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ABSTRACT: In this paper, we perform a fractional integration analysis of the average monthly temperature and precipita-
tion data in 17 departments of Guatemala. Two analyses are performed, the first with the original data and the second with
the anomalies based on the period January 1994–December 1999. The results indicate that there is a significant positive time
trend in temperatures in the departments of Guatemala (0.00458C month21), Quetzaltenango (0.00408C month21), Escuintla
(0.00348C month21), and Huehuetenango (0.00478C month21), whereas in the case of precipitation no time trend was ob-
served. An important relevant result is that the departments of El Progreso, Baja Verapaz, and Guatemala occupy the second,
third and fourth highest levels of persistence for both temperatures and precipitation, with Sacatepéquez and Quiché display-
ing the first places for temperature and precipitation, respectively, thus making these five departments the ones that are most
vulnerable to climate change since a shock would take a long time to disappear.
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1. Introduction

Climate change has been a controversial and much-studied
topic in the last decade; it has been strongly addressed by gov-
ernments, and policies have been created around the world to
help mitigate the negative effects of this phenomenon. Cli-
mate change is defined as global variations in Earth’s climate
(De Lorenzo and Liaño 2017). Climate encompasses many varia-
bles, for example, humidity, temperature, rainfall, and wind,
among others. Some of the most noticeable effects of climate
change have been on global temperature and precipitation. Ac-
cording to Kumar et al. (2021), Earth’s temperature increased
18C since 1900, while precipitation has increased by 2% since the
beginning of the twentieth century (Dore 2005). On the tempera-
ture side, several studies have shown a positive and statistically
significant trend in global mean temperatures (Vogelsang and
Franses 2005; Jenkins et al. 2022; Helbling and Meierrieks
2023). On the precipitation side, studies show that there is a
global readjustment of precipitation in magnitude and tim-
ing, causing an increase in the severity and variability of
rainfall that ultimately leads to a worsening of conditions in
different areas, that is, wetter areas become wetter and arid
areas become drier (Dore 2005; Sun et al. 2021; Dong et al.
2021).

Although it is important to analyze climate variations glob-
ally, it is also important to analyze them in a more segmented
way, as this makes it possible to identify whether the region of
interest is being affected to a greater extent by one or other fac-
tor, which in the end allows governments to design specialized

policies to address the most worrying climate changes. Aguilar
et al. (2005) analyzed temperatures and precipitation in the re-
gion of Central America and northern South America and
found that the annual maximum value of daily maximum tem-
peratures has increased by 0.38C decade21 during the years
1961–2003, while the annual maximum 1-day precipitation and
the annual count of days when precipitation $ 20 mm have in-
creased by 2.6 mm decade21 and 0.1 days decade21, respec-
tively. These results suggest a general warming of the region
and an increase in rainfall intensity. A simulation by Lyra et al.
(2017) shows that by 2021–50, precipitation is projected to in-
crease by 0.2–1 mm day21 in the western part from El Salvador
to Costa Rica during the spring, while in the summer an in-
crease of 1–4 mm day21 is expected in southeastern Nicaragua
and along the eastern coast of Costa Rica and Panama. The
same study projects that temperatures in the northern part of
Central America (Guatemala, El Salvador, Honduras, and
Nicaragua) will increase between 1.88 and 2.48C by 2021–50, while
in the southern part (Costa Rica and Panama) an increase between
1.68 and 2.08C is expected. Some other important studies have
shown a positive increase in temperatures in Europe (Gil-Alana
and Sauci 2019a); an increase between 0.088 and 0.968C in tempera-
ture trend in West Antarctica (Ludescher et al. 2016), and an in-
crease in precipitation in the west and a decrease in the east in
China between 1960 and 2012 (Wu et al. 2016). Deng et al. (2022)
supports the results of Ludescher et al. (2016) indicating that a
study conducted with data from 1990 to 2019 at 698 meteorologi-
cal stations shows that daytime and nocturnal precipitation have
increased in the western parts of China. In addition to analyzing
changes in climate, it is also important to know the consequences
of the changes. Shi et al. (2015) found that a 18C increase in aver-
age summer temperatures in New England is associated with a
1% increase in mortality. Liu et al. (2020) indicates that higher
interannual precipitation variability tends to reduce vegetation
productivity, and Desbureaux and Rodella (2019) found that
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droughts in cities can cause a reduction of up to 6.4% in the labor
income of casual employees.

Several methods have been used to analyze climate trends,
and one of the most used methods has been fractional integra-
tion due to its characteristic of being able to deal with stationary
and nonstationary series since many of the climatic variables are
nonstationary. According to Baillie (1996), long memory mod-
els have been of special interest in recent years in the analysis of
climate change trends since they allow us to determine whether
these changes are simply natural cycles (e.g., if the series are
stationary with no deterministic trends) or whether they have
been caused by human intervention (in case of nonstationarity
and/or deterministic trends). Ventosa-Santaulària et al. (2014)
and Gil-Alana (2005, 2012) have found that some climatological
variables, such as sea level and temperatures, demonstrate char-
acteristics of a long memory process. Aguilar et al. (2005) and
Gil-Alana (2012) are the closest works to the one in this paper,
to the best of our knowledge, a detailed analysis of climate in
Guatemala using fractional integration has not yet been carried
out and this would be the first study. In addition to this, it is
known that Guatemala is an agricultural country. According to
data from the Bank of Guatemala in 2020 the agricultural sector

represents 13.3% of the country’s GDP. For this reason, it is
important to conduct a comprehensive analysis of climate
trends in order to create contingency plans for the future.
This paper analyzes trends in average monthly temperatures
and precipitation in 17 of the 22 departments of Guatemala
(Fig. 1) between 1994 and 2021 using a fractional integration
approach.

Thus, the main objectives of this paper are the following:
First, we want to investigate if the two variables (temperatures
and precipitation) display the property of long memory, and we
do so by using fractional integration methods. Second, based on
the estimated order of integration for each series, we check if
stationarity holds. Third, we examine if time trends are present
in the data, and we do that by taking into account the potential
long memory feature previously tested. Note that the estimation
of the time trend coefficients will be clearly affected by the as-
sumption made in relation with the error term, the result being
clearly biased (and inconsistent) if the series display long mem-
ory (or if it presents an order of integration above 0), which has
not been taken into account in the analysis.

The structure of the present article is as follows. Section 2
details the model used in the study, section 3 describes the

FIG. 1. Distribution of the 17 meteorological stations throughout the Guatemalan territory (based on the EPSG:4326 system).
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data used, section 4 presents the results, while sections 5 and
6 contain the discussion and conclusions, respectively.

2. The model

The classic model for determining the linear trend of a time
series is as follows:

yt 5 b0 1 b1t 1 xt t 5 1, 2,… , (1)

where yt represents in this case the monthly average tempera-
ture or precipitation, xt is the error term, b0 is an unknown co-
efficient representing the intercept (a constant), and b1 is the
time trend; therefore, if b1 is positive there is an upward trend
in the series, but if it is negative there is a downward trend.

To correctly determine b1, it is necessary to define xt, generally
assumed to be stationary; for example, xt has a normal distribution
with zero mean and constant variance N(0, s2). This definition al-
lows the coefficients to be determined using simple methods such
as ordinary least squares (OLS) or generalized least squares
(GLS); however, several studies have shown that some climato-
logical variables may not be stationary or may display at least a
long memory pattern (Gil-Alana 2012; Ventosa-Santaulària et al.
2014; Gil-Alana and Sauci 2019b). Because of this, we use in this
paper a long memory model that uses fractional integration and
that is characterized by the following model:

(1 2 L)dxt 5 ut t 5 1, 2,… , (2)

where d is a value belonging to the set of real numbers and
representing the number of differences required to obtain
I(0), L is the lag operator, and ut is a short memory process
I(0). Note that the polynomial on the left-hand side in Eq. (2)
can be expressed as

(1 2 L)d 5 ∑
‘

j50

d
j

( )
(21)jLj 5 1 2 dL 1

d(d 2 1)
2

L2 2 · · · ,
(3)

implying that

(1 2 L)dxt 5 xt 2 dxt21 1
d(d 2 1)

2
xt22 2 · · · : (4)

From this definition it can be concluded that if d is an integer
value, then xt depends on a finite number of its past observa-
tions, but if d is not an integer value, then xt will depend on an
infinite number of its past observations, the higher the value of
d, the higher the level of data dependence, that is, the higher
the level of long memory (Gil-Alana 2012). Furthermore, in the
case of temperatures, several studies have shown that the values
of d range between 0 and 1 (Gil-Alana 2012). All processes are
mean reverting if d , 1, are nonstationary if 0.5 # d , 1, and
are stationary if 0 , d , 0.5; for example, a process with
d 5 0.8 is nonstationary mean reverting (Belbute and Pereira
2017). Baillie (1996) defines I(0) as a stationary and ergodic pro-
cess with a bounded and positively valued spectrum at all fre-
quencies, within this specification there are models such as
stationary autoregressions (AR), moving averages (MA), and

stationary ARMA models. Since in this case we are dealing
with climatological monthly data, and these are seasonally unad-
justed, the simplest and best fitting definition for this type of
data is a monthly AR(1) process defined as follows:

ut 5 rut212 1 «t, (5)

where r is the seasonality indicator and «t is a white noise pro-
cess. The model used in this study is composed of Eqs. (1),
(2), and (5), and with these three equations it will be possible
to determine the time trend b1, the level of persistence d, and
seasonality r of the data, respectively.

The estimation is conducted by using a frequency domain
version of the Whittle function and is implemented by means
of a simple version of the tests of Robinson (1994), widely
used in empirical applications in many different fields. This
method is based on the Lagrange multiplier (LM) principle
and tests the null hypothesis:

H0 : d 5 d0 (6)

in a model given by Eqs. (1), (2), and (5) for any real value d0, in-
cluding stationary (d0 , 0.5) and nonstationary (d0 $ 0.5) cases.
This is one of the advantages of this approach since it does not re-
quire preliminary differentiation in the case of nonstationary
data. In addition, the limit distribution is standard normal, inde-
pendently of the inclusion of deterministic terms like those in
Eq. (1), and it is the most efficient method in the Pitman
sense against local departures from the null [see Gil-Alana
and Robinson (1997) for the functional form of the test sta-
tistic employed in this work].

3. The data

The data used in this study were provided by the Instituto Na-
cional de Sismologı́a, Vulcanologı́a, Meteorologı́a e Hidrologı́a
(INSIVUMEH) of Guatemala. The data provided are daily av-
erage temperatures (8C) and daily precipitation (mm) of 21 of
the 22 departments into which the country is divided. The algo-
rithm for the estimation of the results was programmed in For-
tran, but there was a particular limitation: each series could not
have more than 3000 or 3500 data entries because of the compu-
tational load this represented. Since there were more than
10000 data entries per series, it was decided to calculate the
monthly average and use these data instead of the daily value.1

The range of years varies between departments, and it was
found that much of the older data were inconsistent or there
were long periods of years without data. For this reason, we de-
cided to only take into account the data from January 1994
(1994m1) through December 2021 (2021m12) because from
1994 onward the data were more consistent and reliable. After
establishing the study period, we proceeded to convert the daily
frequency series to a monthly frequency. This was done by sim-
ply averaging the daily temperatures of each month. Another

1 The versions of the Fortran codes employed in this work in Py-
thon and R are being developed at present, which will allow us to
work with longer time series data.
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important rule for selecting the data was that after obtaining the
series for monthly frequency, it was decided that these should
not have more than six consecutive missing data entries, other-
wise the series was discarded from the analysis. After applying
these rules, we obtain a database of average monthly tempera-
tures and precipitations from 1994 to 2021 for 17 of the 22 de-
partments in Guatemala (each series with 336 values; see Fig. 1).

4. The empirical results

Although not reported, we started this section by conducting
standard stationary/nonstationary (unit root) methods. In partic-
ular, we performed Dickey and Fuller (1979; ADF), Phillips and
Perron (1988; PP), Kwiatkowski et al. (1992; KPSS), and Elliott
et al. (1996; ERS) tests in the two variables, temperatures and
precipitation. The results generally support the integration of

order 1 [I(1)] hypothesis for the temperatures and the I(0) one for
precipitation. These results, however, should be taken with cau-
tion, noting that the abovementioned methods have very low
power if the data-generating process is fractionally integrated (see,
e.g., Diebold and Rudebush 1991; Hassler and Wolters 1994; Lee
and Schmidt 1996). Because of this, we focus on the I(d) models
described in section 2.

As earlier mentioned, we use a version of the tests of Robinson
(1994) based on the Whittle function in the frequency domain.
For this study two types of analysis were performed, the first
analysis was using the data without any modification and the sec-
ond was using the anomalies. The results of the first analysis are
shown across Tables 1 and 2, and the results on the anomalies
[with base period from January 1994 through December 1999
(1994m1–1999m12)] are reported across Tables 3 and 4. The
tables are described in more detail in the rest of section 4.

TABLE 1. Estimated values for temperatures. The material in parentheses gives the 95% confidence bands in column 2 and the
t values of the estimated coefficients for the intercept and the time trend in columns 3 and 4, respectively. The last column reports
the seasonal coefficient.

Series d value Intercept (t value) Time trend (t value) Seasonality

Alta Verapaz 0.27 (0.18, 0.39) 19.4943 (54.72) } 0.785
Baja Verapaz 0.48 (0.39, 0.62) 21.6137 (28.74) } 0.405
Chiquimula 0.24 (0.16, 0.36) 22.4374 (79.27) } 0.729
El Progreso 0.66 (0.56, 0.79) 14.0248 (10.72) } 0.516
Escuintla 0.38 (0.30, 0.49) 27.5772 (86.57) } 0.772
Guatemala 0.43 (0.34, 0.56) 19.5569 (45.02) } 0.611
Huehuetenango 0.35 (0.25, 0.48) 18.2302 (42.40) } 0.723
Izabal 0.25 (0.16, 0.36) 26.6270 (80.31) } 0.866
Jalapa 0.28 (0.19, 0.40) 17.0409 (52.19) } 0.750
Petén 0.32 (0.22, 0.46) 26.5885 (51.27) } 0.819
Quetzaltenango 0.38 (0.29, 0.50) 14.4974 (32.60) 0.0041 (1.72) 0.719
Quiché 0.32 (0.23, 0.45) 25.4385 (58.69) } 0.708
Retalhuleu 0.27 (0.16, 0.40) 27.4543 (116.48) } 0.321
Sacatepéquez 0.74 (0.63, 0.89) 15.5955 (15.30) } 0.399
Santa Rosa 0.33 (0.23, 0.44) 24.6198 (111.37) } 0.652
Sololá 0.34 (0.24, 0.47) 14.6478 (53.15) }– 0.615
Zacapa 0.36 (0.27, 0.48) 28.2216 (53.75) } 0.764

TABLE 2. As in Table 1, but for precipitation.

Series d value Intercept (t value) Time trend (t value) Seasonality

Alta Verapaz 0.18 (0.07, 0.31) 6.2022 (10.89) } 0.270
Baja Verapaz 0.22 (0.10, 0.38) 2.6688 (5.28) } 0.521
Chiquimula 20.08 (20.18, 0.05) 4.5892 (26.43) } 0.762
El Progreso 0.26 (0.14, 0.41) 4.9766 (5.07) } 0.580
Escuintla 0.15 (0.02, 0.30) 4.6093 (7.27) } 0.470
Guatemala 0.20 (0.08, 0.36) 3.3647 (5.92) } 0.624
Huehuetenango 0.13 (0.02, 0.26) 2.9293 (8.61) } 0.646
Izabal 0.07 (20.04, 0.20) 9.1487 (21.32) } 0.195
Jalapa 0.17 (0.06, 0.30) 3.3994 (7.18) } 0.581
Petén 0.13 (0.04, 0.26) 5.0473 (11.89) } 0.507
Quetzaltenango 0.10 (0.00, 0.24) 2.4505 (10.61) } 0.674
Quiché 0.28 (0.18, 0.42) 4.1576 (4.82) } 0.343
Retalhuleu 0.02 (20.08, 0.15) 8.5428 (19.37) } 0.739
Sacatepéquez 0.18 (0.07, 0.33) 3.2156 (6.74) } 0.645
Santa Rosa 0.08 (20.02, 0.23) 4.9856 (11.70) } 0.700
Sololá 0.09 (20.01, 0.23) 3.8444 (10.79) } 0.683
Zacapa 0.17 (0.07, 0.29) 2.2001 (6.05) } 0.486
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a. Results based on the original data

Table 1 shows the estimation results for the case of tempera-
tures. We started with a model containing a linear time trend,
that is, using Eq. (1) and looking at their corresponding p values.
If both coefficients were statistically significant then the model
with both, intercept and a time trend was selected; if only the first
coefficient b0 was significant then the model with an intercept is
selected, and if both coefficients were insignificant then the
model does not contain any deterministic term. Note that
the model given by Eqs. (1) and (2) can be expressed in a
single equation as

ỹt 5 b01̃ t 1 b1 t̃ t 1 ut, t 5 1, 2,… , (7)

where

ỹt 5 (1 2 L)dyt, 1̃t 5 (1 2 L)d1, t̃ t 5 (1 2 L)dt,

and, since ut is I(0) by construction, standard t values hold in
Eq. (7).

Starting with the d values of the selected model for each se-
ries, it can be observed that the values are statistically signifi-
cantly positive in all cases with a 95% confidence level. The
maximum value is 0.74 and belongs to Sacatepéquez, while
the minimum value is 0.24 and belongs to Chiquimula. Some-
thing important to take into account in these results is that
the null hypothesis d 5 0 can be rejected, that is, the hypothe-
sis of a short memory behavior I(0) in the temperatures is re-
jected in all cases. Since for all the intervals of the d values,
the values are between 0 and 1, the results suggest that there is a
long memory behavior in the monthly mean temperatures of all
the departments in Guatemala, that is, there is a high depen-
dence on past observations. In addition to this, it is observed that
in Baja Verapaz and Guatemala the interval includes values less
and greater than 0.5, this indicates that nothing can be concluded

TABLE 3. As in Table 1, but for temperature anomalies.

Series d value Intercept (t value) Time trend (t value) Seasonality

Alta Verapaz 0.27 (0.18, 0.39) } } 0.783
Baja Verapaz 0.48 (0.39, 0.62) } } 0.404
Chiquimula 0.24 (0.16, 0.36) } } 0.729
El Progreso 0.67 (0.56, 0.79) 22.232 (21.68) } 0.514
Escuintla 0.39 (0.31, 0.51) 20.2584 (21.93) 0.0034 (1.78) 0.772
Guatemala 0.43 (0.34, 0.56) 20.5797 (22.09) 0.0045 (1.72) 0.611
Huehuetenango 0.35 (0.25, 0.49) 20.2576 (22.44) 0.0047 (1.68) 0.723
Izabal 0.25 (0.16, 0.37) } } 0.866
Jalapa 0.28 (0.18, 0.40) } } 0.750
Petén 0.32 (0.22, 0.46) } } 0.819
Quetzaltenango 0.38 (0.29, 0.50) 20.4520 (22.01) 0.0040 (1.72) 0.719
Quiché 0.32 (0.23, 0.45) } } 0.709
Retalhuleu 0.27 (0.16, 0.40) } } 0.321
Sacatepéquez 0.74 (0.63, 0.89) 21.6536 (21.72) } 0.271
Santa Rosa 0.33 (0.23, 0.44) } } 0.653
Sololá 0.34 (0.24, 0.47) } } 0.616
Zacapa 0.36 (0.27, 0.48) } } 0.764

TABLE 4. As in Table 1, but for precipitation anomalies.

Series d value Intercept (t value) Time trend (t value) Seasonality

Alta Verapaz 0.18 (0.07, 0.31) } } 0.270
Baja Verapaz 0.23 (0.10, 0.38) } } 0.519
Chiquimula 20.08 (20.18, 0.05) } } 0.762
El Progreso 0.26 (0.14, 0.41) } } 0.579
Escuintla 0.15 (0.03, 0.31) } } 0.471
Guatemala 0.20 (0.08, 0.36) } } 0.625
Huehuetenango 0.13 (0.02, 0.26) } } 0.647
Izabal 0.07 (20.04, 0.20) } } 0.195
Jalapa 0.17 (0.07, 0.31) } } 0.581
Petén 0.13 (0.04, 0.26) 0.9053 (0.506) } 0.506
Quetzaltenango 0.10 (0.00, 0.24) } } 0.674
Quiché 0.28 (0.18, 0.42) } } 0.343
Retalhuleu 0.02 (20.07, 0.14) } } 0.737
Sacatepéquez 0.18 (0.07, 0.33) } } 0.645
Santa Rosa 0.08 (20.02, 0.22) } } 0.700
Sololá 0.09 (20.02, 0.23) } } 0.683
Zacapa 0.17 (0.07, 0.29) } } 0.486
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regarding whether it is stationary or not since values at both ex-
tremes are included, that is, these departments present a long
memory behavior, but it cannot be concluded whether they are
stationary or nonstationary. For the departments of El Progreso
and Sacatepéquez, however, it is observed that they present a
nonstationary behavior (d $ 0.5). For the rest of the depart-
ments, it can be said that they are long memory processes with
stationary characteristics because the intervals are between 0 and
0.5. In addition, column 5 shows that the seasonality coefficient
is positive in all cases, with a minimum of 0.321 in Retalhuleu
and a maximum of 0.866 in Izabal, these results suggest a seasonal
monthly effect in the temperature data. On the other hand, only
Quetzaltenango shows a positive linear trend with a coefficient
of 0.0041, this indicates an increase of 0.00418C month21 (or
0.04928C yr21). For the rest of the departments there is no evi-
dence of a time trend. According to the census conducted in 2018
by the Instituto Nacional de Estadı́stica (INE) of Guatemala,
Quetzaltenango is the department with the second highest per-
centage of urban population (Guatemala being the first and
Escuintla the third), and, in addition, it is known that in recent
years it has had strong economic growth. It is possible to argue that
the observed trend might be attributed to this strong population
and economic growth. (https://www.censopoblacion.gt/graficas).

In the case of precipitations, the results are shown in Table 2.
For the departments of Chiquimula, Izabal, Retalhuleu, Santa
Rosa, and Sololá, the short memory hypothesis d 5 0 cannot be
rejected since the intervals range from a negative to a positive
value. For all the cases the selected model is the one with an inter-
cept and no time trend, and based on this model, the minimum
value of the differencing parameter is 20.08, which corresponds
to Chiquimula (in which the intervals suggest a short memory be-
havior), while the maximum is found in Quiché with a value of d
of about 0.28. Something important to note in this table is that a
time trend is not observed in all cases. In addition, it is observed
that the upper value of the intervals for all d values does not

exceed 0.5, which allows the null hypothesis of nonstationary
(d $ 0.5), to be rejected, that is, it allows the null hypothesis that
the series present a nonstationary behavior for monthly average
precipitations to be rejected. All series present a stationary long
memory process behavior (except for the departments where the
null hypothesis d5 0 cannot be rejected). The seasonal coefficient
ranges from 0.195 to 0.762, again suggesting a seasonal monthly
effect in the data.

b. Results based on the anomalies

Some studies suggest that it is better to use anomalies instead
of unmodified data because this allows us to observe in a better
way if there is a time trend (Gil-Alana 2012; Gil-Alana and Sauci
2019b); for this reason, the previous analysis was performed
again but this time using temperature and precipitation anoma-
lies. In this context, the period 1994m1–1999m12 was taken as
the base. This means that from our monthly frequency series
we take all the monthly temperatures (or precipitation) values of
these years and calculate the average value. Then, to calculate
the anomalies of each of the series we use their average value,
calculated from the base period and subtract it from each of the
values of the series in monthly frequency. In this way we can ob-
tain how much each monthly value deviates from the average
value (anomalies) calculated between the period 1994m1–
1999m12. Therefore, the equation for the anomalies is

anomalys,t 5 Vs,t 2 Vavg,s s 5 1, 2,… , 34 and

t 5 1, 2,… , (8)

where s represents each of the 34 temperature and precipita-
tion series under the study, t is the time in months, V repre-
sents the value of the series s at time t, and Vavg is the average
value of the series calculated in the base period. The model,
amount of data and estimation process remain the same, the
only thing that changes in this case is the data. Figure 2 shows

FIG. 2. Time series of monthly average temperature anomalies.
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the graphs of the monthly average temperature anomalies
for four departments; these departments were selected to
show the comparison of series with and without a time
trend. The rest of the figures for each series of original and
anomaly data are shown in the appendix. At first glance, a
clear upward trend can be seen in Escuintla and Huehuete-
nango, whereas in Petén and Izabal, this trend is not very
noticeable.2

Table 3 shows the estimates of the d values; in most cases, the
selected model is the no terms model, except in El Progreso and
Sacatépequez where the model with intercept was selected and
in Escuintla, Guatemala, Huehuetenango, and Quetzaltenango
where the model with a time trend was selected. This table shows
the estimates of each of the coefficients according to the selected
model, and something important to mention is that the d values
are similar, or the same for most cases, as those in Table 1, but
with the notable difference that in this case a time trend is not
only observed in Quetzaltenango but also in Escuintla, Guate-
mala, and Huehuetenango.

The value of the time trend coefficient of these four depart-
ments is positively significant, Huehuetenango being themaximum
with an increase of 0.00478C month21 (or 0.05648C yr21) and Es-
cuintla the minimum with 0.00348C month21 (or 0.04088C yr21).
As mentioned above, in the three departments with the largest ur-
ban population (Guatemala, Quetzaltenango, and Escuintla) a
positive trend is observed; this urban growth could explain this
trend. On the other hand, Huehuetenango is the sixth department
with the largest urban population, but something important to
mention is that the meteorological station of this department is lo-
cated in the municipality of Huehuetenango, which is the munici-
pality with the largest urban population in the entire department,
again, the upward trend could be explained by this increase in the
urban population rather than by climate change at the regional
level. Again, it is observed that all series present monthly seasonal-
ity and characteristics of a long memory process; for Baja Verapaz,
Escuintla, and Guatemala nothing can be concluded about statio-
narity; El Progreso and Sacatepéquez are nonstationary, while the
rest of the series are stationary.

For the case of precipitation, the results are displayed in
Table 4, and unlike the results with the original data, in this
case the model selected for all cases is the no terms model
(except for Petén where the model with the intercept was se-
lected). We can observe that we have the same conclusions
about seasonality, stationarity, and long memory as in Table 2,
since there are no significant differences in the intervals and
d values. These data confirm the results of Table 2, where we
can clearly conclude that there is no time trend in the average
monthly precipitation for the departments of Guatemala. If
we order the d values from highest to lowest for Tables 3 and 4
in order to determine the departments with the highest levels
of persistence, we will observe that in both scenarios the de-
partments of El Progreso, Baja Verapaz, and Guatemala oc-
cupy the second, third, and fourth place, respectively, that
is, these three departments present the highest levels of

persistence in average monthly temperatures and precipita-
tion, along with Sacatepéquez for temperatures and Quiché
for precipitation. Therefore, of the 17 departments analyzed
in this study, the five departments mentioned above would
be the most affected by a shock in temperatures and precipi-
tation, since it would take a long time to disappear.

Figure 3 shows the distribution of d values for temperatures
throughout the Guatemalan territory. We observe from this fig-
ure that the great majority of departments have a low persis-
tence (long memory) value, ranging between 0.24 and 0.37; four
departments have a moderate persistence and two have a high
persistence. This means that in the departments of El Progreso
and Sacatepéquez, temperature shocks will take longer to
disappear than in the rest of the departments. In addition,
the departments with a time trend are marked in the figure
with a black star. It is observed that in three of the four de-
partments with a moderate persistence there is a significant
time trend. Figure 4 shows the seasonality values for the
temperatures. We see that in most of the departments this
value is greater than 0.5, which indicates that there is a
marked repetition of patterns or behavior at regular inter-
vals in these departments.

Figure 5 shows the d values for precipitation. It can be seen
that there is no dominant range since the departments are
evenly distributed among the different ranges. Another point
to consider is that although all the departments have a low
persistence level (less than 0.28), there are some that have a
much lower persistence. The same happens in the case of sea-
sonality, in Fig. 6; the departments are evenly distributed
among the different ranges, although it is observed that there
is a slightly greater number of departments with a high sea-
sonality in precipitation.

FIG. 3. Estimations of d value and time trend (the star symbol in-
dicates departments with a time trend) for temperature anomalies,
based on results of Table 3.

2 Note that these trends were obtained in a model that incorpo-
rates both the long memory feature and the seasonality issue.
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5. Discussion

The dry corridor in Guatemala is an area made up of 11 de-
partments of the country; this is an area strongly affected by very
prolonged droughts, in addition to being an area with low food
security and extreme poverty. Not all the territory of each of the
departments is part of the dry corridor, but El Progreso is a spe-
cial case in which a large part of its territory is within this area.
This is especially worrisome since, as shown in Fig. 3, this is one
of the departments with a very high temperature persistence,
which means that a positive temperature shock will worsen the
prolonged droughts in this territory and therefore, affecting
issues such as food security and extreme poverty. In addition,
Fig. 5 shows that persistence in precipitation is one of the highest
in comparison with the rest of the departments, but note also
that this persistence degree is only 0.26, which, at a general level,
is a low level of persistence (persistence is more intense when it
is close to 1 and lower when it is close to 0). In conclusion, this
department will be strongly affected by changes in temperatures,
but slightly by changes in precipitation. Then it is also observed
that three of the four departments with a moderate persistence
in temperature also present a positive trend; this gives indica-
tions not only that with time the temperatures in these places
will increase, but also that they can also be affected if there is a
shock in temperatures, which in the worst case, could intensify
the increase in temperatures in these departments. It was previ-
ously mentioned that urbanization could be one of the possible
causes of the time trend observed in the temperatures in Guate-
mala, Quetzaltenango, Escuintla and Huehuetenango, but in ad-
dition, another possible reason for the temperature increase in
Huehuetenango is that this occupies the fourth place of the de-
partments with the highest forest cover; this is of 250734 ha, but
according to a report of the Instituto Nacional de Bosques
(INAB), from 2016 to 2020, this has lost about 3178 ha. This loss

of forest cover may be one of the possible causes of the increase
in temperatures in this department. The same occurs in Escuin-
tla, which has lost about 3691 ha from 2016 to 2020.

In the case of precipitation, we see that no time trend was
observed in any department, in addition to the fact that the
highest degree of persistence in precipitation is 0.28, so that
at a general level throughout the territory, the persistence
of precipitation is low and therefore the shocks will not

FIG. 5. Estimations of d value for precipitation anomalies, based on
results of Table 4.

FIG. 6. Estimations of seasonality for precipitation anomalies,
based on results of Table 4.

FIG. 4. Estimations of seasonality for temperature anomalies, based
on results of Table 3.
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represent a great impact as in the case of temperatures. Al-
though in this case a time trend was not observed, in future
studies it would be worthwhile to analyze whether the distri-
bution of precipitation has changed, as it has been shown in
studies such as Dong et al. (2021), which indicates that a read-
justment in precipitation has been observed globally. This re-
adjustment in precipitation may have an impact especially on
crop planning since it is possible that rainy seasons will be
more intense and shorter while dry seasons will be longer.

As mentioned in section 1, Guatemala is an agricultural
country, representing 13.3% of the country’s GDP, which is
why it is so important to know how vulnerable the country is
to changes in temperature and precipitation. On the other
hand, the seasonality values indicate how marked the cycles
in temperature (or precipitation) are; a value close to 1 indi-
cates more marked cycles while a value close to 0 indicates
the opposite. To know how marked the cycles in climatic vari-
ables are can help us to better plan agricultural activities, wa-
ter resource management, planting and harvesting seasons. In
Fig. 4, we observe the seasonality values distributed in the
Guatemalan territory. For the case of temperatures, we see
that in most departments this seasonality is greater than 0.59,
which is a good indication for the country since this indicates
that the patterns in temperatures are well marked. The same
happens in the case of precipitation, (see Fig. 6) where most of
the departments have seasonality values higher than 0.48. Ac-
cording to a report from the Economic and Commercial Office
of the Spanish Embassy in Guatemala, the three most exported
products of the country are cardamom, bananas, and coffee,
representing 10%, 7%, and 5%, respectively, of the country’s
total agricultural production. According to the Ministerio de
Agricultura, Ganaderı́a y Alimentación, 68% of the total pro-
duction of cardamom is concentrated in Alta Verapaz and 14%
in Quiché, and we see that the seasonality of these two depart-
ments in temperatures is high, while in precipitation is low. In
addition, the persistence in temperatures is low whereas that in
precipitation is high (relative to the rest of the departments).
Therefore, we see that the production of this crop can be
strongly affected by changes in rainfall (low seasonality and
high persistence) but very little affected by changes in tempera-
tures (high seasonality and low persistence). This gives an indi-
cation that contingency plans should be created to counteract
changes in rainfall such as artificial irrigation systems, efficient
drainage systems, more resistant varieties against droughts or
high humidity. We see that the seasonality of temperatures is
the lowest in Retalhuleu and Baja Verapaz, which indicates less
marked temperature cycles and that it may affect the production
of sesame and tomato. Retalhuleu yields 60% of total sesame
production and Baja Verapaz generates 20% of tomato produc-
tion. In the case of precipitation, the lowest seasonality is in
Alta Verapaz and Izabal, endangering cocoa and banana crops.
Alta Verapaz generates 31% of total cocoa production in the
country and Izabal yields 33% of banana production. This
shows that the sector most affected by changes in temperature
and precipitation is agricultural production; persistence can af-
fect crops but also seasonality, since it is necessary to resort to
mitigation systems against changing cycles in temperature and
precipitation.

6. Conclusions

In this paper, an analysis of monthly average temperatures and
precipitation during the period 1994–2021 in 17 of the 22 depart-
ments of Guatemala was carried out. A fractional integration ap-
proach was used for this analysis due to its versatility when
working with stationary and nonstationary series. The model pro-
posed in this study allowed us to know the time trend, persis-
tence, and seasonality of each series. Two analyses were carried
out, the first one with the original data without modifications and
the second one with the anomalies, in the latter case using as a
base period 1994m1–1999m12.

For the first analysis, it was found that temperatures showed a
long memory process behavior in every department of Guate-
mala, with Sacatepéquez being the department with the highest
persistence level with an estimated value of d of 0.74 and Chiqui-
mula the lowest with 0.24. Regarding stationarity, the results are
diverse, with El Progreso and Sacatepéquez being nonstationary,
Baja Verapaz and Guatemala being inconclusive, and the rest of
the departments being stationary. The most relevant result in this
case is that a time trend was only observed in Quetzaltenango,
which was 0.00418C month21. Since this time trend was not ob-
served in the rest of the departments, a possible explanation is
that this trend is mainly due to an increase in the urban popula-
tion rather than to a climatic change per se in the region, since
Quetzaltenango is the department with the second largest urban
population in the country. In the case of precipitation, for the de-
partments of Chiquimula, Izabal, Retalhuleu, Santa Rosa, and
Sololá, the null hypothesis of short memory behavior cannot be
rejected. The highest level of persistence corresponds to Quiché
with an estimated d equal to 0.28 and the lowest to Chiquimula
with d 5 20.08. For all precipitation series, no time trend was
observed.

For the second analysis, the anomalies were used, which al-
lowed us to observe that not only was there a time trend
in Quetzaltenango, but also in Guatemala, Escuintla, and
Huehuetenango. The maximum trend was 0.00478C month21

for Huehuetenango and the minimum was 0.00348C month21

for Escuintla. These results agree with other studies in which
using the anomalies instead of the original data was preferred,
since the former allows the time trends that could not be ob-
served with the latter to be visualized. Again, a possible expla-
nation for this trend is due to the high percentage of urban
population, since Guatemala, Quetzaltenango, and Escuintla oc-
cupy the first, second and third place among the departments
with the highest urban population. In the case of Huehuetenango,
the meteorological station is located in the municipality of the
same name, which is the municipality with the largest urban pop-
ulation in the department. Since there is no time trend in temper-
atures in most of the Guatemalan territory, it is possible that the
trend observed only in some areas is explained mainly by the
high percentage of urban population. Another possible explana-
tion is deforestation as Huehuetenango and Escuintla have lost
more than 3000 ha of their forest cover from 2016 to 2020. In the
case of precipitation, it is again observed that there is no trend in
any of the series. This result supports that of the first analysis,
that is, that there is no time trend in the average monthly precipi-
tation in the Guatemalan territory.
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FIG. A1. Plots of each original data series: temperatures.
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FIG. A1. (Continued)
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FIG. A2. Plots of each original data series: precipitation.
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FIG. A2. (Continued)
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FIG. A3. Plot of each anomaly data series: temperatures.
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FIG. A3. (Continued)
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FIG. A4. Plots of each anomaly data series: precipitation.
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When a series presents a high level of persistence, it means
that, if it experiences a shock, it will take a long time to disap-
pear. Further, as mentioned above, Guatemala is an agricul-
tural country, and it is also known that temperature and
precipitation shocks can significantly affect crops. Moreover,
the results obtained show that El Progreso, Baja Verapaz,
and Guatemala occupy the second, third, and fourth place
among the departments with the highest levels of persistence
in average monthly temperatures and precipitation. There-
fore, it can be said that these three departments are the most
vulnerable areas of the country to the presence of climate
shocks, as they can greatly affect crops. The most important
thing to take into account is that the meteorological stations
are located in one municipality in each department. Of these
three departments, two of them (San Jerónimo and San
Agustı́n Acasaguastlán) are part of Guatemala’s dry corri-
dor. The dry corridor is an area made up of 82 municipalities
that is affected by high levels of drought. Therefore, these
two municipalities could be significantly affected if there is a
shock that increases temperatures. It is important that the
Guatemalan government is capable of managing contingency
plans to mitigate the damage that a shock could cause not
only in these municipalities but also in the departments with
the highest levels of persistence.

Unfortunately, most of the data provided by the Guatemalan
government entities are not completely reliable, they lack a stan-
dard format, there are too many missing data, there are data that
do not match the rest, and so on. Therefore, it is important to
mention that it is recommended that this study be conducted
again with a different database (preferably of international ori-
gin) and over a longer period of years so as to be able to compare
the results. For future studies, the use of satellite data could be of
great help in performing a more detailed segmentation; in this
way an analysis could be performed by municipality instead of by
department. This could help to better visualize which municipali-
ties are more vulnerable to shocks; that is, it could help to deter-
mine the municipalities most vulnerable to climate change.

This article can be extended in several directions. For exam-
ple, alternative datasets can be employed, such as that proposed
by the Climate Change Knowledge Portal belonging to the
World Bank (2023). Climatic Research Unit (CRU) gridded
Time Series (CRU TS) are used and are created from observa-
tional data, providing quality-controlled temperature and pre-
cipitation measurements from hundreds of weather stations
worldwide. This dataset was produced by the CRU at the Uni-
versity of East Anglia (Harris et al. 2020). However, the data
have an annual frequency and are not available for all depart-
ments in Guatemala. From a methodological viewpoint, nonlin-
ear deterministic trends can also be examined even in the context
of long memory models. In fact, various authors found that the
two issues (nonlinearities and long memory) were intimately re-
lated (e.g., Diebold and Inoue 2001; Granger and Hyung 2004;
Ohanissian et al. 2008). With respect to this, alternative modeling
frameworks to the linear function in Eq. (1) may include Cheby-
shev polynomials in time (Cuestas and Gil-Alana 2016), Fourier
functions in time (Gil-Alana and Yaya 2021) or even neural net-
works (Yaya et al. 2021). Other issues that might be investigated

include the presence of extreme observations and the study of
the range between maximum and minimum temperatures over
the region. Work in these directions is now under progress.
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APPENDIX

Additional Data Series Figures

Figures A1 and A2 present the original data series of
temperature and precipitation, respectively, for the 17 sites.
Figures A3 and A4 present the anomaly data series of tem-
perature and precipitation, respectively, for those sites.
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