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Abstract: This study finds the relationship between increases in precipitable water vapor (PWV),
and intense rainfall events in four different climatological regions of South America’s equatorial
northwest: the coast, Andes valley, high mountains, and Amazon. First, the PWV was derived from
tropospheric zenith delay measured by Global Navigation Satellite System (GNSS) instrumentation
located near meteorological stations within the regions of interest using hourly data from the year
2014. A harmonic analysis approach through continuous wavelet cross-spectrum and coherence, as
well as discrete wavelets, was used to determine a measure of the lags found between PWV and
specific heavy rain events and then compared with satellite IR images and meteorological anomalies.
The link between PWV peaks and rainfall was the most evident on the coast, and less discernible in
the other stations possibly due to local dynamic factors. The results showed a lag of 11 h between the
preceding PWYV increase and an intense rainfall event. This was apparent in all of the stations, except
in Amazon where it was 6 h, with the highest precision at the coast and with the largest dispersion in
the high mountains. The interpretation of this lag for each region is also discussed.

Keywords: precipitable water vapor; (ground-based) GNSS; heavy rainfall events; Ecuador; wavelet
coherence; wavelet cross-correlation

1. Introduction

The latest technological advances for meteorological applications based on GNSS
(Global Navigation Satellite Systems) have received increased attention from the scientific
community due to their availability in all types of atmospheric conditions, providing high
temporal resolution, reliability, accuracy of the data, being a low-cost solution for the
analysis, modeling, and forecasting of extreme rainfall events [1,2].

The GNSS signals characterize the atmosphere as they pass through it, related to the
conditions of the pressure, temperature, and humidity of the troposphere. The troposphere
generates variable delays (ZTD for Zenit Total Delay) that can be quantified in the GNSS
analysis [3,4]. This is how the term “GPS Meteorology” is used, which is based on two
techniques: the first uses ground-based geodetic GNSS stations (GB-GNSS in this work)
that indicate the amount of tropospheric water vapor (PWV for Precipitable Water Vapor,
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TPW for Total Precipitable Water or IWV for Integrated Water Vapor) precisely over the
GNSS station [5]. If the GB-GNSS station network is sufficiently dense, it is possible to
know the vertical structure of the troposphere through tomographic reconstructions [6-8].
The second is a remote sensing technique called RO-GNSS (RO for Radio-occultation),
which measures from a Low Earth Orbit (LEO) satellite the refraction effect of the signal of
a GNSS satellite rising or settling behind the Earth. This measurement provides vertical
profiles of the structure of the Earth’s atmosphere. Both techniques have been used in the
study of intense rains, convective storms, tropical cyclones, atmospheric rivers, heat waves,
and droughts [9,10].

The potential of these technologies has led to the generation of several international
projects in the United States, Europe, and Asia that seek to improve the constellation of
associated satellites, such as the Global Positioning System (GPS, USA), GLObal NAvigation
Satellite System (GLONASS, Russia), Galileo (European Space Agency, Paris, France), and
BeiDou (China), as well as improving the GB-GNSS network and associated real-time
tropospheric devices. As a result, significant improvements have been reported in the
forecasting of Numerical Weather Prediction (NWP) models, especially in severe weather
conditions, by assimilating observed PWYV data with high accuracy and high temporal
resolution [11,12].

In this way, not only the modeling of intense rainfall events has been improved by
PWYV assimilation, but new relationships have also been found between PWV and rainfall
characteristics. Several studies mention the occurrence of PWV thresholds [13,14] and/or
peaks before heavy rain events [15]. Extreme rain is commonly defined as rain which
exceeds high percentiles, 95th, 97th, or 99th, of the distribution of accumulated frequencies
of daily precipitation, although this definition depends a lot on the climatic characteristics
of the place [16]. Thus, investigations with hourly resolution data study windows of 6 h
for the location of PWV peaks before intense rain events on the eastern coasts of China
(at around 170 m above the sea level) [17,18], a 6 h window was also found in Lisbon,
Portugal (~125 m.a.s.1.) [19,20], and 3 h windows in various locations in Italy [10]. Likewise,
using finer resolutions (1 min) in Sao Paulo (Brazilian Amazon) (~85 m.a.s.l.), PWV peaks
were found 32-36 min before heavy rain events [21], while lags of 4 and 8 h, respectively,
between PWV peaks and shallow-to-deep convection transitions were reported [22]. Finally,
researchers in the Argentina Valley of Mendoza (~769 m.a.s.1.), detected PWYV increases
before heavy storms but not a conclusive lag [23].

However, the evolution of the PWYV time series is different for each reported case, both
before and after the rainy event and no generalizations can be made about the time between
the peak of PWV and the start of heavy rain [2]. In fact, all studies have reported significant
increases in PWYV that have not preceded any rain event, showing that the increase in PWV
is just one more of the conditions for the generation of intense rain [19]. Therefore, it is
necessary to analyze additional events in regions with contrasting climates and on complex
topographies, in order to take into account the effect that altitude and different synoptic
conditions may have on the behavior of the PWYV; this us to help draw general conclusions
regarding the establishment of critical PWV values or other dynamic indicators.

In this context, the present study has been conducted in Ecuador. Despite its small
area, it has a diverse topography with three climatically different regions: the coast, the
Andes, and the Amazon region. Additionally, it has a moderately dense network of GB-
GNSSS stations distributed at different altitudes, making it an ideal place to improve the
understanding of the relationship of PWV with heavy rainfall events.

Note that previous studies conducted with GNSS-based meteorological applications
in this area have been scarce and involve only daily or monthly resolutions [24,25]. The
present research, in contrast, uses hourly resolutions to contribute to the understanding of
the sub-diurnal dynamics of the aforementioned regions. It combines for this purpose a
time-frequency harmonic analysis with statistical methods in the form of wavelet coherence
and wavelet cross-spectrum analyses, while taking into consideration the dynamic and
climatic characteristics of each region.
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2. Geographical Location of the Measurement Network and Methods
2.1. GNSS-ZTD Data

Data used for the present analysis has been obtained from the National Geodetic
Network RENGEO of the Geophysics Institute of the National Polytechnic School (Instituto
Geofisico de la Escuela Politécnica Nacional IG-EPN) https://www.igepn.edu.ec/red-
nacional-de-geodesia (accessed on 21 March 2019), which is continually updated in the
database of UNAVCO https://www.unavco.org/data/gps-gnss/gps-gnss.html, accessed
on 21 March 2019.

First, in this database, there were 17 stations that corresponded to the geographical
regions of interest and had complete data allowing ZTD estimation with hourly resolutions.
The selection was narrowed down to five sites, which were the ones close to meteorological
stations with available hourly data for the year 2014. These GNSS-selected stations are
located in the coastal region (SNLR), Andes region (BELI, IBEC, ASEC), and the Amazon
region (TEN1) (See Figure 1). The location and technical specifications of these stations are
found in Tables 1 and 2, respectively.
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Figure 1. (Top) GPS stations where the tropospheric delays were calculated in purple and their
nearby meteorological stations in red. (Bottom) GPS stations alongside the altitude profile of the
segments marked in the map in white (See Table 1 for details).
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Table 1. Weather station coordinates, altitude, and distance to the nearest GPS station in kilometers.

Weather Altitude Time GPS Distance with
. Region LON (°) LAT (°) Variables Resolution the Meteorological
Station (Code) m.a.s.] . R
(Time Span) Stations (km)
Rain (mm/h)
Antisana High . _ Temperature (°C) 30 min ASEC
(ORE) Mountain 782112 0.5092 4059 Rel. Humidity (%)  (2005-2018) (4.75)
Wind speed (m/s)
Hourly TEN1
Tena (M1219) Amazon —77.8190 —0.9168 553 (2014-2020) (8.18)
Esmeraldas Rain (mm /h) Hourl SNLR
(M1249) Coast —787316 1.30583 45 Temperature (°C) (2014—20}18) (12.97)
Ou Rel. Humidity (%) Hou BELL
uito 1 our
Andes valley 1 —78.49 —0.18 2835 Wind speed (m/s) y
(BELI) vatey Pressure (hPa) (2013-2020) (6.42)
Ibarra Hourly IBEC
(M1240) Andes valley 2 —78.1397 0.33388 2247 (2014-200) 3.4

Table 2. Technical specifications of the weather and GNSS stations instrumentation.

IRD-INAMHI Antisana (High Mountain)

Parameter Sensor Type Accuracy

Geonor T-200B, Davis rain
collector II

Precipitation (kg m~2) +0.1 x 1073 £ 0.2 x 1073

Air temperature (°C) Vaisala HPM45C, ventilated +0.2
Relative humidity (%) Vaisala HPM45C, ventilated £2 on [0-90]; £3 on [90-100]
Wind speed (m/s) Young 05103 +0.3
INAMHI: ESMERALDAS (Coast), TENA (Amazon), IBARRA (Andes valley 2)
Rain (mm/h) TR525M Texas 40.1 (mm)
Air temperature (°C) HPM155D Vaisala +(0.055 + 0.0057 x T) °C
Relative humidity (%) HPM155D Vaisala +1% RH on [40-95%]
Wind speed (m/s) WMT 702D Vaisala +0.8 (m/s)
Atmospheric Pressure (hPa) Vaisala PTB110 £0.3 (hPa)
REMMAQ: BELISARIO-QUITO (Andes valley 1)
Rain (mm/h) AQMR25-Vaisala +5%
Air temperature (°C) AQMR25-Vaisala +£0.3°C
Relative humidity (%) AQMR25-Vaisala +3% RH
Wind speed (m/s) AQMR25-Vaisala +0.3m/s
Atmospheric Pressure (hPa) AQMR25-Vaisala +0.5 hPa
IG-GNSS-EPN

15 and 1 seg (volcanoes)
30, 1 and 0.2 seg (tectonic
structures)

Trimble NetRS, NetR8 and

GNSS NetR9

After the selection process, the ZTD time series were estimated by processing the
GNSS data using the GAMIT/GLOBK software [26].

2.2. Meteorological Data

Weather data from the year 2014 were obtained from locations close to the selected
GNSS stations. These weather stations were sparse and managed by the National Insti-
tute of Meteorology and Hydrology of Ecuador (Instituto Nacional de Meteorologia e
Hidrologia—INAHMI), in a particular case in cooperation with the French Institute of
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Research for Development (Institut de recherche pour le développement, IRD) [27], and by
the Quito Atmospheric Monitoring Metropolitan Network (Red Metropolitana de Moni-
toreo Atmosférico de Quito—REMMAQ). Figure 1 shows the location of these weather and
GPS stations on the map and Table 1 contains their geographic coordinates with additional
information such as altitude, monitored weather parameters, a time resolution of the data,
and distance to the closest GPS station.

2.3. Calculating ZTD from GNSS Data

The GNSS data processing is carried out through the GAMIT/GLOBK R10.7 software
using a doubly differenced approach to eliminate clock errors from satellites and ground
receivers in addition to a linear combination L3 (also called LC) of the GNSS phase signals
in the L1 and L2 band to mitigate the errors introduced by the ionosphere. Only GPS data
have been employed, as the receivers had no multi-GNSS capacities at the time of this
study. Due to the fact that GAMIT determines the position of the GPS-GB stations with
great accuracy and precision in order to quantify tectonic displacements, several models
are taken into account for its computation, to separate tectonic deformation from other
geophysical features. Modeled are for example the deformation of the earth’s crust due to
the ocean tides, also known as ocean loading, atmospheric loading, and the influence of
solar and lunar movements on Earth’s atmosphere (atmospheric tides) [26].

GAMIT parameterizes the ZTD as a stochastic variation of the Saastamoinen model,
with a stepwise linear interpolation. The variation is calculated over a first-order Gauss—
Markov process, with a potential density of 2 cm?/h, known as the “zenith restriction
parameter”. A sliding window strategy is used to avoid offsets at the limits between two
successive sessions in order to prevent day boundary discontinuities of the satellite orbits,
e.g., [8]. Two 24 h sessions are calculated, starting at 0 h UTC and 12 h UTC, respectively.
From both sessions, we keep the central 12 h to obtain a continuous well-constrained time
series of ZTD for each station across the day boundary. The first and last 6 h of each
analysis session are removed in order to take away the less well-constrained values at the
session’s start and end while adjusting the final IGS orbits to smooth the day boundary
discontinuity [28]. The GAMIT analysis producing these hourly ZTD values for each station
was conducted at the Institute of Earth’s Sciences, ISTerre, of the University Grenoble Alpes,
using the ISTerre computing cluster IST-OAR.

2.4. Quality Control and Data Synchronization

Once continuous ZTD data was obtained through the GAMIT sliding window analysis,
repetitions of the values at session boundaries at 06:00 and 18:00 UTC, which account for
1% to 2% of the total data, were eliminated. In this way, it was possible to generate complete
hourly ZTD series for the entire year 2014 at the Quito (Andes valley 1) and Antisana (High
Mountain) stations. For the three remaining GB-GNSS stations, available data was found
only from 21 July 2014 at 16:00 until the end of the year.

The quality of the hourly meteorological data from the in-situ stations required a
thorough treatment, which was carried out on the available data series for each meteoro-
logical parameter rainfall: temperature, atmospheric pressure, wind speed, and relative
humidity. The data series covered thirteen years for Antisana (High Mountain), seven years
for Tena (Amazon), Esmeraldas (Coast) and Ibarra (Andes valley 2), and eight years for
Quito (Andes valley 1). This amount of available data was used to determine the average
values of the meteorological variables in order to determine the mean meteorology of the
site presented in Section 3.1.

The quality control carried out for these meteorological data series was performed
in accordance with the standards for hourly data treatment [29]. It was carried out first
on the bias error, which corresponds to a discontinuity in the moving averages of the
data, frequently due to the deviation of the sensors, which must be corrected by adding a
constant value to the discontinuous period so that the moving averages are maintained [30].
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Next, the extreme discontinuous values (outliers) were eliminated, defined as those
values which were outside the interval [y & 40] [30], with the exception of the value of
rainfall, which, being characterized by non-normal distributions [31,32] could present
higher rainfall intensities. In this case, values greater than [p + 100] were eliminated [33].
Once the outliers were eliminated, no padding was performed in these meteorological data.

Only in the case of the Antisana station (high mountain), the surface atmospheric
pressure was estimated since it was not available in the corresponding weather station.
The estimation used the time series of the surface atmospheric pressure of the Quito
station instead (Andes valley 1), given its similar mean hourly homogenous behavior, but
subtracting the value of 156.1 hPa, corresponding to the difference of the average pressures
calculated by height differences [34] (Table 3).

Table 3. Accumulated rain, annual average, and standard deviation of the studied hourly meteoro-
logical variables for the year 2014. NA% is the percent of data loss per variable and * means that the
data for these stations were only available from 21 July to 31 December 2014.

High

Coast Andes Valley Andes Valley Mountain Amazon
Variable (Esmeraldas) NA% * 1 (Quito) NA% 2 (Ibarra) NA% * ( A;)lltlisaila) NA% (Tena *) NA% *
45 m.a.s.l. 2835 m.a.s.l. 2247 m.a.s.l. 553 m.a.s.l.
4059 m.a.s.l.
Accum. rain 2640 5.6 12245 9.4 1098.76 5.6 415.7 0 3700 335
(mm/year)
Mean(I;nV:fn\; +8D 58.2 + 3.9 4.3 176 £1.7 59 24.07 £ 3.8 43 2152 +£22 45 463 +45 7.7
Mean hourly
Temperature + 253+ 1.6 5.6 119+33 94 16.32 + 3.8 5.6 1.02 £ 1.68 5.8 231+32 31.8
SD (°C)
Mean Relative
Humidity 4 SD 943 +3.8 6 781 + 144 12.6 749 + 174 6.1 819 + 129 5.8 893+ 114 31.8
(%)
Mean
atmospheric 10014 + 1.7 5.6 708.1 £+ 0.56 9.4 780.6 + 1.4 5.6 552 +£1.24 9.4 9515+ 25 48.6
pressure (hPa)
Mean wind
speed + SD 15+1 6.1 2.46 + 0.63 17.3 1.6 +£1.25 6.1 4.56 +4.15 9 0.8 £0.6 489
(m/s)

Finally, the hourly time series of the ZTD was changed from UTC to local time, and
common work periods were selected in order to synchronize the meteorological data with
the ZTD.

2.5. Estimation of the PWV from the ZTD

The Total Zenith Delay ZTD depends on the refractivity that the GNSS signal encoun-
ters when crossing the atmosphere. This delay has two components: a Zenith Hydrostatic
Delay ZHD due to a hydrostatic or total troposphere, which generally explains 90% of
ZTD [35], and a wet component or Zenith Wet Delay ZWD due to the tropospheric water
vapor, which is a strong variable and related to the PWYV that explains the remaining 10%
of the total delay. Equation (1) [3,4]:

ZTD =ZHD +ZWD (1)
ZHD in [m] is obtained from the surface atmospheric pressure Ps in [hPa] by
ZHD = (2.2768 4 0.0015).10°P;/ f (6, H)

and,
f(6,H) =1 —0.00266c0s26 — 0.000279H

where 0 is the latitude, and H is the ellipsoidal height in [km]. Calculating ZHD from
surface pressure and the station position, ZWD can be isolated in the ZTD measurement



Atmosphere 2022, 13, 1809

7 of 31

(Equation (1)). According to Bevis et al. [4], ZWD has a relationship with the PWV,
given by:
PWV =«-ZWD
The k constant depends on the vertical integral of the vapor density and the tempera-
ture, and it has a 2% precision [8]. In similar climatology studies, a kggp constant is used

as presented by [36], which has a precision of 1.15% and has the advantage that it only
depends on the surface temperature T; :

103
6.324 — 0.0177 (T, — 289.76) + 0.000075 (T, — 289.76)*

KE&D =

Therefore, PWV can be estimated from GNSS ZTD measurements and meteorological
ground pressure and temperature observations as in Equation (2):

PWVggp = Ke&p - ZWD (2)

2.6. Conditioning of the Resulting PWV and Rain Data for Harmonic Analysis

Further analysis of the PWV and rain data required some data conditioning to assure
the standardization and correct interpretation of the results while working with these two
different magnitude time series: rainfall and PWYV, using harmonic analysis tools.

The time series was normalized, dividing the values of the series by the maximum
value recorded in order to preserve their original envelope, especially in the case of rainfall
where sudden increases and the different intensities of the rainfall events where noticeable.

The choice of wavelets as the main tool to analyze these observables made it necessary
to inspect if any incomplete or corrupted data was going to affect the periodicities of the
series. Thus, the incomplete data were padded with linear interpolation in the case of PWV
and with zeros in the case of rainfall, which correspond to the mode of this data. This
padding was made between the available samples at each end of every empty (missing)
piece of data in order to preserve the smoothness of the series rather than creating harsh
discontinuities and, at the same time, minimizing the creation of artificial events. Figure 2
shows the time series of rain and PWYV after conditioning per station. Regions padded with
data are those marked with vertical gray lines.

2.7. Harmonic Analysis by Descriptive Statistics and Wavelets

The presented methodology uses the harmonic analysis of the time series via wavelets,
a tool of great interest within applied mathematics that has allowed novel applications in
several areas of knowledge, including those related to the study of natural phenomena [37-39].
The intrinsic relationship between time and frequency helps us to obtain information from
rainfall and PWYV data by visualizing the elementary atoms, or values of interest that are well
concentrated in time and frequency, the variability of the signals, the analysis with various
levels of detail of the signals by means of a change of scale (zooming) of time or frequency,
and the characterization of signal structures such as singularities [40].

Additionally, it is recommended to read [41,42] for a deeper understanding of this tool.
Note that the wavelet and statistical analysis was performed in Matlab R2021a [43] using
built-in and third-party libraries as described later.

2.7.1. Continuous Wavelet Analysis: Transform, Coherence, and Cross-Spectrum

One of the objectives of this work is to find a correlation in the time-frequency domain
between rain and PWYV, that is, to determine the periods in which these two meteorological
variables interact in a coordinated manner and in a localized period of time. The most
appropriate tools for the effect are the wavelet coherence and cross-spectrum [37], as they
provide the phase information between these signals. However, the continuous wavelet
transform CWT is required for the calculation of any of them, and therefore becomes a
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previous step which enables the visualization of the harmonic content of the signals, that is,
frequencies of interest that could provide additional or complementary information.
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Figure 2. Normalized time series of rain and PWYV after data conditioning in 2014. Missing data is
shown in gray (See Table 3 for details).

The computational analysis, data conditioning, simulations, and the plot of the results
were performed with the aid of the Wavelets toolbox, Signal Processing toolbox, and
Descriptive Statistics toolbox libraries (MathWorks, 2021), as well as the toolbox of Cross-
wavelet and Wavelet Coherence by Grinsted [44].

Continuous Wavelet Transform

As a first step, the continuous wavelet or CWT transform was implemented to identify
the harmonic behavior, if any, of both rain and water vapor. In essence, this transform
decomposes a signal on a particular continuous wavelet wave.

A wavelet is a function ¢(t) of zero average,

| winar=o )
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“_

This function 1(t) is dilated with a scaling parameter “s” and translated in time with

| wustt) = 2o (57) @

a parameter “u”:
“

So, the wavelet transform W of a function f(u,s), on the scale “s” and time position
“u”,is calculated by correlating f with the wavelet signal [40].

1 ,(t—u
WF(u,s) = Zo fl1) 7z ( . )dt 5)

As it is observed, (t)*, is the complex conjugate. W f(u, s) can therefore measure the
variations of spectral components just as the windowed Fourier transform or spectrogram
does [45], but with a different time and frequency resolution. This is how through this
CWT, very well-localized time and frequency packages can be determined but with the
limitations of Heisenberg’s uncertainty principle [46]. For a mathematical explanation of
this principle applied to time and frequency, see [40,45].

These packets that concentrate the energy of both time and frequency make up what
is graphically known as a scalogram, which allows an identification at different scales of
how the function f varies. If the “s” scale decreases, time support also decreases but the
frequency range increases towards high frequencies. Similarly, if the “s” scale is dilated,
the frequency range is located in the low-frequency range, but the support of the transform
over time is enlarged.

The scalogram applied to the rain and PWV series, which are discrete functions in
time (with hourly intervals in our case), would indicate in each case if they have harmonics
or modes of interest throughout the year 2014. That is, the busiest intervals of repetitive
events, whether they would be daily, weekly, monthly, or seasonal.

For our study, the scalograms were obtained by means of the bump-type analytical
wavelet [43], given the fact that it narrows the variance of the CWT in frequency and thus
allowing us to visualize with more finesse the periods of repetition of rain or PWV during
certain time intervals of the series.

Bivariate Analysis with the Continuous Wavelet Transform

According to [47], if the CWT is applied to two time series, there is a geometric
interpretation analogous to the covariance, which allows finding the common frequencies
of these series, their location in time, and the common spectral power between these
variables in two-dimensional graphs known as wavelet cross-correlation spectrum. It is
important to mention that the covariance, unlike the correlation which is a value between
—1 and +1, can take any value. Equation (6) determines the CWT of two time series x; and
v, after applying the individual wavelet transform on each of them, obtaining the functions
Wy (u, s).y Wy(u, s) where u and s are the time-location and frequency scale parameters,
respectively, as it was noted in Equation (5). Therefore, the bivariate wavelet is

Way (1, s) = S( Wi (u, s) - Wy(u, s)) (6)

Note that the asterisk represents the complex conjugate of the wavelet transform of
the first series and S is a smoothing operator in time and frequency [43]. It can be clearly
seen from this equation that the values to be operated on are complex. This is because the
bivariate CWT uses an analytical (or complex) wavelet, thus obtaining the typical definition
of the covariance of two complex random variables [48].

Then, we define the cross-wavelet power spectrum XWT in the following fashion:

XWT(u, s) = |[Way(u, s)| (7)
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the instantaneous lead phase, or relative phase angle between x; and y;, in the time-
frequency space, is determined by calculating the complex argument of the bivariate
transform. See [37].

0(u, s) =arg (Wyy(u, s)) (8)

The libraries allow this phase to be calculated within the cross-spectrum plot through
arrows, with the interval [ 7, 7t]. An absolute value less than 7t/2 indicates that the two
series tend to move in phase, having an ideal phase when the arrows point to the right
horizontally. If the series tend to lag one another, the absolute value of the angle must be
greater than 7t/2. If both signals oppose each other, or are in a complete out-of-phase, then
the arrows are horizontal but left-oriented [49].

From Equations (7) and (8), it can be deducted that the XWT allows unveiling common
high energy regions between the series, in our case rainfall and PWYV, in addition to providing
valuable information on the relationship of phase between these two. In other words, this is
an important tool to be applied for the lead-lag analysis of the series of interest.

The libraries used the Morlet wavelet for the calculation of the XWT, since it provides
an ideal balance in a location both in time and in frequency; this is because it has a complex
exponential or carrier multiplied by a Gaussian or envelope window. This type of wavelet
is also known as Gabor [40].

Note that a bivariate wavelet analysis benefits remarkably when evaluating the con-
tinuous wavelet coherence WTC, since the XWT cross-power spectrum is insufficient to
analyze the correlations between a pair of processes in the time-frequency space, especially
when the series has flat characteristics due to data loss or padding, such as in the case of
the PWV. Their respective counterpart, on the other hand, presents pronounced peaks, as
is the case of the rain. While the XWT reveals only the areas with the highest common
concentrations of energy, the coherence reveals the local correlation of the two series in
time and frequency throughout their extension and their localized phase behavior.

The continuous wavelet coherence WTC is obtained by normalizing the XWT, and it is
appropriately known as the magnitude square coherence, and can be written as follows:

|1S(Wi*(u, s)- W, (u, s))‘2
S(|Wx(u, s)|2)-5(|Wy(u, s)|2)

WTCxy(u, s) = 9

The smoothing operator “S” is equally present in the WTC in the same way as in
Equation (6). This operator as explained in [39] performs a time smoothing followed by a
frequency smoothing, although only time smoothing is possible according to [50]. Paying
close attention to the WTC definition, it can be noticed that its structure is similar to the
traditional method of obtaining the statistical correlation coefficient.

Therefore, the WTC is a complementary tool that serves to better analyze the behavior
of rainfall and PWYV, even in time and frequency segments that were not necessarily those
detected by the XWT, but that could render useful information on the dynamics of these
meteorological variables.

2.7.2. Simple Statistical Correlation as a Reference Parameter

As a precaution, the proposed wavelet tools cannot be applied blindly, but rather the
data sets must be compared or tested with other models or mechanisms applicable to the
process [44]. In our study, the control parameter for contrasting the results obtained by
the XWT is the simple statistical cross-correlation [51] between the discrete vectors of the
rainfall and PWV time series, since it would yield the lead of one signal over the other
in units of time, where the maximum correlation coefficient is calculated. No previous
treatment to the application of the cross-correlation was included because the stationarity
of the specific rainfall events series is preserved [52].
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2.7.3. Selection of Events of Interest by Their Statistical Significance Boundary

An event of interest is defined for this study as an intense rainfall occurrence, or
in other words a sudden increase or peak in the hourly accumulated rain in the year
2014, which are selected for further analysis in order to determine its covariance with an
associated PWYV event preceding in time. Table 4 shows the max. rain occurrence, rain
thershold and percentile of the most prominent events per station analyzed in this study.

Table 4. Characteristics of selected events of interest. * Points the series with data from 21 July to 31
December 2014. ** Indicates that the six chosen events correspond to the most intense as well.

Variable Coast * Andes Valley 1 Andes Valley 2 * ng:nl\t/:;):;;tam Amazon Region *
45 m.a.s.l. 2835 m.a.s.l. 2247 m.a.s.l. 553 m.a.s.l.
4059 m.a.s.l.
Events with XWT
and CWT/Num. 6/10 = 60% ** 9/14 = 64.3% 8/15 =53% 7/9 =77% 6/9 =66.7%
selected events
Maximum hourly
accumulated rainfall 275 19.8 16.8 9.5 491
event (mm/h)
Rain threshold for
the selected events 12.9 8.4 3.6 3.9 35.1
(mm/h)
Percentile of
threshold in the 99.4th 98.4th 96th 97.4th 98.4th
rainfall series
95th percentile a4 50 301 31 186
(mm/h)
50th percentile
(mm/h) 0.2 0.4 0.1 0.5 0.5

The wavelet coherence WTC algorithm described in [37,53] was used to validate
such events of interest because it allows the plotting of contours with a level of statistical
significance of 5%. This is done by constructing a base background spectrum with white or
red noise, on which the true spectrum of the wavelet coherence will be compared. These
normalized-based spectrums, which are Chi-square distributed )(%, allow the construction
of the statistical significance test. The premise, for a significance level & = 0.05 in our case,
is that if the power of the WTC of the rainfall and PWYV series is less than the normalized
power of the wavelet coherence of two simulated base spectrum series, then the WTC
wavelet power of the true signals is only generated due to random phenomena.

If instead the spectral power of the WTC of rainfall and PWYV is greater than the
spectral power obtained from operating the WTC of the series simulated with noise, the
null hypothesis is discarded with a confidence level equal to (1 — «), 95% in our case, and
it is inferred that the power of the WTC of the true signals is significantly larger than that
generated by noise. The mathematical steps on how to obtain the statistical significance of
the wavelet coherence WTC are very well explained in [54].

The WTC library [44] generates the surrogate noise series using data pairs which are
the coefficients of the same lag-1 autoregressive model named AR(1). The WTC is calcu-
lated for each surrogate pair and with a Monte Carlo simulation approach the statistical
significance level is estimated [50]. This library uses a default alpha « equal to 5% (0.05) for
the significance test, in view of the fact that it provides an appropriate statistical balance to
prevent Type 1 and Type 2 errors. By applying the wavelet coherence WTC, regions in time
and scale (periods) can be identified with a confidence level above 95%. The time domain
of these regions was used to locate the corresponding rainfall events of interest, in the time
series, with the larger magnitudes or peaks.
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2.7.4. MRA Lead-Lag Analysis for the Events of Interest

Although the continuous wavelet spectrum plots obtained through XWT and WCT
have important phase information that allows us to estimate the lead or lag that the rainfall
presents with respect to the PWYV, it is not without the compromise of accuracy since these
plots can represent entire regions of energy spanning several days, even weeks or months
along with a wide range of periods in the logarithmic scale. The phase accuracy can only be
improved as far as the size of the analyzed energy atom can relate to the angle of orientation
of a nearby arrow. It can be argued that the continuous bivariate analysis of the XWT and
WCT is not meant to provide a quantity in particular, but the dynamic behavior of two
signals for a particular time-frequency range or, better said, a region of significance.

Therefore, a multiresolution analysis or MRA method was used to obtain a quantifiable
result of the phase content of the two series with hourly resolution. MRA refers to the
method of decomposing a signal into sub-components or frequencies; there are many
methods to perform signal decomposition and one of them is through discrete wavelets
transform or DWT. There are several advantages of using the DWT over a CWT; for instance,
faster computation and a wide choice of wavelets to choose from. A good reading for MRA
fundamentals and examples can be found in [55].

The MRA decomposition of the rain and PWYV series will produce different detail
levels or one-dimensional scales (frequencies) for each one of them. The interesting fact is
that these one-dimensional scales can be used in combination with a simple statistical cross-
correlation approach to obtain the respective lag between a pair of rain and PWV scales.
The larger the wavelet coefficients of the scale are, the more prominent the correlation
coefficient would be and hence marking the lag between the different scales in hours.

Under this context, 20 events of interest were chosen per station which meet the
following conditions: first, they have to correspond to the largest accumulated hourly
rainfall data points that were detected per station; and second, that they shared with the
PWYV both coherence and the largest joint distribution energy over 95% confidence. Then,
the final selection consisted of keeping mutually exclusive events that were not part of
the same rain occurrence; in other words, that were at least 24 h apart in order to prevent
overlapping with each other.

Other authors have used the cross-correlation of MRA scales of rain and PWV time
series as in the case of [21]; however, with different time resolutions and possibly with
different software tools. Note however that the results obtained in the present study are
supported by a thorough continuous wavelet analysis (via cross-spectrum and coherence)
and controlled by statistics in the time series as a way to make the lag selection process
more objective and reliable.

2.8. Convection Analysis Using Satellite Images

Once the events of interest were obtained, the height of the clouds was analyzed one
by one to identify deep convection through the GOES-13 satellite images in the infrared (IR)
bands (10.2 to 11.2 um), available every 30 min, both day and night, for Latin America from
the Center Weather Forecast and Climate Studies (CPTEC) of the Government of Brazil
available at http:/ /satelite.cptec.inpe.br/acervo/goesl6.formulario.logic?i=en, accessed
on 21 March 2022 [56].

More than half of the incoming solar energy is absorbed by the planet’s surface is
re-emitted as heat to space. As some of this energy passes up through the atmosphere
clouds and atmospheric gases absorb a portion of this radiation. Then, the satellite IR
channel senses radiation emitted by the earth’s surface, atmosphere, and cloud tops.

The IR images are colorized to bring out details in cloud patterns. In the colorized
imagery used here clouds that have cloud-top temperatures colder than —80 °C are shown
in pink and cloud-tops warmer than —30 °C are shown in orange. The colder the tem-
perature, the taller the cloud-top height, and the relationship between temperature and
cloud height is used to identify high, medium, or low clouds, with the more prominent
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heights being cumulonimbus clouds. Taller clouds correlate to more active weather such as
stronger thunderstorms, and therefore a more convective activity.

2.9. Meteorological Anomalies of the Event’s Precipitation Threshold

The meteorological anomalies of atmospheric pressure, temperature, and wind speed
were analyzed per station, in order to better visualize their behavior 24 h before and after the
coherent rain events. Given the Gaussian nature of these variables, determined by a previous
Shapiro-Wilk normality test, each anomaly is obtained by subtracting the meteorological
variable minus its mean and is then divided by the standard deviation shown in Table 3.
Both mean and standard deviation were calculated using the entire data set. Therefore, this
anomaly is characterized by a dimensionless value in the interval [3, 3]. These anomalies
will complement the satellite images on the observed nature of rainfall, whether convective or
stratiform, and its interactions with other local variables at each station.

The methodology and the steps of analysis applied to each station in order to obtain
the relationship between rain and PWV are summarized in Figure 3. Note that atmospheric
pressure was not available for Antisana (High Mountain station), therefore its derivation
process is presented in Section 2.4.
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Figure 3. Data processing framework was applied to each of the five studied locations.
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3. Results
3.1. Meteorological Description of the Stations” Location

The statistical analysis of every one of the available meteorological variables at each
station for the year 2014, including the PWV and the missing data (NaN), is presented
in Table 3. The stations are ordered from west to east, starting with the coast station
(~45 m.a.s.l.), with a rain accumulation of 2640 mm/year, to the easternmost station located
in the Amazon region (~553 m.a.s.l.), which is also the rainiest, with 3700 mm/year of
accumulated precipitation. With increasing altitude, the annual accumulated rainfall
decreases. The station with the highest altitude, located on Mount Antisana (4059 m.a.s.l.),
records only precipitation of 415 mm/year.

In the same fashion, the variables of temperature and atmospheric pressure decrease
with the altitude of the station, complying with Boyle’s Gas Law [57]. Regarding the
behavior of the PWYV, it can be seen that it decreases with altitude in most of the stations,
with the exception of the high mountain station at Antisana which shows a precipitable
water vapor as it is expressed in mm with a value of 21.52 &= 2.2 mm higher than the station
at the Andes Valley in Quito, with 17.6 £ 1.7 mm. Despite the fact that the values of its
rainfall are quite low; relative humidity, a magnitude which depends on both temperature
and specific humidity, decreases at higher altitudes, except in high mountains where it
increases due low temperatures. Wind registers the highest values in the high mountain
station, with 4.56 + 4.15 m/s, and a minimum in the Amazon station with 0.8 & 0.6 m/s.

Figure 4 shows both the average hourly rainfall of the entire year 2014, including
precipitation values >0, and the average hourly PWV per station. It can be seen that the
diurnal cycle of these variables depends on the specific characteristics of the area, which
produce rain with possible local origins. On the coast, land-sea breezes generated by the
difference in heating between the sea and the coastal zone, which promotes convective
rain at night [58]; steep-orography convective rain in the Andes valleys, which are usually
present in the early morning and afternoon, and in the high mountain station, which favors
rain during the day due to solar radiative forcing [59], especially in the high mountain
region [60]; and a probable stratiform-convective rain in the Amazon region, in which the
recorded precipitation does not adjust to a particular time or schedule.
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Figure 4. Diurnal cycle of rainfall and PWV. Hourly average histograms of the rainfall > 0 (light
blue) and average PWV (orange) for 2014.
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Additionally, it can be noticed that the low variability of the hourly average PWV that
present a slight increase during the hours when rain is less frequent.

3.2. Continuous and Discrete Wavelet Lead-Lag Analysis

The continuous wavelet analysis of the available rain and PWV data was performed
for each station. Specifically, 12 months of data for the Andes Valley 1 and high mountain
stations, and 6 months of data for the coast, Amazon region, and Andes Valley 2 stations.

As an example, Figure 5 shows a zoom-in of the wavelet plots of rain and PWV
obtained from a bump-type analytic wavelet [43] for the Andes Valley 1 station for January
2014. It is evident how the presence of prominent rain events marks the magnitude of the
wavelet plot, on which its lack of harmonic content can be seen except for the step-like
frequency modes (periods) on 6 January and 22 January, whose intensity decreases as the
period increases.
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Figure 5. Zoom-in of the continuous wavelet plot of the Andes valley station 1 (Quito) for the rain
(top) and PWYV (bottom) for January 2014 with their respective time series.

In contrast, when analyzing the CWT of the water vapor for the same time frame, a
characteristic frequency of 24 h is present. In other words, throughout the time series, the
influence of the diurnal cycle over the PWV, marked by the radiative forcing of the sun,
is evident.
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The wavelet analysis showed the non-periodical behavior of the rain for all stations,
with a few localized exceptions where rain occurrences are well concentrated in a handful
of days and whose noticeable periods do not exceed 6 or 8 h as shown above. Conversely,
the wavelet plot of the PWV contains some acceptable harmonic content, enough to locate
a 24 h year-round period for all stations (Appendix A, Figure Al) and well-localized
minor sub-periods during certain days or weeks as in the case of the Amazon station,
(Appendix A, Figure Al). These periods were extracted by using the Fourier Transform in
the five stations.

Although the PWV and rainfall have harmonics in common, they are not necessarily
in phase. On the contrary, as can be seen in Figure 4 and will be shown in subsequent
analyses, these variables are in contra-phase (when it is maximum, the other is minimum).

3.2.1. Cross-Spectrum Wavelet XWT and Wavelet Coherence WTC Results

As shown in Figure 5, it is hard for a simple continuous wavelet to transform to
point out any possible link between the series of rain and PWV. Therefore, a continuous
cross-spectrum calculation of the wavelets transforms or XWT is performed as well as their
wavelet transform coherence WTC as explained in Equation (7) and Equation (9), in order
to determine the time-frequency areas where both rain and PWV show a common energy
activity and are covariant at the same time with a level of confidence of at least 95%.

Appendix B (Figure A2) shows the XWT and WTC performed for each station for
all data available in 2014. However, note that the study focuses on the plot areas where
coherence and significant cross-spectrum shared the same time and frequency, so a zoom-in
of such areas was necessary to determine the events of interest with a better resolution, as
shown in Figure 6. The thick contour around the areas of maximum energy is referred to as
the boundary of statistical significance of 5%.
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Figure 6. Zoom-in of the continuous wavelet cross-spectrum XWT and wavelet coherence scalogram
WTC of the Andes Valley 1 (Quito) station for January 2014 compared with their normalized time
series. Note the vertical red line which intersects the time domain for both plots and how there is
coherence with a significance boundary of 5%, marked by the black line, for the 6 January event while
there is none for the 22 January event.
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It was found that areas with the largest power of XWT are due to the presence of
important rain events. The larger the rain event, the stronger the power of the magnitude
of XWT. This is because the XWT provides us with a measure of the power distribution
of two signals. Hence, it is important to obtain the WTC coherence to determine which
mutual events of rain and PWV have a true joint variability, as it was observed that there
was no coherence with the PWV for all intense rainfall events, at least with a statistical
confidence level greater than 95%.

The XWT and WTC are plotted to show periods of repetition (frequencies) of up to
32 h, with the aim of finding sub-diurnal relationships. For example, Figure 6 shows that
the XWT has important periods well localized between 6 January and 9 January and also
between 22 January and 26 January, being the more important ones, the periods ranging
from the hours 16 to 32 in the first case, and periods centered around the hours 12 and 24 in
the latter one. On the other hand, the WTC shows many areas where it can be said that the
rain and PWV are covariant, the larger ones being the regions from 5 January to 9 January,
12 January to 18 January, and 26 January to 30 January, but did not consider the intense
event of Jan. 22th. These regions comprise periods ranging mainly from hours 16 to 32.

The phase content of the rain and PWV can be determined from the direction of
the arrows in the plot. It can be noted in Figure 6 that the only section where there
is coherence and high energy activity, as matched with the above rainfall time series,
corresponds to the intense event of 6 January. The arrows in this case are pointing to the
left, indicating a complete out-of-phase scenario, where the PWV precedes the rain series in
a half cycle as explained in Equation (8). The periods of peak energy are localized between
hours 20 and 24 as seen from the XWT plot, thus the lag for the 6 January event can be
calculated between hours 10 and 12, respectively.

It is interesting to note that approximately 12 h of lag will be common in all stations
(Appendix B, Figure A2); this fact is also obtained from Figure 4, although less evidently,
where high PWYV values occur at the hourly level when the rain decreases, as if it were
a continuous daily process where the PWV builds up, to later release itself previous to a
rainfall event at particular hours during the day.

Table 4 shows the number of selected intense events with XWT and WTC with a confi-
dence level above 95% between PWV and rainfall, among the largest selected independent
rainfall events. Note that not all the intense events show XWT and WTC, i.e., not all the
intense events were preceded by a PWV peak. In the same way, the rainfall threshold
values are presented with their respective percentile, in addition to the maximum values
and the median (50th percentile).

Additionally, Table 4 shows the climatic difference among the regions of study, not
only for the quantity of accumulated rain found at each station of Table 3, but for their
observed dissimilar maximum values and hourly intensity thresholds of rain (marked by
the minimum rainfall value of the selected events of interest). It should be noted that all
the stations register an identical minimum value of hourly accumulated precipitation equal
to 0.1 mm/h, marked by the precision of the pluviometers. Note also the rapid decrease in
the values of rainfall intensities since this value is close to the 50th percentile in all cases.

The coastal station is the only one where all the maximum accumulated rainfall
intensity events show coherence and peak energy above the 95% confidence level boundary
with the PWYV, and therefore were preceded by a PWV peak. This fact may be due to the sea
breeze phenomenon which is much more homogeneous and with less variability [58] than
the events that occur in the steep orography of the Andes or in the Amazon region, where
various climatic factors produce intense precipitation [61]. For other stations (Appendix B,
Figure A2), these events are intercalated between the maximum values, although the largest
event of the year always presents a correlation and a peak energy with the PWV.
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3.2.2. Lead-Lag Discrete Wavelet and Convection Analysis for the Events of Interest

In order to define a more precise magnitude of the lag between the PWV and intense
rain peaks, a discrete wavelet analysis was performed and a data set with as many samples
as possible around the events of interest was constructed. Given the constraints that each
event had to abide by, some event’s data sets were as short as 9 days (the truncated ones
that occurred when intense events occurred close to each other) and as long as 30 days.
This was performed for each station to assure a more reliable lead-lag calculation given the
hourly resolution of the samples.

Once the data sets were obtained, a wavelet cross-correlation D-WCC calculation by
using a Daubechies wavelet of order 20, was implemented. This wavelet was selected due
to its ability to be implemented with a large number of vanishing moments, which are
useful when analyzing complex signals, as well as due to its widely available information
and implementation in MRA [41].

The Wavelet Toolbox [43] was very useful to decompose each of the data sets of interest
for rain and PWV. Up to five different levels of detail can be seen by selecting the db10
(Order 20 Daubechies wavelet). These levels of detail are the plot of the wavelet coefficients
obtained by performing the discrete wavelet transform in dyadic scales.

The selection of the levels of detail of rain and PWV was the most taunting one, since
the amplitude of these coefficients has a direct impact on the final wavelet cross-correlation
calculation and therefore the lag. Nonetheless, a trade-off was necessary in some cases
given the constraints of the algorithm used to calculate the wavelet cross-correlation, which
required same-size datasets to be operated. That said, the results were obtained from the
same level coefficients for the rain and PWV.

The most representative levels of detail, from two to four, were obtained from all data
sets of rain and PWV related to each event of interest and cross-correlated with the purpose
of calculating their correlation coefficients and corresponding lag. This treatment was
performed for all events of interest and per station. Figure 7 shows the average D-WCC of
the levels per station with their respective standard deviation. Note that the D-WCC yields
a matrix of cross-correlation coefficients obtained from the different levels of decomposition
of the discrete db10 wavelets of each series. For that reason, a Level (x, y, z) indicates the
cross-correlation of all levels of decomposition, x for the rain and y for the PWYV, from
which the level z is selected for analysis or plotting.

Table 5. Events of interest arranged in descending order of magnitude (first column) with the
corresponding date and time, rain intensity, wavelet decomposition levels with the max. correlation,
lag, control cross-correlation parameter of the time series, and the presence or not of convective
clouds registered by satellite images as Y = Yes, N = No, Not Available = NA, Minimum = M. The
data sets of events marked with * were truncated to prevent overlapping, for (a) Coast, (b) Andes
Valley 1, (c) Andes Valley 2, (d) High mountain and (e) Amazon.

(a) Coast Station Selected Events

No. Time Rain intensity [mm/h] MaxCorr Level Lag [hours] Cgrcltéd Convective Rain
1° 10/29/2014 3:00 27.5 0.54 444 -11 —11 Y
2° 8/12/2014 19:00 22 0.6 444 —11 -10 Y
3° 8/21/2014 20:00 * 17.4 0.63 444 -11 —10 Y
4° 10/5/2014 0:00 16.9 0.56 444 -11 —10 Y
5° 8/5/2014 20:00 * 15.9 0.55 444 —11 -10 Y
6° 10/4/2014 23:00 * 12.9 0.56 444 -11 —11 N

Mean + St.Dev —11
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Table 5. Cont.

(b) Andes Valley 1 Selected Events

No. Time Rain intensity [mm/h] MaxCorr Level Lag [hours] Cgrét(r:ol Convective Rain
1° 1/6/2014 15:00 19.8 0.38 333 —-11 —10 Y
4° 8/26/2014 17:00 14.6 0.41 333 —11 -10 NA
5° 11/17/2014 18:00 13.6 0.57 444 —-12 —10 Y
7° 2/22/2014 20:00 11.5 0.57 444 —-11 -10 N
8° 4/26/2014 20:00 109 0.57 444 —-12 —10 M
9° 5/29/2014 20:00 10.9 0.46 444 —10 -10 NA
12° 4/19/2014 00:00 * 9.4 0.64 444 —11 -10 Y
13° 3/12/2014 20:00 * 9.1 0.46 333 —-11 —-12 Y
14° 2/19/2014 19:00 * 8.4 0.57 444 —11 —11 M
Mean =+ St.Dev 11.1 £ 0.6
(c) Andes Valley 2 Selected Events
No. Time Rain intensity [mm/h] MaxCorr Level Lag [hours] ngtéd Convective Rain
1° 10/10/2014 19:00 16.8 0.32 444 —11 —11 Y
5° 10/28/2014 7h00 6.9 0.4 444 -9 -10 M
6° 11/9/2014 19:00 6.9 0.28 444 -10 -10 Y
9° 11/21/2014 16:00 4.7 0.409 444 —-11 —-13 Y
10° 10/8/2014 14:00 * 42 0.15 333 —12 -10 N
11° 10/19/2014 18:00 4.1 0.16 333 —-11 —-11 Y
13° 9/11/2014 23:00 3.6 0.53 444 —12 -10 N
Mean =+ St.Dev 109 £ 1.1
(d) High Mountain Station Selected Events
No. Time Rain intensity [mm/h] MaxCorr Level Lag [hours] ngtg)l Convective Rain
1° 5/10/2014 15:00 9.5 0.23 333 -9 -9 Y
3° 5/14/2014 11:00 * 5.99 0.12 333 -9 —-10 N
5° 4/24/2014 12:00 41 0.5 444 —12 —12 Y
6° 3/18/2014 17:00 4.1 0.5 444 —-13 —14 Y
7° 12/7/2014 15:00 49 0.51 444 —-12 —12 Y
8° 12/28/2014 12:00 39 0.51 444 —-12 —12 Y
Mean =+ St.Dev 112+17
(e) Amazon Station Selected Events
No. Time Rain intensity [mm/h] MaxCorr Level Lag [hours] Cgrét(rjol Convective Rain
1° 8/13/2014 12:00 49.1 0.56 444 -5 —6 N
2° 10/19/2014 22:00 48.6 0.412 333 -10 -10 Y
4° 7/30/2014 12:00 47.1 0.52 444 -8 -5 N
5° 8/16/2014 11:00 * 429 0.2 333 -3 -2 N
6° 8/4/2014 7:00 * 42.2 0.6 333 —-10 —-11 N
8° 8/9/2014 11:00 * 35.1 0.2 333 -3 -2 N
Mean =+ St.Dev 6.5+ 3.3




Atmosphere 2022, 13, 1809 20 of 31

Coast High Land Valley 1
0.8 0.8
= 07] = 07
o 06 4 -2 & 06 . 222
= 0.5 ¥ * +"§_ 333 £ 05 T l*+ ' 333
204 ¥ % —+ 444 2 04 l +| B N +- 444
O o3 Y 4 O p3 AL )
5 0.2 p A N\ 502 [ I S
o 0.1 u,. wl ¥ + ; A 3 0.1 ';.'(' -.u ~I. r-d
® oW oAER N T RN Y RS SSY o2 UV ERNER> a2 ¥ ¥
8_&1 3 # i : o | B f\\ L] 8'0-1 ' +/ L = | | g * ! i
1-0.2 # i + 502! i + : [
203 ¥ ) 2-0.3] | ¥ l T
o \ Sttt "
c-05/ Tt ++ £-05' l
2-06 [ 2-06
=07 =07
-0.8 -0.8
-24 -20 -15 -10 -5 0 -24 -20 -15 -10 -5 0
Lags Lags
High Land Valley 2
0.8
= 07
& 06 - 222
2 05 ) 333
% 0.4 1 + l —+— 444
2 R T *_.4— 44
© 03 % i
§02 +T _*,+
S 017 A i 1 L._"!'_
E 0FFeeaallr ' » Ly & .y
o : /1 : LS Wi
02| [ ] 4T \
2 _0at44+t o o5 O
@-0.31-4-¢ T’._ i
=] | I 8
U_O'd | S il +
%—0.5
©-0.6
=07
-0.8
-24 -20 -15 -10 -5 0
Lags
High Mountain Amazon
0.8 0.8
.~ 07 = 07
§ 0.6 -2 2 06 —2» | ‘
= 05 333 e 0.5 333
E 0.4 —+-444 E 0.4 —+ 444 ) +f4|* ‘. .
O o3 + ¥ + © 034 i .% T‘
5 0.2 )++ | + , 5 02| 1A F 114
8 Catad Lt L AN L3 Tont ey, UM e N
E 03 : {/ L R " *;_-._ L] E 0-‘.- QP o | . L] '
S-0.1 i 1 N S_p4F N o 0 A A I - |
Q ) *‘ o-u. ' | & # "
502 i + 1 o 02r PN VY]
@-0.3 + _l* @_0.3 . T “ ‘
5-04 il G-0.4 4 Al
c-0.5 £-0.5 |
2-06 2-06
07 E—O.T
-08 L L L -0.8 L s
-24 -20 -15 -10 -5 0 -24 -20 -15 -10 -5 0

Lags Lags

Figure 7. Average of the discrete wavelet correlation lag results registered per level of detail for the
selected rainfall events presented in Table 5, including their standard deviation.

Level 444 has been the one with the highest correlation for all stations in this study.
This means that the db10 discrete wavelet transform of the rain and PWV performed down
to four levels of decomposition, yielded the highest cross-correlation coefficients at the
fourth level.

The average correlation at level 444 in the coast station was not only the highest, but
also the least dispersed, showing the most homogeneous behavior of all five stations, and
providing the highest average lag at 11 h. Levels 222 and 333 presented higher dispersion
and a smaller correlation coefficient than level 444, with a lag of 10 h and 9 h, respectively.

Similarly, at the Andes Valley 1 station, the average lag was located very close to each
other for the analyzed levels of decomposition. A lag of 11, 11, and 9 h were obtained for
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levels 444, 333, and 222, respectively. In the case of Andes Valley 2, a lag of 11, 10, and 10 h
were obtained at the same levels. In the High Mountain station, a lag of 12, 10, and 10 h were
obtained for the same levels. These results change when analyzing the Amazon station, where
the largest lag corresponded to 6, 10, and 3 h for levels 444, 333, and 222, respectively.

Table 5 collects the individual analysis of the studied events, indicating the date and
time of the event of interest, the magnitude of the recorded rainfall, as well as the level of
decomposition that provided the greatest correlation. Note also that the value of the simple
statistical correlation of the time series is included as a control parameter, to corroborate the
value of the lag calculated with the discrete wavelet transform. The sign of the lag achieved
confirms that the peak that precedes the rain is from the PWV. Finally, a convection analysis
achieved from satellite images complements Table 5.

With respect to the coast station, it presents a well-localized lag at 11 h with most rain
events occurring at night, which corresponds to the diurnal cycle presented in Figure 4.
The major rain events are not only shared with the PWV coherence and peak energies, but
also convection. It could be inferred that the sea breeze influences the dynamics between
rainfall and PWYV, not only because it allows uniformity in the lag but also because it could
be decisive in the presence of convection on the coast.

In the case of the Andes Valley 1 station, the largest events are recorded in the afternoon
and early morning, which corresponds again to its diurnal cycle. While in Andes Valley
2 station, the largest events happen in the afternoon, with exception of one event recorded
at dawn. Additionally, the high mountain station presents its events only during the day.
In these three Andean stations, coherence between PWV and rain does not always occur, as
shown in Table 5, i.e., the PWV peak does not always precede intense rainfall. Furthermore, it
can be said then that convection is present in almost all events at these stations. Therefore,
the relationship between the PWV peaks and rainfall is more complex than at the coast one
station, and PWYV is not always the only precursor for the generation of an intense rainfall
event. Additionally, the orography of the Andes region plays an important role in stimulating
this convective process.

The Amazon station has the most intense hourly accumulated rain events of the
studied series, and in the Andean case not all intense rain events share coherence and
peak energy with the PWV. Furthermore, in contrast with the rest of the stations, there
is not a regular time during the day when rain occurs. The PWV periods found in the
wavelet analysis are scattered and should be further analyzed. In the cases where there
was coherence between the series, the selected events have shorter lags, which range from
5 to 10 h at most. The convection is minimal since the generation of high convective
clouds is probably not required in order to achieve intense precipitation; it has already
been discussed that the rain in this station may have a stratiform origin, produced by the
advection of humidity masses transported through the Amazon jungle by the trade winds,
differing as such from the other stations.

3.3. Analysis of Convective Clouds Using Satellite Images

The convection analysis presented in Table 5 has been obtained from the images in
Figure 8. Note that convective events are represented by pink, blue, turquoise, yellow,
and orange spots representing cloud top heights from —80 °C to —30 °C. The highest
corresponds to tall vertical formations related to cumulonimbus clouds, and hence to
convective rain. Only the Amazon station (Tena) shows one event of convective rain, and
the rest of the occurrences correspond to low- or medium-height clouds. The analysis of
the presence of high clouds tops and medium clouds, with lag evaluation, is presented
in Table 5.
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Figure 8. Satellite images corresponding to the GOES 13 in the infrared spectrum to determine the
cloud top height temperature for all events per station. The timestamp of the occurrence of each
image is displayed in GMT.

3.4. Analysis of Meteorological Anomalies

Figure 9 shows the average of the meteorological anomalies, 24 h before and after
the selected rain events, which were centered at 0 h. These anomalies were calculated as
explained in Section 2.9, using the data presented in Table 3. The atmospheric pressure
anomalies (Figure 9a), show different behavior between the stations of the Andes, high
mountain, and coast vs. the behavior of the Amazon station. In the first ones, a decrease
in pressure is appreciated before the rainy event, which could indicate local convection
caused either by the orography of the Andes, or due to the phenomenon of the sea breeze
on the coast. However, in the Amazon station, this decrease in pressure is not appreciable.
A phenomenon that may point to the stratiform nature of the rains in the Amazon region
is caused by advective movements of moisture transport [61], in accordance with the
preceding results.

In Figure 9b, a fairly regular behavior is observed with regard to wind speed, except
at the coast station, where a marked increase in wind speed is seen in the presence of a
rainfall event, possibly due to the effect of the sea breeze which could generate considerable
winds [58]. Finally, when analyzing Figure 9c, it can be noted a generalized behavior is
marked by a decrease in temperature as a result of the rain event, a phenomenon explained
by the subsequent evaporation of precipitation and, therefore, absorption of latent heat
from the surroundings [57-60].
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Figure 9. Average anomalies 24 h before and after each rainfall event of interest presented in Table 5:
(a) atmospheric pressure (b) wind speed (c) temperature. The number of studied events per station
are Coast (6), Andes Valley 1 (9), Andes Valley 2 (8), High Mountain (7), and Amazon (6).
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4. Discussion

Considering the results, it can be noted the difference between the relationship between
the PWYV and the intense rainfall for the different climatic zones of Ecuador. The most
homogeneous relationship is the one found at the coast station, showing the greatest
predictive potential of the PWV peaks before an intense rain event. In the Andes, these
relationships are less common and despite the fact that they exist, they also obey other
dynamics that must be considered for the generation of intense rain. Similarly, in the case
of the Amazon region, correlations between PWV and intense rainfall events do exist, but
they are due to different climatic factors than in the previous cases.

The PWYV and rainfall series around the selected intense events for the coast station
presented both correlation and coherence. The dispersion of the lags encountered for the
PWYV preceding the intense rain was minimal at the highest correlation coefficient located
at 11 h. Additionally, convection was found in almost all those events. It can be said that
the phenomenon of sea breeze, the main driver of precipitation events on the coast, is
dynamically the most uniform aspect of the studied areas.

In the Andes stations, correlation and coherence were found in a scattered way in a
number of events chosen. A total value of 64.3% of the sampled events showed correlation
and coherence for the case of Andes Valley 1. This could be indicative of the presence of
other dynamic factors such as the topography of the area, leaving the relationship between
PWYV and rainfall as an important driver of intense rain but not an essential one. The
selected events of interest which presented coherence with the PWV generated a lag similar
to the coast, being close to 11 h. This is also similar to Andes Valley 2, where 53% of the
events presented coherence and the most significant lag was at 11 h. The high mountain
station, with 77% of events sharing coherence with the PWV, showed the most dispersed
lag found at 12, 10, and 6 h.

The fact that the most common lag is found at 11 h for both the coast and Andes
regions may have to do with the presence of more probable hours for precipitation (see
Figure 4). This influence of the diurnal cycle favors the PWV recharge before the occurrence
of an intense rainfall event, and even if it is not an intense rain, there are preferable hours
for PWV to recharge in order to discharge in the rainfall most probable occurrence hours,
in accordance with [62]. The effect of the diurnal cycle is ubiquitous for PWV at the coast
and in the Andes regions as shown in Figures 5 and A1, with characteristic periods of 12 h
and 24 h reported [63]. Furthermore, it should be noted from the cross-spectrum plot XWT
that the PWV and rainfall have the same region of covariance centered at the 24 h period.

Unlike the other regions, the Amazon station shows different behavior for the PWV
and rain. There are no preferred hours for precipitation (Figure 4) and the 24 h period is
not unique, with other major periods appearing for PWV (Figure Al). Furthermore, the
winds are minimal (Table 3), in addition to the fact that local convection is not necessary for
the formation of intense rain. The main cause of rain in this region could be the advective
transfer of moist air masses by trade winds [61,64,65] and its subsequent orographic forcing
when touching the eastern mountain range of Ecuador (see Figure 1). This transport is
responsible for both the generation of water vapor peaks and rain, but due to the greater
frequency of rainy events, this lag between PWV peaks and rain is shorter: 6, 10, and 3 h
for the wavelet levels analyzed, and not necessarily due to the diurnal cycle. These results
are in agreement with other studies in the region [22]. Satellite images and the study of
meteorological anomalies (Figure 9) show that there is no evidence of a significant decrease
in atmospheric pressure before the rainfall event, which reinforces the fact that stratiform
rainfall is preponderant at the Amazonian station.

5. Conclusions

This study shows the potential of harmonic analysis tools to characterize the relation-
ship between the PWV and rainfall, with the aim of possibly anticipating the occurrence
of an intense rainfall event in different climatic zones. The area that showed the most
consistent relationships between these variables was the coast, where all rainfall events
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were preceded by peaks in water vapor within 95% of confidence. This fact points to the im-
portance of the PWV dynamics for the occurrence of intense rain events, in accordance with
previous investigations carried out in other coastal areas such as Portugal [19], Italia [10],
and China [17,18]. Nevertheless, the reported lag is different, which may be due not only
to the choice of short windows in the study of this lag, but also to other dynamic factors of
each locality that must be considered.

In contrast, in the Andes, this relationship loses consistency, since only 53% to 77%
of intense rainfall events were preceded by water vapor peaks. These types of studies in
high-altitude areas have been little reported [62] and show the importance not only of the
appearance of PWYV peaks, but of other factors such as the topography in the occurrence
of intense rainfall events. Likewise, in the Amazon region, where 66.7% of rain events
preceded by PWV peaks were reported, the importance of other atmospheric phenomena
is also appreciated, such as the advective transport of moisture carried by the trade winds
from the Amazon. The reported lag was also found in previous studies [22].

This study identified two types of lag, the first around 11 h, and found both on
the coast and in the Andean areas, which had rainfall characterized by connectivity and
determined rainfall occurrence times. Smaller lag (around 6 h) was recorded in the Amazon
area, which coincides with previous research [21,22]. In this region, no preferred times for
the occurrence of rain were identified, and most of the intense events were stratiform. It is
possible that one of these factors or both influences the duration of the reported lag.

Therefore, the present study is an attempt to understand the relationships between
PWYV and rainfall in regions that have been identified for this purpose as relevant and with
different climatology. Likewise, the integration of not only high-resolution regional models
but also re-analyses of atmospheric circulation would be of great help to interpret other
physical connections deemed important and necessary. Further progress would be the
improvement of the tropospheric models through the adequate assimilation of GNSS-PWV
data. All these factors will improve not only the better prediction of severe intense rain
events, but also their comprehension in a complementary way to the traditional ones.

It is also important to highlight the contrast between the different harmonic analysis
tools used in this study. Despite the featureless results provided by the spectrogram of a
single variable wavelet analysis, when combined with statistics in a bivariate approach
to obtain the cross-spectrum and coherence scalograms, the results are more significant.
Time-frequency regions that would go otherwise unnoticed are now evident with a level of
statistical significance including the phase content (lead or lag) between rain and PWV. The
discrete wavelet analysis using Daubechies 20 was performed to validate the results of the
cross-spectrum scalogram and to determine a measurable quantity that could be compared
to the traditional statistical correlation method used as a control parameter.

Further research with data sets containing longer periods of time, perhaps years if not
decades, and sampled to better temporal resolutions, are necessary in order to increase the
understanding of the relationship between rain and PWYV, improve the harmonic content of
the results, and accuracy of the lag in the aforementioned geographical areas. Although this
is not always possible in stations located in remote or hard-to-access areas, refurbishing,
maintaining, and expanding the current meteorological network will allow better data
collection and data logging in the long term,
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Appendix A

Characteristic periods of (a) PWV. Note the marked period of 24 h and the secondary
one of 12. In the Amazon region, the spectral density is lower and there are two more
characteristic periods of 8 and 16 h (b) rain. Note the lower spectral density in comparison
with PWYV, and the characteristic period of around 24 h.
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Figure Al. Characteristic periods of (a) PWV. Note the marked period of 24 h and the secondary
one of 12. In the Amazon region, the spectral density is lower and there are two more characteristic
periods of 8 and 16 h (b) rain. Note the lower spectral density in comparison with PWV, and the
characteristic period of around 24 h.

Appendix B

Wavelet Cross-Spectrum (XWT) and Wavelet Transform Coherence (WTC) of the
stations for the year 2014 for the Coast, Andes Valley 1, Andes Valley 2, High Mountain
and Amazon.
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Figure A2. Wavelet Cross-Spectrum (XWT) and Wavelet Transform Coherence (WTC) of the stations
for the year 2014 for the Coast, Andes Valley 1, Andes Valley 2, High Mountain and Amazon.
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