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Abstract

The advance and delay of the rainy season is among the most frequently cited effects of climate
change by Ecuadorian farmers. However, its assessment is not feasible using the conventional
indicators recommended by the standardized indices of the Expert Team on Climate Change
Detection and Indices (ETCCDI). This study aims to analyze such advances and delays through
harmonic analysis in Tungurahua, a predominantly agricultural province in the Tropical Central
Andes, where in-situ data are scarce. Daily in-situ data from five meteorological stations were used,
including precipitation, maximum, and minimum temperature records spanning 39 to 68 years. The
study involved an analysis of the region’s climatology, climate change indices, and harmonic analysis
using Cross Wavelet Transform (XWT) and Wavelet Coherence Transform (WCT) to identify
seasonal patterns and their variability (advance or delay) by comparing historical and recent time
series, and Kriggin for regionalization. The year 2000 was used as a breakpoint for comparing past
and present trends. Results show a generalized increase in both minimum and maximum
temperatures. In the case of extreme rainfall events, no significant changes were detected. Harmonic
analysis was found to be sensitive to missing data. Furthermore, the observed advances and delays
in seasonality were not statistically significant and appeared to be more closely related to the
geographic location of the stations than to temporal shifts.

Keywords: seasonal shifts; wavelet coherence; agricultural risk; ETCCDI indices; mountain
climatology

1. Introduction

In many regions around the world, climate change is significantly altering seasonal patterns,
directly affecting the timing and duration of rainy and dry periods. These changes not only impact
local ecosystems and biodiversity but also have profound implications for agriculture, a critical pillar
of developing economies [1]. Previous research, such as that conducted by Cordero et al. (2019) in
Central and South America, has demonstrated that variability in the rainy season is a decisive factor
influencing agricultural productivity and food security, primarily due to the resulting droughts and
floods [2]. At the global level, studies such as Wang et al. (2019) in China have documented a decline
in precipitation and shifts in seasonal patterns attributable to climate change [3].

Serrano et al. (2016) identify two general characteristics of anthropogenic climate change in
Tropical Andes: a global increase in temperature and a rise in the frequency and intensity of extreme
weather events [4]. Also Tropical Andes is considered highly vulnerable to the effects of climate
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change and its interactions with the El Nifio-Southern Oscillation (ENSO), commonly known as El
Nifio and La Nifia events. Intensification of El Nifio episodes in Ecuadorian coastal and central Andes
region, with recurrence intervals of 2, 4, and 7 years, has led to increased precipitation, causing
significant human and material losses. On the other hand, La Nifia events result in extreme droughts,
negatively impacting the socioeconomic landscape [5]. This climatic variability poses serious
challenges to the agricultural sector, primarily due to increased hydrological stress. Furthermore,
anthropogenic activities such as deforestation, water pollution, and land-use change exacerbate the
impacts of climate change [6]. These challenges are particularly acute in rural areas that lack adequate
infrastructure, technology, and investment for climate adaptation [7,8].

In the province of Tungurahua, according to [7], while both maximum and minimum
temperatures have increased, they have not yet reached thresholds that cause significant
physiological stress in plants and animals. However, projections indicate that by 2070, temperature
increases may exceed 2°C. Regarding precipitation, certain areas have shown no statistically
significant increase in extreme rainfall events, such as floods and droughts.

Nonetheless, local perceptions present a contrasting narrative. As discussed in the article
residents report that rainfall no longer occurs at expected times, leading to droughts, water stress in
crops, and insect outbreaks. Conversely, when the rainy season arrives earlier than anticipated,
fungal infestations tend to emerge [9].

Therefore, Anthropogenic climate change is expected to further compromise the sustainability
of agricultural systems [10], threatening their long-term productivity, food supply, and the food
security of future generations [11]. Therefore, urgent action is needed to mitigate its consequences
and ensure that agricultural production adapts to climate-compatible practices. This growing threat
demands adaptive solutions that go beyond current techniques used in agricultural production
systems. It requires policy reforms, regulatory adjustments, and the implementation of all available
market-based instruments [12,13].

Within this context, the present study focuses on the application of harmonic analysis, an
advanced statistical methodology, to determine whether it can accurately identify changes in the
timing of the rainy and dry seasons in Tungurahua. This method not only aims to improve the
understanding of shifts in precipitation patterns but also could support the development of strategies
to mitigate adverse impacts on agriculture and water resource management.

The main objective of this research is to evaluate the usefulness of harmonic analysis in detecting
advances or delays in seasonal cycles, as well as to enhance the understanding of the climate in this
agricultural zone, thereby enabling local planners and farmers to make more accurate and adaptive
decisions.

To achieve this goal, the study first presents a climatological analysis of the region, along with
climate change indices to identify potential trends between past and present climates, and their
regionalization using Kriging interpolation. Finally, harmonic analysis is applied using the
Continuous Wavelet Transform (CWT) to detect seasonality patterns, while Wavelet Coherence
Transform (WCT) and cross-correlation are used to identify potential advances or delays in seasonal
behavior between past and present climatic conditions.

2. Study Area and Methods

The province of Tungurahua covers an area of 3,386 km? and has a population of 563,532
inhabitants, of which 39.97% reside in rural areas where more than half of the local economy relies
on agricultural activities [14,15]. It is located in a mountainous region of the Tropical Andes, in the
central part of Ecuador. Although the prevailing climate is predominantly arid and temperate, the
province encompasses a diversity of unique microclimates. On average, the mean annual
temperature remains around 14 °C; however, at higher elevations—such as the Carihuairazo and
Chimborazo mountains—colder conditions prevail, with snow present for most of the year [8,16],
although Carihuairazo is practically thawed [8].
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2.1. Meteorological Data

In general, in-situ meteorological data in Ecuador are scarce and discontinuous. For this study,
meteorological data were obtained from six weather stations located within the province of
Tungurahua (Figure 1). Details of the stations are provided in Table 1. All data were supplied by the
National Institute of Meteorology and Hydrology (INAMHI).
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Figure 1. Location of the meteorological stations in Tungurahua Province; the violet outline indicates the

boundary of the province.

Table 1. Description of the in-situ data used in this study.

Code  Station Latitude Longitude Altitude Temporal From To
m.a.s.] range

MO0029 Banos -1.260 -78.405 1820 68 1950 2018
MO0126 Patate -1.300 -78.500 2442 50 1948 2015
MO0127 Pillaro -1.169 -78.553 2781 50 1964 2014
M0128 Pedro Fermin -1.352 -78.615 2897 37 1978 2015
MO0258 Querochaca  -1.367 -78.606 2863 39 1979 2018
M1069 Calamaca -1.281 -78.821 3417 27 1988 2015

2.2. Quality Control

In the case of precipitation, identifying outliers is particularly challenging because these often
correspond to extreme rainfall events, which are precisely the focus of this study. Additionally,
periods with missing data were detected, as illustrated in Figure 2. Quality control was performed
through Plotly package in RStudio. Highly discontinuous periods, marked with red circles in Figure
2, were removed. Rainfall outliers were also identified, defined as values exceeding the threshold of
more than 10 standard deviations (o) [17,18]. Furthermore, a statistical analysis was carried out for
each station, identifying maximum, minimum values, quartiles (Q1, Q2, Q3), and percentiles (90, 99)
[19,20]. Despite this processing, the time series available for each station were poorly homogeneous
and contained numerous missing data points (Figure 3).
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Figure 2. Daily precipitation time series from the six stations included in the study [15].
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Figure 3. Daily precipitation series from the six stations included in the study after quality control. The grey-
shaded areas indicate periods with missing data.

2.3. Climate Change Analysis

The ClimDex package in R was used to calculate climate change indices recommended by the
Expert Team on Climate Change Detection and Indices (ETCCDI) of the Intergovernmental Panel on
Climate Change [15]. This tool allows the assessment of how climate change affects precipitation and
temperature patterns. The main indices related to changes in precipitation and temperature, for
tropical areas [21] including their definitions and corresponding equations, are presented in Table 2.

Table 2. ETCCDI Indices used in this study[15].

Index Unit Name Definition Equation

N
PRCPTOT = Z Pi (Where Pi = 1 mm)
i=1

total precipitation on wet Where, P; is daily precipitation and N is

Total precipitation. Annual

PRCPTOT mm/year .
days (days with 21 mm of the total number of wet days in the period

rainfall). of interest.
Simple daily intensi
imple daily intensity v pi
SDII mm/day index. Average daily SDII = l_T (Where Pi = 1 mm)

precipitation on wet days.
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Index Unit Name Definition Equation
R95p = YL, P; (Where Pi >
Very wet days. Annual P =P ( . et
S 95th percentile)
total precipitation (in . . o .
R95p mm . . Where P; is daily precipitation and M is
millimeters) exceeding the
the number of days exceeding the 95th
95th percentile. .
percentile.
oc Monthly maximum value TXxk; = max(Tx ,-)
TXx of daily maximum Let Tx; be the daily maximum
temperature. temperature in month k, and period j.
oC Monthly maximum value TNyyj = max (Tnk ]-)
TNx of daily minimum Let Tny; be the daily minimun

temperature.

temperature in month k, and period j.

d0i:10.20944/preprints202512.0949.v1

2.4. Comparison Between Present and Past

It is important to note that climate change is a gradual and sustained process over time [15];
therefore, there is no distinct point that separates past from present climate conditions. Using the R
ClimDex package, the evolution of climate change indices (PRCPTOT, R95p, SDII, TXx, TNx) was
analyzed over time to identify, the effects of climate change in the study area. For this purpose,
comparable time periods with the fewest possible missing data were selected.

2.5. Normalization and Gap-Filling

Based on the requirements for harmonic analysis of the series, the data were normalized and
gap-filled [22,23]. Normalization was performed by dividing the precipitation data by the maximum
recorded value in each series, while missing values were replaced with zero, as it represents the mode
of the distribution [6,17].

2.6. Monthly Aggregation of Data

To achieve a more precise seasonal analysis, daily precipitation data were aggregated into
monthly totals. This procedure enabled the harmonic analysis to be reproduced using monthly
aggregated values. Figure 4 present the time series on a monthly basis for the stations, providing a
clear view of seasonal trends and variations.
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Figure 4. Monthly accumulated time series. The grey-shaded areas indicate periods with missing data.

2.7. Wavelet Harmonic Analysis

The methodology applied in this study employs harmonic analysis of time series through the
use of wavelets, a mathematical tool that has enabled new applications in various scientific fields,
including those related to the study of natural phenomena [24]. The interaction between time and
frequency allows the extraction of valuable information from precipitation data and other relevant
indicators, highlighting their significant concentration in both domains [25]. Computational analysis,
data preparation, simulations, and visualization of results were performed using the Wavelet
Toolbox in MATLAB [26].
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2.7.1. Bivariate Wavelet Transform: Cross-Wavelet Transform (XWT) and Wavelet Coherence
(WTQ)

Coherence and correlation between two wave functions, commonly used in wavelet analysis,
share notable similarities with conventional correlation coefficients; however, they differ in that they
are defined within the time—frequency space. These relationships are visualized using a scalogram,
which employs a color map to represent the coherence between two sinusoidal signals, offering a
graphical depiction of the relationship between the signals over time and across frequency scales [25].
In the scalogram, the horizontal axis represents the temporal domain, while the vertical axis indicates
the periods (or frequencies). This graphical representation facilitates the interpretation of how the
frequencies common to both signals vary over time.

These frequencies are validated for events of interest, allowing the delineation of contours that
reflect a statistical significance level of 5% [27]. The process of establishing this significance involves
generating a background spectrum using white or red noise, against which the actual wavelet
coherence spectrum is compared. This procedure enables the distinction between statistically
significant coherences and those that may arise from random signals [28].

Thus, to analyze a time series, a short, mobile wave function Y (t) is fitted. This function is
dilated by a scale parameter s and translated in time by a parameter u (Eq. 1)

IGESINCS) ()

The wavelet transform W of a function f(u,s), on scale s and time u, is calculated by correlating
fin the wavelet function:

wiws) =[5 fOxv (F)de @

The wavelet transform of two functions W, (u,s) y W, (u,s), is fashioned:

Wy (u,s) =S (Wx*(u, s) - W, (u, s))

Where asterisk represents the complex conjugate, and “S” is a smoothing operator. Then, the
cros-wavelet power spectrum XWT of two function is [29].

XWT(u,s) = |W;y(u, s)| 3)

By the other hand, the continuous wavelet coherence (WTC) is derived by normalizing the XWT
and is therefore commonly referred to as the magnitude-squared coherence. It can be expressed as
follows:

|5 (wee ) - Wy 9)|

2
SUW,(w,9)12) - s (Jwy @, 5)[)
The Cross Wavelet Transform (XWT) has a meaning similar to that of correlation between

WTCyy(u,s) =

signals, and it is sensitive not only to the common frequencies in the data but also to the magnitude
of the variables under study (in this case, precipitation intensity). In this manner, the XWT and the
WCT are complementary techniques that enable the analysis of the interaction and joint dynamics of
the signals, integrating their results to obtain a deeper understanding of their temporal and
frequency-domain relationships ([27].

Both the XWT and the WCT provide information on phase, which is essential for estimating
leads or lags in precipitation events. This estimation is performed through the analysis of the arrows
in the plots, which indicate the direction and magnitude of the phase relationship between the
compared signals. When the arrows point to the right, the signals are said to be in phase, whereas
arrows pointing to the left indicate that they are in anti-phase. Intermediate orientations reflect the
relative synchronization of events within the time—frequency spectrum, offering a powerful tool for
understanding the dynamics of the phenomena under study [28].

3. Results
3.1. Meteorological Description of the Stations

After performing the quality control in daily data and considering the non-parametric nature of
precipitation, the maximum rainfall values recorded at each station are as follows: Bafios (198.9 mm

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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in May 1976, 160.4 mm in November 1982, 156.5 mm in August 1989, and 187 mm in March 2001).
For Patate, the maximum values were 260 mm in September 1930 and 199.8 mm in January 1981.

An analysis of the climatology of the studied stations indicates that the rainiest area corresponds
to Bafios, which exhibits maximum daily precipitation values of up to 955.1 mm, being the lowest-
altitude station. In contrast, the highest-elevation station in each record shows the lowest
precipitation values, with a maximum of 320.20 mm per day. Table 3 presents the minimum,
maximum, and quartile values, including the 90th and 99th percentiles.

The minimum values correspond to the precision limits of the rain gauges in the INAMHI
network. Likewise, it should be noted that the rainiest stations are those located farther to the west,
apparently due to the influence of Amazonian climatology, which contains higher moisture levels.
The data from Calamaca station were excluded due to the limited amount of available information.

Table 3. Main statistical descriptors of daily precipitation for each station.

Barfios Patate Pillaro Pedr,o Querochaca
Fermin

Min mm 0.1 0.1 0.1 0.1 0.1
Max mm 198.9 260 49.9 42.2 41.7
Q1 mm 1.1 0.7 0.6 1 0.5

Q2 mm 3.1 2.2 1.7 2 1.3

Q3 mm 75 5.4 4.2 44 3.5

P90 mm 14 10.3 8.7 8.6 7.4

P99 mm 37.5 26.8 21.2 22.90 20.9

3.2. Climate Change Indices Analysis

To identify the effects of climate change, the precipitation-related indices listed in Table 2 were
analyzed, and the results are presented in Table 4. For the calculation of each index, a least-squares
interpolation was performed using a linear function (solid line in Figures 5-9). Each index exhibits
either a positive slope—indicating an increase—or a negative slope—indicating a decrease. To
determine whether this increase or decrease is statistically significant, the p-value is used; a value
below 0.05 indicates a confidence level above 95%, in which case the result is marked with **. When
the p-value is less than or equal to 0.1, the result is marked with *, corresponding to a 90% confidence
level. Likewise, in the following figures the moving average is shown with a dashed line.
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Figure 5. Result of the accumulated rainfall index PRCPTOT. The red line represents the comparison period
before and after the year 2000.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.0949.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 December 2025 d0i:10.20944/preprints202512.0949.v1

8 of 21

R95P
Bafios Patate » Pillaro
I
& , g : "
& & '
. \ 3
IR R o | B ax 1= ol
8 ‘fffrf & T ______ 8 of gl
'f f o o
° ° o 8
1960 n‘m 1980 1990 2000 2010 2020 1970 1980 1990 2000 20"0

Year

Pedro Fermin Querochaca

2010

Year Year

Figure 6. Result of the R95p index (Very wet days). The red line represents the comparison period before and
after the year 2000.
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Figure 7. SDII (Simple Daily Intensity Index). The red line represents the comparison period before and after the
year 2000.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.0949.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 December 2025 d0i:10.20944/preprints202512.0949.v1

9 of 21

TXx
Baiios Patate Pillaro
o 8 -
8 \
7 %
° |
& "1
# 1,
2 21 [P o o o S
o 8
o a
# a1

T T T T
1970 1980 1990 200 2010 1970 1980 19% 2000 2010

Pedro Fermin

2 24 25 28 27 28 2
2 30 Tl o R

Figure 8. Analysis of TXx (Maximum values of daily maximum temperature). The red line represents the

comparison period before and after the year 2000.

TNxX

Baiios Patate Pillaro

120
i

ns
I

1o
I

95 100 105 110 115 120
N n 2 h h X

Figure 9. Result of the TNx index (Maximum values of daily minimum temperature). The red line represents the
comparison period before and after the year 2000.

Table 4. Climate indices for precipitation recommended by the ETCCD], applied to in situ data.

P
Station Baiios Patate Pillaro edr,o Querochaca
Fermin
(SDID) [mm/day/year] -0.005 -0.005 -0.006 0.013 0.008
p-value 0.719 0.719 0.504 0.175 0.352
(PRCPTOT)
[mm/year] -0.916 -0.916 -3.012 3.038 1.681
p-value 0.675 0.675 0.152 0.114 0.38
(R95p)

[[mm/day/year] -0.402 -0.366 -1.099 1.182 0.788
p-value 0.839 0.852 0.215 0.222 0.464

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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(TXx)
[°Clyear] 0.028** 0.018* 0.041 0.048* 0.018*
p-value 0.004 0.067 0.227 0.049 0.067
(TNx)
[°Clyear] 0.028** 0.038** 0.011 0.003 0.042**
p-value 0.019 0.006 0.639 0.764 0

As can be observed, the precipitation indices are not statistically significant, whereas the
temperature indices are. These results support the conclusion that climate change is occurring in the
study area, evidenced by a sustained increase in both maximum and minimum temperatures.
However, no statistically significant change is detected for precipitation indices.

In Figures 5-9, in order to assess potential changes in precipitation patterns, past and present
precipitation values are compared. The year 2000 was empirically selected as the dividing point. This
choice was not straightforward, as it was necessary to identify a common reference point for all
stations and indices while also balancing the amount of data available before and after that year.

The PRCPTOT index shown in Figure 5 measures the total annual accumulated precipitation.
Although it does not exhibit strong statistical significance, an increase in precipitation after the year
2000 can be observed in the Pedro Fermin and Querochaca stations, as well as a rise in extreme
precipitation events. For the Bafios and Patate stations, no relevant change is evident between the
periods before and after 2000. In the case of the Calamaca station, the absence of data prevents the
analysis of this index. At the Pillaro station, a decrease in total precipitation is observed after the year
2000.

In Figure 6, the R95p index indicates a significant increase in the occurrence of extreme rainfall
events, with the exception of the Pillaro station. For the Pedro Fermin and Querochaca stations, a
marked increase after the year 2000 is evident, consistent with the previously noted rise in extreme
precipitation.

Figure 7 presents the results for the SDII index, which reflects the amount of rainfall precipitated
per wet day. For the Pedro Fermin and Querochaca stations, the year 2000 —indicated by the vertical
red line—coincides with a change in the behavior of the SDII. This change may reflect variations in
precipitation patterns driven by regional or global climatic factors such as El Nifio, La Nifa, or
broader climate change trends [17]. For the remaining stations, the index exhibits a negative slope,
indicating a decrease in daily precipitation intensity after the year 2000.

The temperature indices exhibit markedly different patterns, showing a consistent increase
across all stations (Figure 8), despite the large number of missing data points. The Bafios, Patate, and
Pillaro stations display significant and steady warming trends, with clear positive slopes that reflect
a continuous rise in temperature after the year 2000. In contrast, although the Pedro Fermin and
Querochaca stations also show an upward trend, it does not reach statistical significance, possibly
due to the high interannual variability observed at these locations (Table 4).

The TNx index, shown in Figure 9, measures the maximum monthly values of daily minimum
temperature. All stations exhibit an increasing trend, with the exception of the Pedro Fermin station,
where the moving average changes during the most recent years.

3.3. Past and Present Seasonal Analysis

To determine the climatology of the area, seasonality was analyzed using monthly accumulated
precipitation, which allowed the identification of precipitation influences from both the Andes
(characterized by a bimodal rainfall pattern) and the Amazon region (characterized by a unimodal
pattern). Once the inflection point was established, the seasonal patterns before and after the year
2000 were examined (Figure 10).
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Figure 10. Seasonality of monthly accumulated rainfall. Stations marked with * exhibit a unimodal pattern

characteristic of the Amazon region, while stations marked with ** display a bimodal pattern characteristic of
the Andean highlands.

Figure 10 presents the general behavior of monthly accumulated precipitation before and after
the year 2000. The Bafos station shows a unimodal pattern typical of the Amazon region (despite
being located at 1820 m a.s.l.), with the highest values of monthly accumulated precipitation
occurring in June, July, and August. This is associated with the northward displacement of the
Intertropical Convergence Zone (ITCZ). At the Patate station, located at 2442 m a.s.1., the precipitation
pattern reflects an Amazonian influence in June and July, and an Andean influence from February to
May.

Despite the proximity between the Patate and Pillaro stations, the Pillaro station (2781 m a.s.l.)
exhibits a bimodal pattern characteristic of the Andean region, with a dry season occurring in June,
July, and August in the period prior to the year 2000. Likewise, although the Pedro Fermin and
Querochaca stations are relatively close to one another, both show a bimodal pattern, with Pedro
Fermin presenting higher precipitation values before the year 2000, particularly in September. For
the Querochaca station, the most notable changes after 2000 occur in July, September, and December.
The remaining behavior was very similar both before and after the year 2000.

To analyze the rainfall patterns more effectively for the periods before and after 2000, the
monthly accumulated values were examined, as presented in Table 5. The table also indicates the
number of years used for the comparison in each period.

Table 5. Statistical summary of the stations based on monthly precipitation before (in black) and after 2000 (in

red).
. Banos Patate Pillaro Pedrf) Querochaca
Variable 15 years 15 years 14 years Fermin 14 years
16 years

Min [mm] 3.10 2.60 2 3.60 3.20

21.1 1.10 1.60 4.60 1.5
Max [mm] 414..20 191.60 142.70 144.70 154.80
474.9 336 164.50 199.50 215.60
01 [mm] 63.02 24.9 27.87 24.80 31.40
72 19.85 23.17 26.36 33.50
02 [mm] 105.30 43.80 43.80 37.90 44.60
100.9 40.85 35.80 37.40 4450
03 [mm] 153.72 66.30 64.57 58.10 62.30
138.82 64.25 57.27 60.77 70.35
P90 [mm] 199.45 93.72 82.43 75.32 82.30
187.27 94.66 100.30 80.07 83.64
P99 [mm] 272.69 185.616 133.71 113.06 110.51
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290.35 176.44 136.74 158.34 127.24
Precipitacion Anual 1287.13 469.52 553.02 513.33 578.36
acumulada [mm] 1198.65 456.77 417.59 504.08 616.05

The analysis of the precipitation data in Table 6 reveals that, overall, there has been an increase
in both maximum precipitation and the frequency of extreme events in most stations after the year
2000. The Bafios and Querochaca stations show the most notable increases in maximum precipitation
and in the percentile values, indicating greater variability and more frequent extreme events. In
contrast, stations such as Patate exhibit a decrease in both minimum and maximum precipitation,
suggesting a reduction in variability. For a clearer understanding of precipitation behavior before
and after 2000, Figure 11 provides a visual comparison.

1287.13

1198 65

1000

Period
616.05 - Before 2000

553,02 L
$1333  s0408 . After 2000
500 46952 40677
. m”
0

Barios Patate Pedro Fermin Pillaro Querochaca

Annual accumulated rainfall

Figure 11. Seasonality of monthly accumulated rainfall for each station.

3.4. Harmonic Analysis

The following section presents the harmonic analysis of the monthly precipitation data for each
station, comparing the periods before and after the year 2000. In the figures, the horizontal axis
represents the years, while the vertical axis indicates the wavelet scale periods for both Wavelet
Coherence (WTC) and Cross-Wavelet Transform (XWT). The color scale ranges from blue to yellow,
where yellow denotes high coherence or correlation values, and blue denotes low values. The black
contour line indicates statistical significance at the 95% confidence level, relative to two completely
random signals. In all figures, the x-variable corresponds to the series before the year 2000, and the
y-variable to the series after; therefore, arrows pointing to the left (6 = 0) indicate an in-phase seasonal
behavior, meaning there are no advances or delays in the rainy season compared with the past.

Arrows pointing upward (0 < 0 < ) indicate an advance of the rainy season, whereas arrows
pointing downward (7 < 6 < 27) indicate a delay. Arrows pointing to the right (6 = ) denote an out-
of-phase relationship.

The wavelet analysis conducted using daily data is presented in Annex 1 and is consistent with
the results shown in the monthly-scale analysis.
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Figure 12. Wavelet Coherence (WTC, left) and Cross-Wavelet Transform (XWT, right) for the Bafios station. The
upper panels show the selected time series: 15 years before and 15 years after the year 2000 (grey segments in

the time series represent periods with missing data and should therefore not be interpreted).

In the case of Bafios, significant areas of high coherence are observed near the 12-month period,
confirming the strong unimodal seasonality of the series. The black arrows indicate the relative phase
between the two series: arrows pointing to the right denote in-phase synchronization, whereas
arrows pointing to the left denote anti-phase behavior. In this case, the arrows predominantly point
to the right within regions of high coherence, indicating synchronized behavior across most of the
series. However, slight advances in the rainy season are observed during the first four years (left side
of the plot), and slight delays occur in the most recent years (right side), for both WTC and XWT.

In the WTC analysis (left panel), additional periodicities near 3 and 6 months are identified,
although they do not persist over time. In contrast, the XWT plot (right panel), which is more sensitive
to high-intensity rainfall events, displays a pronounced yellow region near the year 2001, reflecting
the influence of elevated rainfall intensities.

In Figure 13, the high sensitivity of wavelet analysis to missing data becomes evident. The areas
lacking coherence and correlation are attributable to data gaps rather than to climatic causes. It is
important to note that a major limitation of this study is the absence of continuous time series.
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Figure 13. A) Wavelet Coherence (WTC) and B) Cross-Wavelet Transform (XWT) for the Patate station. The
upper panels show the selected time series: 15 years before and 15 years after the year 2000 (grey segments in

the time series represent periods with missing data).

It should also be mentioned that Patate is a station where, despite exhibiting the typical
Amazonian seasonal pattern, the total accumulated rainfall is more similar to that of the Andean
region. This indicates that the station is located in a transitional zone, which could justify the presence
of the three identified periodicities.
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Figure 14. A) Wavelet Coherence (WTC) and B) Cross-Wavelet Transform (XWT) for the Pillaro station. The
upper panels show the selected time series: 14 years before and 14 years after the year 2000 (grey segments in

the time series represent periods with missing data).

A similar situation is observed at the Pillaro station; however, in this case the coherence around
the 6- and 3-month periods is stronger, reflecting the bimodal rainfall pattern characteristic of the
Andean region. Likewise, the advances and delays are consistent, indicating that the seasonal signals
are not synchronized.

At Pedro Fermin (Figure 15), significant common periodicities at 12, 6, and 3 months are also
evident. However, in this case there are areas of high coherence, particularly at the 12-month period,
with arrows predominantly pointing to the right, indicating a synchronized relationship during these
intervals. This station showed the most pronounced advances in the onset of the rainy season, as
indicated by the arrows pointing upward.
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Figure 15. A) Wavelet Coherence (WTC) and B) Cross-Wavelet Transform (XWT) for the Pedro Fermin station.
The upper panels show the selected time series: 16 years before and 16 years after the year 2000 (grey segments

in the time series represent periods with missing data).
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Figure 16. A) Wavelet Coherence (WTC) and B) Cross-Wavelet Transform (XWT) for the Querochaca station.
The upper panels show the selected time series before and after the year 2000 (grey segments in the time series
represent periods with missing data).

The Querochaca time series are the most complete in this study. In this case, the common
periodicities around 12, 6, and 3 months—typical of Andean stations—are more clearly evident.
Likewise, the arrows oriented mostly to the right indicate that the series are synchronized at these
periods; however, slight advances and delays in seasonality are still observed.

4. Discussion

The findings of this study provide clear evidence of the presence of climate change in the region,
primarily reflected in the consistent and statistically significant increase in both maximum and
minimum temperatures across the stations. However, this climatic signal is not mirrored in extreme
rainfall behavior, for which no statistically significant trends were detected. Nonetheless, the
harmonic analysis reveals both advances and delays in the onset of the rainy season, indicating
modifications in seasonal timing even in the absence of a detectable intensification in extreme
precipitation.
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When comparing the present results with methodologies used globally to detect shifts in rainy-
season onset and cessation, a clear contrast emerges between locally calibrated threshold-based
definitions and more advanced regional or frequency-domain approaches. Threshold methods—
commonly used in Africa and tropical regions—provide intuitive and agriculturally relevant
indicators but are highly sensitive to arbitrary cutoff values and to data gaps [30,31]. More recent
frameworks, such as the flexible driest-period method, demonstrate that part of the apparent shifts
in rainy-season timing may arise from methodological choices rather than true climatic changes,
especially in transitional climates [32]. Regional-scale approaches based on multivariate analysis,
such as PCA, reduce noise and yield robust signals of onset and cessation but require dense and
continuous datasets, which remain a limitation in our study area [33]. Large-scale gridded
diagnostics, such as the RADS dataset, offer globally consistent seasonality metrics; however, they
smooth local features and inherit biases from gridded precipitation products [34]. Within this
landscape of methodologies, harmonic and wavelet-based analyses—as applied in the present
study —offer a complementary advantage by directly examining changes in phase and periodicity of
the annual rainfall cycle, which helps detect advances and delays even under high data variability.

The results therefore highlight the usefulness of harmonic analysis for identifying shifts in
seasonal timing, although the method is highly sensitive to missing data. Farmers’ perceptions in the
study area are consistent with the identified advances and delays; however, these shifts occur
throughout the time series and, based on the methodology applied here, cannot be attributed directly
to climate change.

One of the main limitations of this study is the lack of sufficiently complete time series, as data
gaps substantially affect harmonic analysis. Data-infilling techniques were not employed because
they tend to introduce artificial or persistent relationships that can bias frequency-domain results.
Finally, the inflection point estimated around the year 2000 is not uniform across all stations,
suggesting that the determination of climatic shifts should be revisited using more advanced
mathematical techniques such as windowing or bootstrapping [22].

5. Conclusions

This study demonstrates that harmonic analysis is a valuable approach for detecting advances
and delays in the timing of rainy and dry seasons, particularly in regions characterized by complex
transitional climatology. Stations with more complete and continuous datasets, such as Banos
(Amazonian influence) and Querochaca (Andean region), exhibit well-defined seasonal cycles in
which shifts in timing are present but relatively modest. In contrast, intermediate stations like Pedro
Fermin display more pronounced advances and delays, likely reflecting their position within a
transitional zone between Amazonian and Andean rainfall regimes. This transitional location
enhances sensitivity to variations in moisture transport—from the Amazon during the wet season, or
from the onset of the Amazonian dry season—which can influence both the advancement and delay
of the Andean rainy season.

The findings also complement global evidence showing that shifts in rainy-season timing
depend strongly on the methodology used to define onset and cessation, as well as on data continuity.
While harmonic analysis provides additional insight by capturing phase changes in the annual
rainfall cycle, the presence of substantial data gaps remains a key limitation and highlights the need
for more robust and continuous long-term precipitation records.

Future research should focus on identifying station-specific inflection points using advanced
statistical frameworks—such as windowing, bootstrapping, or flexible climatological-year
approaches—to improve the detection of genuine climatic changes rather than methodological
artifacts. Nonetheless, the present results suggest that the year 2000 may represent a potential
transition in the regional climate system, as shifts in both precipitation patterns and increasing
temperature trends become more evident from that period onward.

Appendix A
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