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under the scaling hypothesis- application in PET
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ABSTRACT

Wepresentan Rfunctionfortestingthesignificanttrend oftimeseries. The function calculatestrendsignificance using
amodified Mann-Kendall test, which takes into account the well-known physical behavior of the Hurst-Kolmogorov
dynamics. The function is tested at 10 stations in Greece, with approximately 50 years of PET data with the use of a
recent parametric approach. A significant downward trend was detected at two stations. The R software is now suit-
able for extensive use in several fields of the scientific community, allowing a physical consistent of a trend analysis.
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1.0 Introduction

Trend estimation in hydro-climatic time series has
focused the attention of the scientific community (Sen,
2013). Many studies have examined the trend of precip-
itation, streamflow, groundwater regime, temperature,
potential evapotranspiration both at annual and seasonal
scales (Markonis et al. 2016, Stevens et al. 2016, Panda et
al. 2012, Arora et al. 2005, Kumar et al. 2010). Specifically,
trend estimation in potential or actual evapotranspiration
pay the attention of the researchers (Gocic and Trajkovic,
2014, Mo et al. 2015, Tabari et al., 2011). Generally, the

trend results are mixed across different climatic regions,
as Tabari et al (2011) found a positive trend for 70% of 20
Iranian meteorological stations during the period 1996-
2005, but Gocic and Trajkovic (2014) calculated a signif-
icant increasing downward trend in 70% of 12 Serbian
meteorological stations (study period 1980-2010). Finally,
Mo et al. 2015, by investigating the areal evapotranspira-
tion in China for the period 1981-2010 with remote sens-
ing data, observed an increasing trend from the 1980s to
the mid-1990s, followed by a decreasing trend. For the
examination of physical variability, the Mann-Kendall
under the independence assumption has been pro-
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posed as a standard statistical measure for ethe valuation
and quantification of trends (Ahn and Palmer, 2015).

Furthermore, different Mann-Kendall statistical
methodologies have been developed and proposed,
namely the Mann-Kendall under the Markovian behav-
ior assumption after trend-free pre-whitening, the
Mann-Kendall with complete autocorrelation struc-
ture and the Mann-Kendall under the long-term per-
sistence assumption (Kumar et al. 2009). The latter
test, proposed by Hamed (2008), offers a consistent
framework to consider the Hurst phenomenon, which
is observed in many climatological and hydrological
processes, resulting in the increase of physical variabil-
ity (Koutsoyiannis 2003; Koutsoyiannis and Montanari
2007). Hurst coeflicient was first introduced by engineer
Harold Hurst during the design of the Aswan reservoir
(Sutcliffe et al. 2016) and plays a significant role in the
hydrological variability (O’Connell et al, 2016). Its pres-
ence in large measured hydrometeorological samples is
ubiquitous (Iliopoulou et al. 2016) Comparative analy-
sis of different trend model shows significant differences
in the totally results (Hamed 2008, Kumar et al. 2009)
and thus a physical consistent framework is needed.

This study presents an R function embedded in an
automatic and user-friendly environment fol-
lowing modern views of water resources mod-
eling tools (Guo et al. 2016, Turner and Ganelli
2016). The package implements the modified
Hamed’s (2008) framework and the procedure is
tested in annual parametric PET time series from
10 sites in Greece, which cover the period 1950-2000.
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2. Materials and methods
2.1 The parametric-PET model

The parametric model was first introduced by
Koutsoyiannis and Xanthopoulos in 1998, mainly as
a framework to fill and extend PET time series and
included the calibration of the parametric model in
a Penman-Monteith time series. Later, Tegos et al.
(2009, 2013, 2015) implemented the model at point
and regional scale in Greece territory and com-
pared the results with Hargraves and Oudin models.
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Recently, an extended and comparative analysis in
different climatic regimes were made which included
the development of the model in the well-known
CIMIS network (California, U.S.A) as well in European
stations (Tegos et al. 2015). The results of the imple-
mentation were quite satisfactory and the frame-
work allowed consistent monthly and annual PET
estimation at point and especially in regional scale.
Another key conclusion was the better agreement
with Penman-Monteith measured samples against
other world-recognized radiation-based models such
as Hargreaves, Oudin, Jensen and McGuiness. The
most recently application was the daily and monthly
implementation of the model for the PET mapping
in an irrigated plain of Greece (Malamos et al., 2015).

The mathematical expression of the paramet-
ric model for every time step is the following:

aRg-b
PET = ——(1)

1-cT

where, PET potential evapotranspiration (mm)
Ra (KJjm?) is the extraterrestrial radiation, a
(KgKj'), b (Kgm?) and ¢ (C') are the calibrated
parameters, while T (°C) is the mean air temperature.

The extraterrestrial radiation Ra, for each
day of the year and for different latitudes is esti-
mated from the solar constant, the solar decli-
nation and the time of the year by the formula:

G, d [wsin(g)sin(5)+cos(¢)cos(d)sin(w )](2)

where Ra (MJm™>d"') extraterrestrial radiation, Gsc
solar constant = 0.0820 MJm?min’!, dr inverse rel-
ative distance Earth-Sun, ws (rad) sunset hour
angle, ¢ latitude (rad), 8 solar declination (rad).

2.2 Mann-Kendall test under the scaling hypothesis

The Mann-Kendall test under the scaling hypothesis
consists of three consecutive hypothesis tests, namely O
(Original MK test), H (Hurst Parameter test) and M. The
mathematic background and framework are presented
from Hamed (2008). Let HOi denote the null hypothesis
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of each test and let H1i denote the alternative hypoth-
esis, where i = O, H, M denotes the step of the Mann-
Kendall test under the scaling hypothesis. We define:

o  HOO: No trend under the independence
assumption

«  HI1O: Significant trend under the indepen-
dence assumption.

«  HOH: No significant LTP.

«  HI1H: Significant LTP.

o  HOM: No trend under LTP assumption.

o  HIM: Significant trend exists under LTP
assumption.

o Then the three steps of the test are summa-
rized by the following sequences

« {HOO}: No trend.

o {H1O}: Possible significant trend. Proceed to
step H.

« {H10, HOH}: Significant trend exists.

o {H10O, H1H}: Possible LTP effect. Proceed to
step M.

« {HI10, H1H, HOM}: No trend.

o {H10, H1H, HIM}: Significant trend exists.

Hurst coefficient can be defined by a simple pow-
er-law relationship of its standard deviation:

o*=k""o

where 0 = o(1) and H is the entropy production
in logarithmic time (Koutsoyiannis 2011), and the
parameter ranges between 0 and 1. For values H
> 0.5, the process exhibits long-term persistence,
while for H < 0.5 the process is anti-persistent.
For the test implementation, we used the R func-
tion MannKendallLTP from the HKprocess R pack-
age (Tyralis, 2015). The R function computes the
p-value in each step of the test. If the p-value is
higher than a predefined significance level a (e.g.
a = 0.05), then we cannot reject HO. A p-value less
than or equal to a gives evidence that H1 is true.

2.3 Study area and procedures

Ten meteorological stations (National
Meteorological Services of Greece) well-distrib-
uted over Greece were used. Table 1 presents the list
of the meteorological stations used in our study.
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Stations ¢(0) z(m)
Heraklion  35.20 39
Ioannina 39.42 484
Kavala 40.54 63
Kerkyra 39.37 2
Kozani 40.18 626
Larissa 39.39 74
Lemnos 39.54 17
Methoni 36.50 34
Skyros 3854 5
Tripoli 37.32 663

Table 1. Meteorological stations with their latitude (¢°) and
elevation (z).

Based on our previous study (Tegos et al. 2013) the
parametric model was calibrated and tested in monthly
time step for the period 1968-1989. For the purposes of
this study, monthly air temperature data for the period
1950-2000 were collected and the parametric model was
applied to the total length. Finally, every monthly time
series was aggregated into annual step with the use of
the HYDROGNOMON software (Kozanis et al. 2010).

3. Results

Table 2 presents the results of our analysis. In seven
out of the ten stations tested, no trends were found
under the independence assumption. The estimate of
the Hurst parameter for annual PET time series var-
ies in the range from 0.43 to 0.76. Out of the three
stations that had significant trends under the inde-
pendence assumption, only two stations (Ioannina,
Limnos) showed a significant downward trend.

InFigure 1, we present the PET atloannina. In Table 2,
we observe a significant trend under the independence
assumption. This assumption is valid. At Kerkyra (see
Figure 2) we do not observe any significant trend. At
Larissa (Figure 3), we find a significant trend under the
independence assumption; however, this trend is not
significant under the long-term dependence assump-
tion. Finally, we observe a significant trend under a valid
independence assumption at Limnos (see Figure 4).
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4. Discussions and conclusions

We present an R function that implements the Mann-
Kendall test under the long-term persistence hypothe-
sis. The test applied and tested in annual time series of
PET estimated from a recent parametric approach. The
parametric model estimation allows the consistent esti-
mation of the PET with minimal data requirements and
it's useful for climatic studies when crucial hydrome-
terological data are missing (wind velocity, relative
humidity, extraterrestrial radiation). The results of
our preliminary case study analysis show that in seven
cases, no significant trend was detected under the inde-
pendence assumption. In one case, no significant trend
was detected under the long-term persistence assump-
tion, while the trend was significant under the inde-
pendence assumption. In the remaining two cases, we
found a significant downward trend under both the
independence and the long-term persistence assump-
tions. In summary, an R function is ready and user-
friendly for use in other field of water resources studies.
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Appendix A Supplementary material

Supplementary data and code for reproducing the
analysis of this paper as well as additional Figures,
associated with the present study but not included
here for brevity, are available as supporting material in
Appendix A.

Software Availability

Name of software: MannKendallLTP R function in
the HKprocess R package

Developers: Hristos Tyralis

Contact: Hristos Tyralis, Athens 10443, contact:
montchrister@gmail.com

Year first available: 2016

Required software: R (> 3.2.3)

Cost: Free. The function is public available in
the R package at https://CRAN.R-project.org/
package=HKprocess

Stations Hurst pa- Mann-Kendall Significance Mann-Kend- Trend identifica-
rameter 2-sided p-value  of H, 2-sided all LTP 2-sided tion
estimate (Step O) p-value (Step  p-value (Step M)
H)
Heraklion 0.67 0.31 {HOO}, no trend
loannina 0.58 0.05 0.27 {H10,HOH}, trend
exists
Kavala 0.76 0.63 {HOO}, no trend
Kerkyra 0.71 0.90 {H0O}, no trend
Kozani 0.63 0.31 {HOO}, no trend
Larissa 0.76 0.04 0.00 0.42 {H10,H1H,HOM} no
trend
Lemnos 0.74 0.00 0.26 {H10,HOH}, trend
exists
Methoni 0.69 0.06 {H0O}, no trend
Skyros 0.46 0.40 {H0O}, no trend
Tripoli 0.43 0.46 {H0O}, no trend

Table 2. Summary results of the application of the Mann-Kendall modified test to the PET data. The Hurst parameter was estimated
using the maximum likelihood estimator (Tyralis and Koutsoyiannis 2011). The trend identification is performed for a predefined level

a = 0.05 in each step.
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Figure 3. Annual PET at Larissa
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