it is
lower for the top residuals, revealing that the top residuals present
peaked distributions.

These features may be observed in Fig. 6, where the cumulative distri-
bution function (CDF) of scaled residuals is presented. The four curves are
featured by a sharp increase in CDF values, although these are smoother
for the CH,4 bottom concentrations. This rapid increase is attributed to the
high agglomeration of observations and is followed by a slow rise due to
the relatively few large observations. The concave downward shape is asso-
ciated with positively skewed data (Wilks, 2019), and the range between
bottom and top scaled residuals is greater for CH, than for CO,.



LA. Pérez et al.

2.6

@

2.5 4

Final trend

2.4 4 .
~_ Lineartrend

Initial trend

CO, trend (ppm year)

2.3 A

4 23.5

22 T T T T

(b)

0.0090 -

0.0088 -
Lineartrend

0.0086 - Initial trend

0.0084 -

CH, trend (ppmyear™)

0.0082 -

(©) CH,
28 co,

0.6

r2

0.4 -

0.2

0.0 4 . _ 235 ' .

0 10 20 30 40 50

Outlier percentage (%)

Fig. 3. CO, (a) and CH, (b) trends following the percentage of outliers supressed
with linear and exponential fits. Initial and final refer to the trends calculated at
the beginning and end of the measurement period, respectively, with the
exponential fit. (c) r? values for the linear fit. Vertical lines correspond to the
frontiers suggested.

3.2. Distribution fitting

The absolute value of residuals was considered for the second frontier,
23.5%, of all the outliers. Ten skewed distribution functions were used
whose experimental, F;, and theoretical CDF, F,, were compared in
Fig. 7. The better the agreement the closer the corresponding line is to
the diagonal. This plot provides a qualitative representation of the goodness
of fit, since the fits of CH,4 top outliers for the beta, Gumbel, and triangular
functions must be discarded. However, selecting the best satisfactory agree-
ment may prove difficult since some representations look similar. Although
every one of these fits could be chosen, a precise choice can be made with
the numerical efficiency criteria presented in Table 2. Fig. 8 presents the
values of these efficiency criteria. The high values of 7 contrast with the
low values of the modified expression of the index of agreement and the
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to the 4% and 23.5% borders.

lowest values of the modified Nash-Sutcliffe efficiency, which was the
most sensitive statistic among those used in this paper. These results deter-
mined that the modified Nash-Sutcliffe efficiency was chosen as the refer-
ence estimator in the rest of this study. The range covered was narrow for
the CH, bottom residuals and wide for the CH, top residuals. This figure in-
dicates that similar results were obtained for the exponential and Lindley
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Fig. 5. Box-plot of observations when outliers are 23.5%. Three types of data are

established, i.e. values linked with top and bottom residuals and the rest, which
are the central observations.
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Table 3
Robust statistics calculated for the scaled absolute values of residuals for the 23.5%
of outliers.

Residual Median Interquartile range  Yule-Kendall index = Robust kurtosis
CO, Top 0.038 0.070 0.340 0.226
CO, Bottom  0.069 0.094 0.189 0.266
CH, Top 0.007 0.012 0.341 0.174
CH,4 Bottom  0.121 0.177 0.229 0.263

distributions applied to the CH, residuals. Moreover, the function that pro-
vides the best agreement is that with the highest value of the modified
Nash-Sutcliffe efficiency.

Since the distribution fitting was made for a specific percentage of all
the outliers (23.5%), the response of residuals to skewed distributions
must be investigated in a wide range of outlier percentage. Fig. 9 presents
such a response. Efficiencies are similar for every distribution function for
high outlier percentages, whereas major changes are observed for low per-
centages. Values are gradually distributed for CO, top residuals and the best
fit is for the Weibull distribution. The best result for the CH, top residuals is
reached with the lognormal distribution, although the Wald distribution
provides similar values at around 11% of outliers. Moreover, values of the
Weibull distribution are similar to those of the lognormal distribution at
high outlier percentages. Efficiencies for the bottom outliers appear
mixed. Beta, Weibull and gamma distributions provide satisfactory fits in
a wide range of percentages (the Linley distribution must also be consid-
ered for CO,) whereas the Frechet distribution stands out due to its low
values.

3.3. Central value fitting

Skewed distributions used to fit the absolute value of residuals for out-
liers were also used to fit the residuals of central values when outliers are
excluded. Table 4 presents some robust statistics for location, spread, sym-
metry and flatness for central residuals when removing 23.5% of outliers.
The median is almost zero, the Yule-Kendall index reveals that the distribu-
tion is nearly symmetrical and the robust kurtosis is close to that for a
Gaussian distribution, which is 0.262. Taking into account these values,
three symmetrical distributions are included; the Gaussian, Laplace, and lo-
gistic distributions. The results of these fits calculated by the modified
Nash-Sutcliffe efficiency are presented in Fig. 10. Lower outlier percentages
are featured by noticeable changes of the statistic used. Low values of the
statistic were obtained for the triangular function at low outlier percent-
ages. Most of the distributions provided statistic values of above 0.8 in a
wide interval of outlier percentage. Satisfactory fits were observed for the
Gaussian distribution, although only in a narrow interval of outlier

....3rd quartile

Cumulative distribution function

- __ _Median
1st quartile| — oz °P
.......................... .S..g.l'.l.a..!.e. — COz Bottom
iz —— CH, Top
— CH, Bottom
0.0 T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Scaled residuals

Fig. 6. Cumulative distribution function of scaled residuals.
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percentage. When this percentage increases, the best fits were reached by
the beta distribution, which was flexible enough to successfully describe
both skewed and symmetric distributions. In contrast, the exponential func-
tion was the least suitable to fit these residuals, together with the Lindley
function for CH,. The values of the poor fits are lower than those presented
in Fig. 9, revealing that certain skewed distributions are unsuitable for these
data.

4. Discussion
4.1. Trend evolution

Belikov et al. (2019) analysed CO- and CH,4 evolution at nine sites in Si-
beria using a model developed by Harvey and Peters (1990), later used by
Taylor and Letham (2018), and which considers three contributions. The
first is a trend function that models no periodic changes. The second refers
to periodic seasonal processes, and the third contribution is related with ir-
regular, undetermined transformations. Several equations were used to ex-
plain the concentration trend. The most complex equation considers a
fourth order polynomial (Inoue et al., 2006). Artuso et al. (2009) used an
exponential function to describe the CO, trend at Lampedusa, Italy. How-
ever, the linear fit is the simplest and most frequent approximation to de-
scribe CO, and CH,4 time evolution, proving to be successful in varied
environments, such as Finland (Aalto et al., 2002), central Siberia
(Timokhina et al., 2015), the Netherlands (Vermeulen et al., 2011), or
northeast China (Wu et al., 2012).

WMO (2020) presented atmospheric CH, in the period 1984-2020
where four intervals may be established. The first extended until 1992
with a noticeable increase that slowed down until 1999. Concentrations
then remained nearly steady until 2007, when a new period of increases
was noticed. CO, evolution may be divided into several periods with con-
stant increases, although the interval from 1995 to 2011 stands out,
followed by a second period up to the present day. Consequently, the evo-
lution may be considered almost linear during the period analysed in the
current paper. The linear fit of concentrations was successfully used by
Pérez et al. (2020) to investigate concentration trend and annual cycle at
the site over a six-year period.

The trend values calculated in this paper are in agreement with those
presented in Table 5 for various sites, where some places in China figure
prominently due to the high CO, values, which are above 3 ppm year ~*,
contrasting with the 1.3 ppm year ™! in Antarctica. Similarly, the CH,4
trend in this study was close to that measured at Cabaw, the Netherlands,
and is situated between the low value found in Norway and the high
value obtained in Hungary. Table 5 also presents the measurement proce-
dure. Since the methods are different, the comparison between the outlier
number and the influence of these outliers on the trend obtained by these
procedures is a matter that is still open to study.

4.2. Outliers

Observations are frequently included in some studies by both scatter or
line plots, with the number of outliers and their contribution to all the mea-
surements not usually being the objective of the research. However, these
graphs illustrate specific features linked with the site where observations
were obtained. For instance, CO, outliers are extremely infrequent in
Minamitorishima, a remote island in the western North Pacific (Wada
et al., 2007). A different pattern is formed by noticeable outliers during
the night linked with the stable stratification of the nocturnal boundary
layer accompanied by low values during the day, caused by photosynthesis
and dilution in the expanding mixing layer. Such is the case of Fraserdale,
Canada (Higuchi et al., 2003) or Rishiri, Japan (Zhu and Yoshikawa-
Inoue, 2015). Another pattern is observed in Sammaltunturi, Finland,
above the Arctic Circle, where a noticeable contrast between summer and
winter is obtained (Lohila et al., 2015). The high concentrations are usually
the main outliers, such as at Cape Point, South Africa (Labuschagne et al.,
2018). Air transport from polluted sites, such as cities, may be a noticeable
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source of outliers at remote sites that could be considered reference places
of background air, such as Jungfraujoch, Switzerland (Affolter etal., 2021).
However, extremely low concentrations may be a relevant feature in some
places such as Takayama, in central Japan (Murayama et al., 2003).
Outlier description has sometimes been presented qualitatively. Wei
et al. (2020) studied the relationship between air pollutants and meteoro-
logical conditions in Shanghai, China and considered some violin plots
where concentrations are occasionally distributed symmetrically, for exam-
ple, CO, on a clean day. However, asymmetrical distributions prevailed

with tails on the right. In fact, the shape of the distribution function was
that of a symmetrical distribution without most of the left tail.

Previous analyses at the site revealed that outliers have a twofold origin:
the first is the stability of the low atmosphere during the night (Sanchez
et al., 2010), and the second is the Valladolid urban plume (Pérez et al.,
2012). This study explores certain features of these outliers in greater
depth, such as the asymmetric shape of their distribution, the contrast be-
tween the outliers below and above the trend line, and the contrast between
the outliers of both gases.
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4.3. Concentration distribution

CO, concentration skewness has already been investigated (Pérez et al.,
2014). Skewed distributions have been employed to describe these
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Fig. 8. Efficiency criteria used in the current study.
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concentrations (Pérez et al., 2013). Recently, Pérez et al. (2021) fitted
both greenhouse gas concentrations to seven skewed distributions follow-

ing nine wind speed intervals. The current study expands this research,
since 10 skewed distributions are used for outliers, with this outlier fit
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Table 4 being a specific contribution of this paper. In particular, this study presents
Robust statistics for residuals of central values once 23.5% of outliers were re- two outlier types that must be treated separately and indicates that the Weibull
moved. distribution stands out as a function that could be considered by air pollution
Gas Median Interquartile Yule-Kendall Robust control agencies to analyse concentration limits for air quality. Moreover,

(ppm) range index kurtosis three symmetrical distributions are also used for non-outlier observations.
(ppm) Krause et al. (2005) presented five efficiency criteria to compare simu-
CO, 0.01 7.17 —0.0018 0.2662 lated and observed variables. These criteria were used by Pérez et al. (2021)
CHy4 0 0.0231 —0.0025 0.2713 to contrast experimental and theoretical cumulative distribution functions.
The current analysis considers the same criteria and, in agreement with the
previous study, the modified Nash-Sutcliffe efficiency proved to be the best
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Fig. 10. The modified Nash-Sutcliffe efficiency for the central residual fitting with varied distributions (Gaussian, Laplace, and logistic are symmetrical) when outliers are
excluded.

Table 5

Trends determined at different sites.

Gas Reference Site Trend (ppm year ') Period Measurement procedure
CO, Aalto et al. (2002) Pallas, Finland 2.5 1996-2000 Infrared analyser
Artuso et al. (2009) Lampedusa, Italy 1.9 1992-2007 Infrared analyser
Cundari et al. (1995) Mt. Cimone, Italy 1.66 1979-1991 Infrared analyser
Fang et al. (2016a) Shangdianzi, China 2.7-3.8 2009-2013  Cavity ring-down spectroscopy
Guo et al. (2020) Mt. Waliguan, China 2.45 2010-2016 Cavity ring-down spectroscopy
Hernandez-Paniagua et al. (2015) Egham, UK 2.45 2000-2012 Infrared analyser and cavity ring-down spectroscopy
Mace Head, Ireland 1.9 2000-2011
Inoue et al. (2006) Tsukuba, Japan 2 1992-2003 Infrared analyser
Jain et al. (2005) Maitri, Antarctica 1.3 2002-2003  Gas chromatography
Jain et al. (2021) Gadanki, India 2.5 2016-2019 Cavity ring-down spectroscopy
Labuschagne et al. (2018) Cape Point, South Africa 1.65-2.80 1993-2016 Gas chromatography and cavity ring-down spectroscopy
Liu et al. (2015) Different sites in the Northern Hemisphere 2.04 1997-2006
McClure et al. (2016) Mt. Bachelor, Oregon 1.48 2012-2014 Cavity ring-down spectroscopy
Tans et al. (1989) Point Barrow, Alaska 1.44 1983-1985 Infrared analyser
Timokhina et al. (2015) Central Siberia, Russia 2.02 2006-2013 Infrared analyser and cavity ring-down spectroscopy
Vermeulen et al. (2011) Cabaw, The Netherlands 2 2005-2009 Infrared analyser
Wu et al. (2012) Northeast China 1.7 2003-2010 Infrared analyser
Zhang et al. (2008) Seven sites in China 1.7-3.6 2003-2006 Infrared analyser
CH,; Fanget al. (2016a) Shangdianzi, China 0.006-0.010 2009-2013 Cavity ring-down spectroscopy
Guo et al. (2020) Mt. Waliguan, China 0.0082 2010-2016 Cavity ring-down spectroscopy
Haszpra et al. (2011) Hegyhétsal, Hungary 0.017 2007-2009 Gas chromatography
Jain et al. (2021) Gadanki, India 0.0111 2016-2019 Cavity ring-down spectroscopy
Nisbet et al. (2014) Globally averaged 0.006 2007-2013
Pedersen et al. (2005) Mt. Zeppelin, Norway 0.00334-0.00363 1998-2004 Gas chromatography
Vermeulen et al. (2011) Cabaw, The Netherlands 0.0074 2005-2010 Gas chromatography
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estimator for establishing the fit between observations and theoretical
values. Consequently, using this statistic should be recommended in analy-
ses that deal with comparisons of values.

5. Conclusions

CO, and CH4 concentrations recorded at a rural site in northern Spain
over nine years presented a linear evolution. Outlier analysis revealed that
4% of them make a noticeable contribution to the trend. An outlier limit of
23.5% was suggested to obtain a representative trend, which was 2.349 +
0.012 ppm year " for CO, and 0.00879 + 0.00004 ppm year " for CH,.

Most outliers were obtained for observations above the trend line and
their concentrations were higher than those below the trend. However, a
surprising response was obtained for scaled outliers. In particular, CHy dis-
tribution presented contrasting shapes for scaled outliers above the trend
line, where saturation is reached quickly, and below the trend line, where
saturation is reached slowly.

The qualitative fit between experimental and theoretical cumulative
distribution functions for ten skewed distributions used with outliers at
the 23.5% limit evidenced the functions that may be discarded, such as
the Gumbel, for outliers above the trend line. However, quantitative estima-
tors are required to select the range of the best fit. The modified Nash-
Sutcliffe efficiency was the most sensitive statistic for this objective. The
fits for outliers above the trend were the worst, especially for CH,.

The skewed distribution functions determined a noticeable range of the
modified Nash-Sutcliffe efficiency values. Among these functions, the
Weibull distribution stands out due to its satisfactory agreement.

For central values, the Gaussian distribution stands out when the num-
ber of outliers excluded is low and it is replaced by the beta distribution
with a high number of outliers excluded.

Once outliers have been isolated and described by distribution func-
tions, the next step is to establish the reasons that determine these outliers.
For higher concentrations, they may be due to transport from sources or
meteorological factors, such as boundary layer depth. However, determin-
ing which reasons cause low concentrations must be investigated. More-
over, this study may be the starting point for more detailed analyses
where additional variables are involved, such as wind speed or wind direc-
tion. By way of an illustration, outliers and trends may be analysed by wind
sectors or by wind speed intervals to explore the contrast between polluted
and clean air masses. These research lines remain open with regard to se-
curing a better insight into the evolution of the two gases.
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