Stochastic Environmental Research and Risk Assessment (2023) 37:2713-2724

https://doi.org/10.1007/s00477-023-02414-3

ORIGINAL PAPER

=

Check for
updates

An analysis of temperature anomalies in Chile using fractional

integration

Luis A. Gil-Alana'? - Miguel A. Martin-Valmayor®? - Cristina Hube-Antoine*

Accepted: 18 February 2023/ Published online: 5 March 2023
© The Author(s) 2023

Abstract

This paper deals with the study of stationarity and mean reversion in the temperature anomalies series in the southwestern
American cone. In particular, monthly temperatures in 12 Chilean meteorological stations were studied (from the 1960’s to
nowadays), examining if temperature shocks are expected to remain in the long term or if they are reversible. The results
clearly show a significant relationship between the latitude, climate, and the order of integration of the temperatures. The
orders of integration tend to be smaller in colder southern parts, therefore impacts of climate change are expected to be
more reversible. However, in northern desert areas the orders of integration are larger than 0.5, thus impacts are expected to

be maintained for a longer time.
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1 Introduction

Chile is a very large country, with three main locations
(Continental Chile, the Chilean Islands and Antarctic
Chile). In general terms, Continental Chile is a narrowband
structure, located between latitudes 17° S and 56° S (more
than 4.200 km long), and mainly in the meridional axis of
70° W with a maximum width of only 420 km. It borders
physically with the Pacific Ocean marine front in the west
and with the very high mountains of the Andes cordillera in
the East. This particular structure has led to a wide varia-
tion of different climates where precipitation regimes are
subject to larger latitudinal variations even on the same
parallel, as altitude strongly modulates annual precipitation
(Sarricolea et al. 2017). That is why the Chilean climate is
of particular interest for the understanding of climate
change and its behavior throughout the rest of the world.
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Following the IPCC 2014 (Intergovernmental Panel on
Climate Change), there seems to be a wide agreement in
the International Community about the global warming
effect, as from a global perspective, temperatures are
tending to increase on Earth. However, in Chile, there is
evidence of a particular effect: temperature trends in the
southeast Pacific and along the west coast of subtropical
South America are tending to cool, but temperatures in
continental Chile and Andes cordillera keep rising (Vuille
et al. 2015). In particular, the historical temperature trend
in central Chile between 1979 and 2005 showed a decrease
of — 0.15 °C per decade in the coastal areas, in contrast
with the 0.25 °C/decade increase in the mountain range
(Garreaud 2011). This particular event and the different
types of existing climates in Chile due to its orography
leads to a question of particular interest in terms of the
impact and duration of temperature shocks in the long term
and their relationship with global warming.

We claim first in the paper that the series under analysis
display long memory behavior, which is a feature widely
observed in climatological time series (Vyushin and
Kushner 2009; Zhu et al. 2010; Franzke 2010, 2012; Rea
et al. 2011; Yuan et al. 2013; Gil-Alana 2012, 2018, 2022;
etc.). In addition, fractional integration is applied to check
if the structure of these anomalies is stationary and mean
reverting, or even nonstationarity so shocks are expected to

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00477-023-02414-3&amp;domain=pdf
https://doi.org/10.1007/s00477-023-02414-3

2714 Stochastic Environmental Research and Risk Assessment (2023) 37:2713-2724

remain in the long term. Moreover, the study of the degree
of integration in the series might help to understand how
fast this process of convergence is to its original long-term
projection, helping climatologists in the construction of
models and in the assumptions of future measures.

The paper is structured as follows: Sect. 2 includes a
short analysis about the temperatures in Chile. Section 3 is
devoted to the methodology. Section 4 describes the
dataset, while Sect. 5 displays the main empirical results.
Section 6 concludes the manuscript with the main impli-
cations of this study.

2 Temperatures in Chile

Existing literature regarding regional temperature analysis
is very homogeneous. Salinger (1995) studied the South
Pacific by using seasonal and annual changes in tempera-
ture using a linear trend, for the 5 decades 1941-1990. He
found evidence of a general increase in both daily maxi-
mum and minimum temperatures, especially evident in the
minimums. He concluded by suggesting that increased
concentrations of greenhouse gases and changes in
cloudiness could be a plausible mechanism for the overall
increase in night-time temperatures. Vuille and Bradley
(2000) and Vuille et al. (2003) documented the tendencies
of air temperature anomalies from 1939 to 1998 for the
tropical Andes, with evidence of a positive linear trend
of + 0.11 °C per decade relative to the 1961-1990 mean.
More recently, Marengo et al. (2011) analyzed mean
annual temperatures and trends in the countries of the
northern Andes (Venezuela, Colombia, Ecuador, Peru),
with evidence of an increase of about 0.8 °C during the
twentieth century. This tendency tends to be greater for
climate stations at higher elevations and has tripled over
the past 25 years of the twentieth century (+ 0.34 °C per
decade), even though some variability appears to be asso-
ciated with the occurrence of the El Nifio Southern Oscil-
lation (ENSO).

Other regional studies have also documented significant
warming trends in the Andes over the same period in Peru.
Lavado Casimiro et al. (2013) noticed a positive trend in
mean temperature of 0.09 °C per decade over the region
with similar values in the Andes and rainforest when
considering average data, with a significant number of
stations with more positive deviations over the Andes
region. Salzmann et al. (2013) further examined the Andes
analysis with the study of Cordillera Vilcanota glacier (the
2nd largest in Peru), with the overall conclusion of a
moderate increase in air temperature, marginal glacier
changes between 1962 and 1985, but with a massive ice
loss since 1985 (about 45% of volume). Seiler et al. (2013)
analyzed the Bolivian region, with homogenized daily
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observations of temperature and the impacts of the differ-
ent climate models in the region (Pacific decadal oscillation
(PDO), El Nifo-Southern Oscillation (ENSO) and
Antarctic Oscillation (AAO)). Temperatures were found to
be higher during PDO(+), El Nifio and AAO(+) in the
Andes, while the number of extreme events were higher
during PDO(+), El Nifio and La Nifia in the lowlands. In
general lines, temperatures increased at a rate of 0.1 °C per
decade, with stronger increases in the Andes mainly in the
dry season. Thibeault et al. (2010) analyzed maximum and
minimum temperatures, extreme temperature ranges, frost
days, heat wave duration index and warm nights in the
Northern Altiplano area (between 16° N and 19° N). Their
main results show positive trends in all four indices while
trends in warm nights and warm spells are significant,
which is consistent with the work in Salinger (1995).

Regarding the specific case of Chile, Rosenbluth et al.
(1997) analyzed temperature linear trends computed for the
period 1933-1992, with evidence of warming rates from
1.3 to 2.0 °C per 100 years. Moreover, during the last
3 decades warming rates appear to be twice as high as in
Salinger (1995) or Thibeault et al. (2010). However, for the
specific case of Chile, the generalized warming was not
present around 41S, where a cooling period from the 1950s
to the 1970s still prevails. Schulz et al. (2012) analyzed
Climate Change along the coast of northern Chile over the
last century studying the evolution of annual temperature
mean anomalies at different pressure levels. Evidence was
found of positive trends determined by a strong influence
of ENSO, and an abrupt upward shift in the air and ocean
temperature regimes in the mid-1970s, coinciding with the
change from the cold to the warm phase of the IPO.
However, the analysis of a temperature record starting in
1900 revealed no similar changes during other phase
changes of the IPO but appears to be similar to that
reported for other regions where the temperature regime is
also modulated by the IPO (Hartmann and Wendler 2005).
Santana et al. (2009) analyzed the specific area of Punta
Arenas, with average, maximum and minimum tempera-
tures for the last 120 years. It was found evidence of a
slight decrease in the average temperatures, but larger
temperature amplitudes and warming/cooling periods from
different duration.

More recent studies such as Burger et al. (2018), that
focused on the 1979-2010 period, suggest the same evi-
dence of significant warming trends that are widespread at
inland stations, while trends are non-significant or negative
at coastal sites; Hanna et al. (2017) noticed for the
1979-2006 period a strong contrast between the coastal
region (surface cooling: — 0.2 °C per decade) and the
Andes region (surface warming: 0.25 °C per decade).
Falvey and Garreaud (2009) suggested that this coastal
cooling appears to form part of a larger-scale La Nifia-like



Stochastic Environmental Research and Risk Assessment (2023) 37:2713-2724 2715

pattern and there may extend mixed layer below the ocean
to 500 m sea depths, generating a temporal cooling at
coastal areas in contrast with the general warming pattern
across the globe. Meseguer-Ruiz et al. (2019) analysed
temperature records in mainland Chile (18 stations from
1966 to 2015) applying Mann—Kendall’s non-parametric
test. Evidence of positive trends was found for both the
minimum and maximum temperature series, especially
during the warm months, as in previous studies. However,
in the context of global warming, the diverse climatic
regions of continental Chile present different behaviors in
terms of latitudinal location, lowland/coastal stations and
inland/high-elevation stations. Aranda et al. (2021) studied
large south central Chilean lakes surface temperatures, with
monthly, seasonal, and annual surface temperature trends
during the 2000-2016 period, concluding with a significant
increase in surface temperature, with a rate of 0.10 °C/
decade over the period. Orrego-Verdugo et al. (2021)
analyzed temperature amplitudes in the 1985-2015 period
with evidence of an increase in maximum temperature
from the north (19°S) to the south of Chile (44° S) and in
the highlands, in a maximum range of 3.9%, however, the
trend is negative in the southern zones (44° S-56° S), with
an average value of 12%.

Regarding future expectations and projections, Araya-
Osses et al. (2020) looked at climate change projections of
temperature and precipitation in Chile based on statistical
downscaling, proposing that the entire Chilean territory
was under different greenhouse representative concentra-
tion pathways. The worst-case scenario (RCP 8.5) implies
increments of up to 2 °C and 6 °C for the near future
(2016-2035) in the austral winter by the end of the twenty-
first century. Mutz et al. (2021) projected similar values
(2-7 °C in RCP 8.5), however both studies notify that
temperature deviations would be strongly dependent on the
RCP scenario (2 °C in RCP 2.6 by the end of the century).

Nevertheless, all the above literature lacks an important
feature observed in climatological data including temper-
atures, this being the long memory issue. This is a property
of time series data that implies that observations that are
distant in time would be highly dependent. Not taking this
feature into consideration may alter the estimation results
about linear (or even) nonlinear time trends in the tem-
peratures. Thus, in the present paper, we examined trends
in Chilean stations taking also into account this important
property of the data, this being the main contribution of the
present work.

3 Methodology

In this paper we assume that the series under examination
display long memory properties. Long memory, also called
long range dependence, is a feature of time series data that
is characterized because the observations are highly
dependent across time and is a property very often
observed in climatological data (see, e.g., Bloomfield 1992;
Percival et al. 2001; Caballero et al. 2002; Koutsoyiannis
2003; Langousis and Koutsoyiannis 2006; Gil-Alana
2006, 2012; Franzke 2010; Rea et al. 2011; Bunde and
Ludescher 2017; Li et al. 2021; etc.).

Within the long memory class of models, the first
applied studies in climatology employed the Hurst expo-
nent (Hurst 1951) or variants of this approach (Kout-
soyiannis 2003; Langousis and Koutsoyiannis 2006;
Lépez-Lambraiio et al. 2018; Chandrasekaran et al. 2019;
Benavides-Bravo et al. 2021; etc.). Alternatively, a very
popular model is the one based on fractional integration
that means that the number of differences to be taken in the
series might be any real value thereby including potentially
fractional numbers. Thus, a stationary process {Xi,
t=0,x 1, ...} is said to be integrated of order d, and
denoted as I(d) if it can be represented as

(1-B)Yx =u, =12, .., (1)

where B refers to the backshift operator, i.e., kat = Xk
and where u, is integrated of order 0, i.e., I(0) or sometimes
called a short memory process. Within the short memory
class of models, we can include the white noise and the
stationary and invertible AutoRegressive Moving Average
(ARMA) class of models. In this latter context, if u, follows
an ARMA(p, q) process, X, is said to be a fractionally
integrated ARMA or ARFIMA(p, d, q) model (Sowell
1992). Recent applications of ARFIMA models in tem-
perature and climatological data include among others the
papers by Bhansali and Kolkoszka (2003), Polotzek and
Kantz (2020), Asha et al. (2021), etc. Clearly, the main
advantage of this methodology is that it is more flexible
and general than the classical methods employed in time
series analysis which consider only integer degrees of
differentiation, i.e., d =0 in case of stationarity, e.g.,
ARMA models, and d = 1, in case of nonstationarity, e.g.,
ARIMA (p, 1, q) models. By allowing d to be any real
value, these two cases are incorporated as particular cases
of interest, and it permits us to consider more general sit-
uations such as stationary long memory processes (if
0 <d < 0.5) but also nonstationary mean reverting pro-
cesses (if 0.5 <d < 1).

On the other hand, in order to determine if temperatures
have increased over time, a classical approach consists of
estimating a linear time trend of the form:
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yv=oa+pt+x, t=12,.., (2)

where y, indicates the observed data (temperature anoma-
lies in our case), and o and [ are the coefficients referring
respectively to a constant and a linear time trend. In this
context, a significant positive value of P indicates support
of warming temperatures across time.

Using the above two equations and taking also into
account the potential seasonal (monthly) nature of the data,
our model specification is one based on the following
equation:

yr=o+ ft+x,(1— B)dx, = U, u; = QU1 + &, (3)

where y, is the time series we observe, o and [ are
unknown coefficients for the intercept and the linear trend;
the regression errors x, are I(d), and u, is a seasonal
(monthly) AR(1) process where ¢ is the AR coefficient and
g is a white noise process.

The differencing parameter d is the measure of the
degree of persistence in the data. Thus, the higher its value
is, the higher the degree of dependence. Moreover, it per-
mits us to distinguish between mean reversion and lack of
it in a more flexible way than the standard methods that
only use the values O (for stationary series and mean
reversion) and 1 (for nonstationarity and lack of it). Mean
reversion and no permanent effects of shocks, occurs as
long as d is smaller than 1, and the lower the value of d is,
the faster the process of convergence is to its original long-
term projection. Thus, four different situations can be
distinguished:

e if d=0, the series is short memory, with shocks
disappearing relatively fast.

e if 0 <d < 0.5, the series is long memory though still
covariance stationary, with shocks last longer than in
the previous case.

e if 0.5 <d< 1, the series is no longer covariance
stationary though it is still mean reverting with shocks
disappearing in the long run

e Finally, if d > 1, the series is not mean reverting and
shocks persist forever.

The estimation of d is conducted via the Whittle func-
tion in the frequency domain using a parametric approach
developed in Robinson (1994). Further details can be seen
in Gil-Alana and Robinson (1997) for the functional form
of the version of the tests of Robinson (1994) used in this
application. Employing alternative methods such as Sowell
(1992), Beran (1995) and others produced essentially the
same type of results.
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4 Data and empirical results

Climatological data were taken from the public site: https://
climatologia.meteochile.gob.cl/application/historico/tem
peraturaHistoricaAnual/330020 where 47 stations were
covering the system SACLIM. However, not all these
stations have large enough records in temperature data to
study persistence and long-term behavior. Thus, only the
10 stations with full temperature records between January
1968 and November 2021 were selected and studied with
monthly data, totaling 647 samples. The remaining stations
were discarded as they have gaps or their data starts after
2005. As exceptions, Diego Aracena station was also
included as its data starts in January 1982 and it was
considered good enough with 479 samples, along with
Balmaceda which ends at August 2019 and includes 620
samples. The location details of the selected stations are
summarized in Table 1.

Sarricolea et al. (2017) analyzed the Continental Chilean
climate characteristics following the K&ppen—Geiger cli-
mate classification, concluding that these climates were
essentially arid, temperate, and polar due to the elevation
of the Andes, being predominantly high tundra (ET) and
mediterranean (Cs). Additionally, with respect to latitude,
the climates of northern Chile are mostly arid due to the
Atacama Desert, and those of southern Chile tend to be
temperate, ranging from Mediterranean to marine west
coast. In particular, the locations of the selected stations
can be classified in five groups depending on their climate
behavior:

I. Norte Grande: between 17° S and 26° S (Arica and
Parinacota to Antofagasta) corresponds to a cold
desert climate with dry summer, where the temper-
ature frequently exceeds 35 °C. The dryness tends to
be limited to the plains; however, a cloudy coastal
desert climate is observed towards the coast (from
Arica and Parinacota to the Atacama region). Over
mountains, a dry-winter tundra climate can be
observed over 3000 m above the sea level in the
Andes, with a mean annual temperature of 2 °C and
cumulative precipitations of 100 mm/year occurring
mostly in summer. Over this region, data analyzed
was from Chacalluta (Arica—18° S), Diego Aracena
(Iquique—20° S), and Cerro Moreno (Antofagasta—
23° S), all located in plains.

II. Norte Chico: between 26° S and 32° S (Antofagasta
to Coquimbo), there is a cold semi-arid climate with
dry summers and oceanic influence towards the
coast, where temperatures range from 9 to 20 °C and
the mean precipitation is 130 mm/year. Mountains
are characterized by a tundra climate with dry
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Table 1 Stations included in the

study

Name Code Height First data Last data Samples
(1) Desert climate (17° S—26 °S)

1. Chacalluta, Arica Ap 180,005 50.0 Jan-1968 Nov-2021 647
2. Diego Aracena, Iquique 200,006 48.0 Jan-1982 Nov-2021 479
3. Cerro Moreno, Antofagasta 230,001 112.0 Jan-1968 Nov-2021 647
(Il) Semi-arid climate (26° S-32° S)

4. La Florida, La Serena 290,004 137.0 Jan-1968 Nov-2021 647
(I11) Mediterranean climate (32° S—40° S)

5. Quinta Normal, Santiago 330,020 520.0 Jan-1968 Nov-2021 647
6. Pudahuel, Santiago 330,021 482.0 Jan-1968 Nov-2021 647
7. General Freire, Curico 340,031 229.0 Jan-1968 Nov-2021 647
8. Carriel Sur, Concepcion 360,019 13.0 Jan-1968 Nov-2021 647
(1V) Marine climate (40° S—44° S)

9. El Tepual, Puerto Montt 410,005 87.0 Jan-1968 Nov-2021 647
(V) Tundra climate (44° S-56° S)

10.Teniente Vidal, Coyhaique 450,004 299.0 Jan-1968 Nov-2021 647
11. Balmaceda, Coyhaique 450,005 517.0 Jan-1968 Aug-2019 620
12. Carlos Ibafiez, Punta Arenas 520,006 36.0 Jan-1968 Nov-2021 647

summers. La Florida was analyzed over this region
(La Serena, 29° S).

III. Zona Central: between 32° S and 40° S (Coquimbo
to Araucania), there is a Mediterranean climate with
an annual mean temperature of 15 °C and an annual
accumulated precipitation of 150-200 mm. In this
region, Quinta Normal, (Santiago, 33° S), Pudahuel
(Santiago 33° S), General Freire (Curico, 34° S) and
Carriel Sur (Concepcion, 36° S) were analyzed.

IV. Zona Sur: between 40° S and 44° S (Araucania to
Los Lagos) the classification corresponds to a marine
west coast climate with warm and dry summers, a
mean annual temperature of 12 °C and annual
precipitation of 2000 mm. Only data for El Tepual,
(Puerto Montt 41° S) were available.

V. Sur austral: between 44° S and 56° S (Aysen to
Magallanes) experiences a tundra climate, with
average temperatures below 0 °C and a mean annual
precipitation of 3500 mm. Over this region, the
stations at Teniente Vidal (Coyhaique, 45° S), Bal-
maceda (Coyhaique 45° S) and Carlos Ibafiez (Punta
Arenas, 52° S) were included.

Figure 1 shows within a map the detail of the locations
in terms of the different Chilean climates under study.

Regarding the empirical results, Table 2 displays the
estimates of d under the three standard assumptions (in
relation to the deterministic terms) of (i) no deterministic
terms, i.e., imposing o = B = 0 in the first equality in (3);
(ii) with an intercept (B = 0) and (iii) with an intercept and
a linear time trend. We mark in bold in the table the most
adequate specification for each case. In other words, we

estimate the model in Eq. (3) and if o and B both appear
statistically significant, we choose that as the selected
model. Alternatively, we move to a model with an intercept
only, i.e., imposing B = 0, due to the insignificancy of the
time trend coefficient. Table 2 reports the estimated coef-
ficients of the selected model for each series, while Fig. 2
summarizes the average value of d per region, showing
evidence of a climatic or latitudinal relationship with d.
Significant time trend coefficients are found in the cases of
Quinta Normal, Pudahuel, Concepcion, Coyhaique, Bal-
maceda and Punta Arenas. For the remaining cases, the two
coefficients of the deterministic terms (constant and time
trend) are found to be insignificant. The seasonal effect
does not appear as significant in almost any of the series,
with a high coefficient being observed at Quinta Normal
(0.273).

Looking at Table 3, we see that the highest time trend
coefficient corresponds to Pudahuel (0.000285), followed
by Quinta Normal (0.00155) and Punta Arenas (0.00151),
Balmaceda (0.00122), Concepcion (0.00114), and finally
Coyhaique (00.00109). Interestingly, all the estimated
values of d are found to be higher than 0, implying long
memory or long-range dependence.

Moreover, it appears that there is a relationship between
latitude and the order of integration as can be seen in
Fig. 3, with a very strong R* correlation factor between
these 12 stations (0.94). The lowest degree of integration
and therefore the weakest effect of shocks, correspond to
the group of tundra climate (44° S-56° S). In particular,
Coyhaique (with an estimated value of d equal to 0.13),
Balmaceda (0.14) and El Tepual (0.15). On the other hand,
the highest values are those with a desert climate (17° S—
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26° S) such as Cerro Moreno (0.54), Diego Aracena (0.64) those two limits, but in general lines, with values clearly
and Chalacuta (0.68). The rest of the regions range between  lower than 0.5.
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Table 2 Estimated values of d

in the model given by Eq. (1)

Series No terms

With a constant

With a constant and a linear time trend

(I) Desert climate (17° S-26° S)

Chalacuta 0.68 (0.62, 0.76)
0.64 (0.56, 0.73)
Cerro Moreno 0.54 (0.48, 0.61)
(Il) Semi-arid climate (26° S-32° S)
La Florida 0.44 (0.38, 0.51)

Diego Aracena

(I11) Mediterranean climate (32° S—40° S)

Quinta normal 0.27 (0.22, 0.32)

Pudahuel 0.31 (0.27, 0.35)
Curico 0.38 (0.32, 0.46)
Concepcion 0.27 (0.22, 0.33)

(1V) Marine climate (40° S—44° S)
El Tepual 0.15 (0.09, 0.21)
(V) Tundra climate (44° S-56° S)
Teniente Vidal 0.15 (0.10, 0.21)
0.15 (0.10, 0.22)
0.23 (0.18, 0.28)

Balmaceda

Punta Arenas

0.68 (0.61, 0.76)
0.64 (0.56, 0.73)
0.54 (0.48, 0.61)

0.44 (0.38, 0.51)

0.27 (0.22, 0.32)
0.30 (0.27, 0.35)
0.38 (0.32, 0.46)
0.27 (0.22, 0.33)

0.15 (0.09, 0.21)
0.15 (0.10, 0.21)

0.15 (0.10, 0.22)
0.23 (0.18, 0.28)

0.68 (0.61, 0.76)
0.64 (0.56, 0.73)
0.54 (0.48, 0.61)

0.44 (0.38, 0.51)

0.27 (0.23, 0.30)
0.24 (0.18, 0.30)
0.38 (0.32, 0.45)
0.25 (0.20, 0.33)

0.15 (0.09, 0.21)
0.13 (0.07, 0.19)

0.14 (0.08, 0.21)
0.19 (0.14, 0.26)

The values in parenthesis refer to the selected specifications for the deterministic terms

These results appear to be in line with previous studies
that notice small positive trends such as Vuille and Bradley
(2000) or Vuille et al. (2003, 2015) for the tropical Andes,
or the recent work of Orrego-Verdugo et al. (2021) that
confirms an increase in the temperatures for northern Chile.
In fact, for arid climates our integration factor shows larger
values (d > 0.5), implying a possibility of small reversion
of this climate change patterns if no external policies are
applied. However, as noticed by Schulz et al. (2012) global
warming is not present around 41S, where our results might
imply stronger mean reverting properties (d < 0.2), sug-
gesting that this cooling pattern might continue in the
upcoming future. The physical causes of this pattern are
still unclear. Meseguer-Ruiz et al. (2019) points that this
issue might be related to the negative Pacific Decadal
Oscillation (PDO) phase, the eastern tropical Pacific
cooling (Liao et al. 2015), and the modulation induced by
the El Nifo-Southern Oscillation (ENSO) to the tempera-
tures of the South American Pacific coast (Rosenbluth et al.
1997). Anyway, these empirical results suggest that desert
climates appear to be more vulnerable to climate shocks
than colder tundra, where these shocks appear to have
smaller impacts in the long term. However, the absence of
previous studies limits the understanding of the physical
mechanisms of these spatial differences and needs further
investigation.

Finally, in Table 4 we compare the time trend coeffi-
cients obtained throughout the model given by (3) with
those obtained imposing the (wrong) assumption thatd = 0
in (3)." We observe that if long memory is not considered

(i.e., if d = 0), all except one of the series (Cerro Moreno)
display significant coefficients, producing erroneous con-
clusions about the climate in Chile. The temperature
increase seems to be overestimated in the desert climate
and semi-arid areas while underestimated in the tundra
climate areas.

5 Conclusions

The orders of integration of the average monthly temper-
ature deviations time series in eleven Chilean meteoro-
logical stations have been calculated, starting in January
1968 until November 2021 with monthly samples, plus an
additional one started in January 1982, totaling 647 sam-
ples in most cases.

The results obtained, based on fractional integration
methods, indicate that there is a significant relationship
between the latitude, the climate, and the order of inte-
gration of the temperature series. This happens for the
specific case of Chile, where generalized global warming
was not present around 41S and below, and where a
cooling period from the 1950s to the 1970s still prevails
(Vuille et al. 2015; Garreaud 2011) specifically in coastal
areas. A major limitation of this study has been the absence
of long-term data in the Andean stations, where recent
studies show a different temperature behavior in compar-
ison with other stations of the same latitude but nearer to

! Note that the hypothesis of d = 0 has been decisively rejected in the
results reported across Tables 3 and 4.
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«Fig. 2 Average d values obtained per region. Map taken from
Sarricolea et al. (2017) and modified by authors

Table 3 Estimated coefficients
on the selected model for each

series

0.8

0,7

0,6

05

0,4

03

02

0,1

-10

the Pacific coast (Meseguer-Ruiz et al. 2019; Aranda et al.
2021; Orrego-Verdugo et al. 2021, among others). The

absence of previous works with this methodology in this

Series d (95% band) Constant (tv) Time trend tv) Seas

(I) Desert climate (17° S-26° S)

Chalacuta 0.68 (0.62, 0.76) - - — 0.057
Diego Aracena 0.64 (0.56, 0.73) - - — 0.071
Cerro Moreno 0.54 (0.48, 0.61) - - — 0.039
(Il) Semi-arid climate (26° S-32° S)

La Florida 0.44 (0.38, 0.51) - - 0.082
(1I1) Mediterranean climate (32° S—40° S)

Quinta normal 0.27 (0.23, 0.30) — 0.4876 (— 2.54) 0.00155 (3.14) —0.273
Pudahuel 0.24 (0.18, 0.30) — 0.8497 (— 4.23) 0.00285 (5.53) — 0.022
Curico 0.38 (0.32, 0.46) - - — 0.053
Concepcion 0.25 (0.20, 0.33) — 0.3058 (— 1.68) 0.00114 (2.24) 0.001
(1IV) Marine climate (40° S—44° S)

El Tepual 0.15 (0.09, 0.21) - - — 0.002
(V) Tundra climate (44° S-56° S)

Coyhaique 0.13 (0.07, 0.19) — 0.3627 (— 2.21) 0.00109 (2.57) — 0.142
Balmaceda 0.14 (0.08, 0.21) — 0.3862 (— 2.07) 0.00122 (2.43) 0.033
Punta Arenas 0.19 (0.14, 0.26) — 0.5031 (— 3.09) 0.00151 (3.61) — 0.097

Latitude (x) vs Integration factor (y)

Fig. 3 Empirical relationship between d values obtained and station latitude
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Table 4 Time trend coefficient
comparisons (d estimated and
d=0)

Series Time trend with d estimated

Time trend with d = 0

(I) Desert climate (17° S-26° S)
Chalacuta -
Diego Aracena -
Cerro Moreno -

(Il) Semi-arid climate (26° S-32° S

La Florida -

(I11) Mediterranean climate (32° S—40° S)

Quinta normal 0.00155 (3.14)

Pudahuel 0.00285 (5.53)
Curico -

Concepcion 0.00114 (2.24)
(1V) Marine climate (40° S—44° S)

El Tepual -

(V) Tundra climate (44° S-56° S)

Coyhaique 0.00109 (2.57)
Balmaceda 0.00122 (2.43)
Punta Arenas 0.00151 (3.61)

0.00068 (3.55)
— 0.00059 (— 2.00)

0.00063 (4.10)

0.00163 (9.23)
0.00294 (16.50)

— 0.00040 (— 3.02)
0.00100 (6.37)

0.00032 (1.85)
0.00103 (4.40)

0.00115 (4.34)
0.00140 (7.90)

part of the globe appears to be a second limitation of this
study. However, the results showing low orders of inte-
gration specifically in southern latitudes, gives a shadow of
hope in the Global Warming policies and in the reversion
of these effects, in line with future temperature projections
(Araya-Osses et al. 2020; Mutz et al. 2021) that clearly
depend on the RCP scenario.

Future works with the same data may analyze the
potential presence of non-linearities or structural breaks.
These two issues are very much connected with long
memory and fractional integration, and the linear trend
used in this application can be substituted by alternatives
models that might include Chebyshev polynomials in time
as in Cuestas and Gil-Alana (2016), Fourier functions in
time as in Gil-Alana and Yaya (2021) or even neural net-
works (Yaya et al. 2021). Work in this direction is now in
progress.
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