2PN

climate

Article

Two Centuries of Monthly Rainfall in Barcelona (NE Spain):
Disparity Trends, Correlation of Autumnal Rainfall with the
WeMO Index and Its Contribution to Annual Amounts

Xavier Lana 1

check for
updates

Citation: Lana, X.; Serra, C.;
Casas-Castillo, M.d.C.;
Rodriguez-Sola, R.; Prohom, M. Two
Centuries of Monthly Rainfall in
Barcelona (NE Spain): Disparity
Trends, Correlation of Autumnal
Rainfall with the WeMO Index and Its
Contribution to Annual Amounts.
Climate 2024, 12, 166. https://
doi.org/10.3390/cli12100166

Academic Editors: Fengjiao Chen and

Xiao Pan

Received: 5 September 2024
Revised: 16 October 2024
Accepted: 17 October 2024
Published: 19 October 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Carina Serra

10, Maria del Carmen Casas-Castillo 2*(, Raiil Rodriguez-Sola 1 and Marc Prohom 3

Department of Physics, Barcelona School of Industrial Engineering (ETSEIB), Universitat Politecnica de
Catalunya - BarcelonaTech, Diagonal 647, 08028 Barcelona, Spain; xavier.lana.pons@gmail.com (X.L.);
carina.serra@upc.edu (C.S.); raul.rodriguez@upc.edu (R.R.-S.)

Department of Physics, The School of Industrial, Aerospace and Audiovisual Engineering of

Terrassa (ESEIAAT), Universitat Politécnica de Catalunya - BarcelonaTech, Colom 1, 08222 Terrassa, Spain
Department of Climatology, Meteorological Service of Catalonia (SMC), Dr. Roux 80, 08017 Barcelona, Spain;
marc.prohom@gencat.cat

*  Correspondence: m.carmen.casas@upc.edu

Abstract: Rainfall irregularity in Mediterranean regions is a characterizing feature of their climate.
The aim of this manuscript is to analyze, in a climate change context, the evolution of this irregularity
in Barcelona. A very long monthly database (1786-2023) enables detailed analysis of rainfall evolution,
with its irregularity quantified using the concept of disparity, the trends of which are assessed using
moving windows and a modified Mann-Kendall test. The relationship between disparity and the
Western Mediterranean Oscillation index (WeMOi) is also explored. Additionally, the study compares
rainfall amounts to the 1961-1990 reference period and evaluates autumn’s contribution to annual
totals. A significant and increasing disparity trend over the years is detected for the autumn months.
While correlations between disparity and WeMOIi are limited, the WeMOi and monthly precipitation
are significantly correlated for two autumn months, October and November, and for December,
aligning with previous studies. This suggests the potential influence of the WeMOi fluctuations on
future rainfall during these three months. Recent evidence of the increasing autumn irregularity is
seen in the consecutive low-rainfall years of 2021, 2022 and 2023, which stand out as the driest since
1835, with the last two autumns ranking among the 5% driest.

Keywords: monthly rainfall amounts; rainfall irregularity; autumn contributions; drought; Western
Mediterranean Oscillation index; Barcelona

1. Introduction

The Mediterranean region displays a diverse climate, exhibiting semi-arid conditions,
particularly along its southern coastline [1]. This climate features mild, humid winters
paired with dry, warm to hot summers. Acting as a major evaporation source, the Mediter-
ranean Sea plays a crucial role in the regional hydrological cycle [2]. Intense storms are
known to form over the Mediterranean [3] which can result in heavy rainfall, leading to
flash flooding and other severe weather impacts. Additionally, the region is characterized
by strong interactions and feedback between land and atmosphere [4], which can lead to
extended periods of drought and severe heatwaves.

In recent decades, the Mediterranean has undergone substantial climate variability,
particularly marked by intense heatwaves and drought conditions [5]. Climate models
project a reduction in precipitation across all seasons [6], along with a northward and
eastward expansion of the Mediterranean climate, where affected areas are expected to
become more arid, experiencing increased summer drying [7,8]. Additionally, recent
projections suggest that the characteristics of Mediterranean cyclones [9,10] could shift due
to ongoing climate changes [11]. There is a strong consensus that hydrological droughts
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have intensified across the region and are projected to continue increasing throughout the
21st century under most scenarios [12,13]. Rising summer temperatures are expected to
increase both the frequency and intensity of these extreme events.

In Europe, substantial evidence indicates that the frequency and intensity of extreme
precipitation events have likely increased since the 1950s [14-16]. However, there is a
lack of consensus regarding trends in the Mediterranean region, which exhibit significant
inconsistency across different areas [17-21].

Within the Mediterranean region, the rainfall regime in Catalonia, the Spanish region
where Barcelona is located in the northeast of the Iberian Peninsula (Figure 1), is character-
ized by remarkable irregularities [22,23], evident even at monthly and annual scales [24-26].
A study utilizing the precipitation concentration index (CI), related to rainfall irregularity,
reveals that the highest European values of CI are found in the western Mediterranean
basin, particularly along the Spanish and French coasts [27]. Furthermore, drought episodes
can be frequent and severe in Spain [28-31], where dry spells can exceed three months. This
aligns with the ongoing challenges within the Mediterranean climate framework, emphasiz-
ing the critical need for adaptive strategies. The primary characteristics of Mediterranean
climate variability have been documented in other studies [1,32]. Recent analyses have also
explored the relationship between seasonal temperatures and precipitation in Spain [33].
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Figure 1. Map showing the locations and main geographical features mentioned in the text.
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The methods employed for quantifying rainfall irregularity often rely on fractal struc-
tures at several scales. In the monofractal approach [34-36], the scaling fractal parameter
relating rainfall intensity distributions at different time scales has been established as an
indicator closely linked to the rainfall pattern characteristics in the studied area, demonstrat-
ing its efficacy in measuring rainfall irregularity [37-39]. The disparity concept [24,26,40]
has also been beneficial in the quantification of rainfall irregularity and to stablish relation-
ships with some specific geographical factors. A potential dependence on the elevation
above sea level or the distance to the coastline of the raingauge emplacements has also
been considered [41]. A detailed analysis of these disparities, bearing in mind the complex
fractal structure of the monthly rainfall regime [42,43], could represent some improvements
on the monthly amounts forecasted, applying strategies based on, for instance, the ARIMA
algorithm [44] to obtain, among other questions, the expected length of a dry spell.

The aim of this article is to enhance the understanding of the precipitation pattern
and its irregularity in Barcelona by analyzing various aspects of monthly precipitation
records spanning more than two centuries (1789-2023). In addition to common elements
such as descriptive statistics and trends identification, the series have been examined in
order to detect rainfall discrepancies in comparison with the 1961-1990 reference period.
Furthermore, the possible impact of the monthly Western Mediterranean Oscillation index,
WeMO;j, has been also explored. The WeMOi [26,45], is a dynamic atmospheric parameter
that is well correlated with rainfall irregularity in the Spanish Mediterranean coast. The
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WeMOi identifies atmospheric circulation patterns that correlate with either a deficit or
surplus of rainfall, impacting the Eastern Iberian Peninsula [46,47]. Therefore, one of the
objectives of this manuscript is to identify possible correlations between the rainfall dispar-
ity of Barcelona and the WeMO;, at monthly scale. Finally, considering that historically, the
highest monthly amounts in Barcelona were recorded in autumn, the most relevant autumn
amounts’ characteristics and their contribution to annual amounts have been analyzed.
The different sections are structured as follows: The extensive monthly rainfall
database exceeding two hundred years (1786-2023) is presented in Section 2, along with
the definition of the WeMOi. It also introduces the concept of disparity and provides
specific definitions of other methods used throughout the article. The results are described
in Section 3, with five subsections that include the main characteristics of the rainfall se-
ries, comparisons with the reference period 1961-1990, the disparity of monthly amounts
computed for periods of 31 years, the correlations between those disparities and the av-
erage WeMOi and the autumn calendar months’ characteristics. The analysis of results is
discussed in Section 4. Finally, the most relevant conclusions are summarized in Section 5.

2. Materials and Methods

The present research was based on two very long series including monthly rain-
fall records of Barcelona and the Western Mediterranean Oscillation indices, WeMOi.
The first series was published as a very long rainfall record at monthly scale (years
1786-2014) [48]. From 1786 to 1913, the rainfall data were obtained from several weather
stations in Barcelona, accurately analyzed and adapted by [48] to ensure continuity with
the monthly series of the Fabra Observatory, which has records from 1914 to the present.
This observatory is located on the boundary of Barcelona, at an altitude of 415 m above sea
level, on the Collserola mountain, surrounded by forested hills. Its UTM coordinates are
as follows: Zone 31T, Easting: 426811, Northing: 4585564 (or in DMS: latitude 41.4184° N;
longitude 2.1239° E).

The quality control and homogenization of this series was extensively explained in [48].
This pluviometric series also facilitated the detection of relationships between changes in
the rainfall regime in Barcelona and potential effects attributed to CO, emissions, as well as
an analysis of the multifractal structure of the rainfall data extending to 2019 [43]. For the
present research, the dataset has been updated to 2023, using data from the still-operational
Fabra Observatory [49]. Consequently, a complete monthly rainfall series of 238 years, from
1786 to 2023, has been used in this manuscript.

The second series corresponds to the Western Mediterranean Oscillation index (We-
MOi), defined as the difference between the normalized monthly barometric series at San
Fernando (southwest of Spain, Figure 1) (36°17' N, 06°07" W) and at Padova (north of Italy)
(45°24' N, 11°52" E) (Figure 1). This index is highly correlated with daily precipitation
along the coastal areas of the eastern Iberian Peninsula, even at the monthly scale. This
is in contrast to the poor correlation of the North Atlantic Oscillation index (NAOi), with
this side of Spain [45,50]. This atmospheric circulation index shows a strong relationship
with Mediterranean climate patterns. During its positive phases, an Azores anticyclone
dominates the southwest quadrant of the Iberian Peninsula, while low pressures occur in
the Ligurian Sea. Conversely, negative phases are often associated with anticyclones in
Central Europe (north of the Italian Peninsula) and low-pressure systems in the southwest
Iberian Peninsula. In addition to these distinct patterns, there are neutral phases, often
characterized by northeast and southwest advections or low-pressure gradients over the
Western Mediterranean area. A detailed analysis of the complex structure of the WeMOi
series, in terms of complexity and predictability, based on fractal and multifractal theory,
can be found in [51]. The available period of the WeMOi series (1821-2020, with a 1.1% of
missing data) has been kindly provided by the Climate Change and Landscape Ecology
group [52].
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2.1. Database Characteristics

The Gamma distribution at annual scale was notably recommended by the World
Meteorological Organization as the most appropriate for climatological rainfall research [53].
Some examples were those corresponding to rainfall intensity and changes on average and
extreme daily rainfall due to global warming [54,55] and rainfall distribution at monthly
scale [56] and at annual scale [57]. The parameter values of the Gamma distribution [58],
« and B, were deduced by means of the average, 1, and the standard deviation, o, of
the annual amounts previously divided by the minimum annual amount of the annual
database (Equations (1a) and (1b)):

n = % (1a)
p=5 (1b)

The cumulative distribution function, CDF, was numerically computed in agreement
with the mathematical formulation of Equation (2):

— Y _ 1 Y oru a—1,—px
CDF(y) = /0 f(x)dx = F(a)/o Bt le P¥dx ()

For annual amounts, a moving window of 31 years, MW31, was applied, with the
aim of detecting possible periodicities, oscillations or trends. These moving windows were
computed with a one-year shift and were represented with respect to the centered year of
the window. The selection of the 31 years for the moving window size was a good choice
due the similarity with the reference periods of 30 years used for climatological studies.
These moving windows were also applied for the monthly and annual disparity.

Using moving windows for rainfall analysis helps smooth out short-term fluctuations
and provides a clearer view of the underlying trends and patterns in the data, making it
a valuable technique in environmental science and resource management. This method
has been extensively used in climatological research, although it has a known limitation
regarding the potential influence of individual extreme events. Nevertheless, it is effective
for capturing broader, persistent shifts in the dataset. A recent study [59] applied this
technique to the seasonal precipitation changes of the Spanish mainland. Nonetheless, the
resultant moving average series exhibited autocorrelation due to the overlap in windows,
which causes dependency among adjacent data points. The presence of positive autocorre-
lation increases the likelihood of detecting spurious trends [60], a consideration that will be
addressed in detail later in Section 2.4.

The evolution of the coefficient of variation (CV) over time was also calculated, by
dividing the standard deviation of the annual rainfall values within each 31-year moving
window by the mean of the same values.

2.2. Rainfall Discrepancies with Respect to Years 1961-1990

The comparison of monthly (or annual) rainfall from 1786 to 2023 with the reference
period 1961-1990 could reveal outstanding rainfall irregularities. This interval is recom-
mended by the World Meteorological Organization, WMO [61] and also proposed by the
Meteorological Service of Catalonia, SMC [62] to detect climatic changes.

These comparisons are easily established by computing the positive or negative rela-
tive deviations of rainfall amounts with respect to the average values of reference obtained
for the mentioned 30 years. The monthly discrepancies in terms of percentages, AR, are
computed as Equation (3):

Rjk_ < R]‘ > . )
ARj = 100W ;G =1,...,12);(k = 1, ..., number of years) 3)
where < R; > are the average amounts deduced from the years of reference (1961-1990)
for every one of the 12 calendar months and Rj; the j-calendar months’ values along the
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238 recorded years. The extreme negative discrepancy at monthly scale (—100%) represents
null monthly amounts, and null discrepancies at annual scale correspond to annual amounts
coinciding with the 1961-1990 annual average.

2.3. Monthly and Annual Rainfall Disparity

The concept of disparity [24,26,40,41] quantifies the irregularity degree of a rainfall
regime. The disparity, D, of a positive series {x;, i =1, 2, ..., n} of consecutive monthly
rainfall amounts can be determined by the Equation (4).

1 n—1 Xitr1
D= n—lzi:lln Xi

D being the disparity index [26], which would be equal to 0 for an absolute regularity
{x;i =x0,i=1,2,...,n}. Conversely, the higher the disparity, every x; data point could be
different in comparison with previous x;_1 and successive x;, 1. In spite of the mathematical
formulation of the disparity being based on positive time series, two problems generated
some uncertainty about these computations. Firstly, there was a possibility that some
monthly data was missing. Fortunately, this issue was not detected after reviewing the
monthly pluviometry from 1786 to 2023. Second was the existence of monthly zero rainfall
amounts, a not-negligible question in Mediterranean domains, where heavy drought
episodes (long dry spells) are detected. Several rules can be considered to prevent this
computational problem in Equation (4). If x; is one of the zero monthly rainfall data,
quotients 1 can be removed when computing Equation (4) being n substituted

(4)

by n — 2. Alternatlvely, x; can be substituted, for instance, by 1.0 mm, 0.01 times the
monthly mean of the analyzed series, or adding 1.0 mm to every monthly amount, with the
aim of smoothing the computational problem of a null monthly amount [63]. In the present
case, bearing in mind the absolute completeness of the rainfall series, the computational
problems caused by a small number of real null monthly amounts (x; = 0) were solved by
adding 1.0 mm to the non-rainfall months. As for the annual amounts, the disparity was
computed for moving windows of 31 years, MW31, with a one-year shift.

2.4. Trends and Correlations

In addition to applying the moving windows technique to annual amounts and
disparity to analyze possible oscillations, time trends were also studied through linear
regression. The significance was assessed using the Mann—Kendall test [53], and the
different percentages of the confidence level were analyzed. However, when dealing with
autocorrelated series, as is often the case with moving window averages, the original
Mann-Kendall test cannot be applied, because it assumes that the data are independent
and randomly ordered [60]. Therefore, this study utilized the modified Mann—-Kendall test
for autocorrelated data, as proposed by [60], to assess the significance of detected trends in
the time series processed using the moving windows technique.

For the relationships between disparity and WeMO], the Pearson correlation coefficient
was computed. The significance in this case was calculated by determining the p-value.
A Student’s t-distribution was used to calculate this value. This formula depends on the
sample size n and the value of the correlation coefficient r (Equation (5)).

p o Vn- 2 5)
V1—1?

Once the p-value is obtained, for n — 2 degrees of freedom, it is compared to a pre-
defined significance threshold, commonly equal to 0.05 (95% confidence level). If the
p-value is less than the significance threshold, the correlation is considered statistically
significant, suggesting a possible linear relationship between the two variables in the
population from which the sample was drawn. If the p-value is greater than the significance
threshold, the correlation is not considered statistically significant, indicating that the
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observed relationship could be due to chance and may not reflect a true association in
the population.

As with trend detection, calculating the Pearson correlation between autocorrelated
time series derived from moving windows can lead to overestimated relationships. In
this scenario, an effective approach is to fit an ARIMA model to each series, compute
the residuals and then determine the Pearson correlation for these residuals [44,64,65].
This method was applied to identify monthly and annual relationships between two
autocorrelated variables obtained through the moving windows approach, specifically the
disparity D and the WeMOi moving windows averages.

3. Results
3.1. Main Characteristics of the Annual and Monthly Series

Time trends corresponding to the monthly and annual amounts presented in [43] have
been actualized in the present work for the years 1786-2023 (Table 1). According to the
Mann-Kendall test, only September has a confidence level of 97% significance. The Septem-
ber trend is negative, with a value of —0.082 mm/year. In addition, February and August
show positive trends but with slightly lower level of 94% and 92%, respectively. Although
it is not the objective of this manuscript, a comparison of the annual and monthly trends
presented here with those reported in the previous study [43] for the period 1786-2019
reveals minor discrepancies, as expected, due to the addition of only four years. However,
it should be noted that the confidence level of the trend observed in September, the only
month with a significant negative trend, increases from 90% to 97%. Examining the tempo-
ral evolution of this month, a period from 1840 to 1900 can be distinguished, during which
higher amounts are observed compared to subsequent periods.

Table 1. Trends (mm/year), Mann-Kendall test and percentage of linear trends confidence for
monthly and annual amounts. The most relevant values are written in bold types.

Trends M-K Test %

January 0.035 0.15 12
February 0.061 1.85 94
March 0.043 1.17 76
April 0.042 0.78 56
May 0.038 0.76 55
June —0.013 —0.29 23
July 0.034 0.76 55
August 0.058 1.83 92
September —0.082 —2.15 97
October 0.054 0.33 26
November 0.029 0.26 20
December 0.043 0.81 58
Annual 0.341 1.49 86

The evolution of the meteorological autumn months (September, October and Novem-
ber) is depicted in Figure 2, and the annual amounts in Figure 3a, including linear trends
and either a fifth- or a seventh-degree polynomial fit along the recorded years. A clear
period of very low annual amounts is detected prior to 1850, with seven years recording
less than 300 mm and a minimum of 215.6 mm in 1817. Even though a positive trend is
obtained for the whole series, with a confidence level of 86%, some periods have negative
trends. For instance, a decrease in annual amounts should be considered from 1980 to the
present, with consecutive very low annual amounts for the years 2021, 2022 and 2023 (327.6,
307.7 and 309.5 mm, respectively), the driest since 1835. From 1980 to 2023, a negative
trend of —3.19 mm/year has been detected, characterized by a Mann-Kendall test with a
confidence level of 8§9%.
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Figure 3b describes the histogram corresponding to the annual scale, with remarkably
wide intervals of annual data ranging from 215.6 to 1122.7 mm, an average of 589.5 mm
and a standard deviation of 155.4 mm, with only a few years varying from 900 to 1150 mm.
The annual rainfall amounts between 500 and 600 are the most frequent, with 33% (78 of
238 years).

The ratio between the annual amount values and the minimum annual amount
recorded (215.6 mm) has been fitted to a Gamma distribution [58], with parameters
« = 14.380 and B = 5.259. Figure 3c,d depict the probability density function and the
cumulative distribution function of the fitted Gamma distribution for this ratio.

Figure 3e,f describe the evolution of the mean and coefficient of variation for annual
moving windows of length 31 years and shift of 1 year. The oscillations since 1786 up to
2023 are evident, and a 7th degree polynomial has been represented with red color from
1840, avoiding the first pronounced minimum. With respect to the evolution of the average
amounts, an increasing trend of 0.6 mm/year is obtained. A pronounced minimum is
detected between the centered years of 1820 to 1830, equivalent to the 31-year periods of
1805-1835 to 1815-1845, and three maxima close to central moving window years 1860,
1900 and 1980. Nevertheless, after the last maximum close to 1980, a notable reduction of
mean values is observed up to 2008 (the center of the last moving window). The maximum
coefficients of variation (Figure 3f) are detected close to years 1830, 1870 and 1960, and a
third maximum could be expected some years after 2008. When a minimum is detected in
the average MW31 amounts, a maximum is depicted for the CV.

Table 2 summarizes the basic characteristics of the complete rainfall regime, noting that
the extreme minimum annual amount recorded is 215.6 mm, and the minimum amounts
for calendar months are all close to or equal to zero. Conversely, the recorded extreme
maximum annual amount, corresponding to 1971, exceeded 1100 mm. In agreement with
these extreme examples, signs of notable irregularity (disparity) have to be expected. The
maximum amounts at monthly scale recorded in September, October, November and De-
cember are notable, also characterized by the highest standard deviations. Additionally, the
annual standard deviation of 155.4 mm is substantial. September and October are character-
ized by the highest average amounts, and the most relevant skewness of monthly amounts
are detected for winter months (January, February and December). Two examples with
low annual values are those corresponding to years 1817 (215.6 mm) and 2022 (307.7 mm),
when the corresponding amounts of September, October and November were, respectively,
32.2,69.4 and 9.9 mm (year 1817) and 13.1, 11.3 and 7.6 mm (year 2022). Conversely, year
1971 is characterized by the highest amount of 1122.7 mm, with notable contributions of
September, October and November (121.3 mm, 141.1 mm and 119.1 mm, respectively) and
an unusually high amount of 365.8 mm for December, all of them representing a notable
contribution to the annual amount.

Table 2. Basic characteristics of rainfall amounts (in mm) at annual and monthly scales (minimum,
maximum, average, standard deviation and skewness). The most relevant values are written in

bold type.
Minimum  Maximum Average Std. Deviation Skewness
January 0.0 262.4 38.0 38.5 2.3
February 0.0 275.1 34.7 36.1 2.4
March 0.0 188.2 48.7 38.2 1.3
April 0.0 259.3 53.7 36.9 1.3
May 0.0 235.1 53.7 404 1.3
June 0.0 183.3 37.1 32.3 1.6
July 0.0 163.2 26.2 28.0 1.6
August 0.0 196.2 39.3 34.8 14
September 1.4 338.5 78.4 55.9 1.4
October 0.5 328.6 78.6 59.2 1.5
November 0.0 330.4 58.0 51.5 1.7
December 0.0 365.8 43.0 45.1 2.6
Annual 215.6 1122.7 589.5 155.4 0.5




Climate 2024, 12, 166

9 of 25

3.2. Rainfall Discrepancies with Respect to Years 1961-1990

A different point of view of the irregularity of the series is the comparison between the
rainfall amounts, with the average values corresponding to the reference period 1961-1990.
Figures 4 and 5a depict the evolution of these discrepancies (relative deviations) of monthly
and annual amounts.
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Figure 4. Relative deviations (%) of monthly rainfall amounts compared to the average for each
month during 1961-1990. Red vertical dashed lines mark this reference period.

In agreement with the definition of the mentioned rainfall discrepancies, explained in
Section 2, the extreme negative percentage at monthly scale, —100%, of Figure 4 represents
null monthly amounts. The highest positive percentages are obtained in July, February and
December, with a percentage of 600%. Conversely, the lowest discrepancies correspond to
April, May, August, October and November.
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Figure 5. (a) Relative deviations (%) of annual rainfall amounts compared to the 1961-1990 average
(reference period marked by red vertical dashed lines). (b) Detailed view for 1991-2023, showing a
non-significant negative trend of —0.89% per year (blue trend line).

From the point of view of the tendency of the annual rainfall amounts, the negative
discrepancies for the interval 1991-2023 are notably dominant (Figure 5b). Additionally, a
negative trend of —0.89%/year has been found for this interval, although it is not statisti-
cally significant.

3.3. Disparity of Monthly Amounts

The disparity, D, for the twelve calendar months has been computed for a set of
moving windows, including every step of 31 years, with a shift of one year for every
step, and the most relevant details are summarized in Tables 3 and 4. The disparity
values (Table 3) are dispersed; January, February, July, August, November and December
exhibit high maximum and average values of D, with the highest average rainfall disparity
observed in January and July. Conversely, April, May, June, August, September and October
display lower minimum values, and the lowest average disparity is observed in April and
September. In short, consistent disparities among calendar months belonging to the same
season are not always detected. From the viewpoint of the annual scale, the corresponding
disparity is notably smaller, as expected.

Table 3. Main characteristics of the disparity D (maximum and minimum values, average and
standard deviation) computed for every calendar month and at annual scale using moving windows
of 31 years length.

Maximum Minimum Average Std. Deviation
January 221 1.05 1.59 0.27
February 1.96 0.90 1.48 0.25
March 1.56 0.89 1.14 0.11
April 1.25 0.62 0.97 0.13
May 1.49 0.45 1.05 0.22
June 1.70 0.82 1.32 0.23
July 2.50 1.05 1.78 0.34
August 2.14 0.59 1.35 0.41
September 1.19 0.55 0.90 0.13
October 1.58 0.54 1.07 0.26
November 1.96 0.88 1.36 0.26
December 1.85 0.87 1.39 0.22

Annual 0.35 0.18 0.27 0.04
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Table 4. Trends, modified Mann-Kendall test for autocorrelated data (mM-K test, [60]) and confidence
level (%) for the evolution of the disparity D for moving windows of 31 years length. In bold,
significant trends at 99% confidence level.

Trend (x10-3 year—1) mM-K Test %

January 2.5 1.72 91
February 0.9 1.42 85
March 0.2 0.31 24
April 0.2 0.20 16
May 0.4 —0.44 34
June —0.8 —1.20 77
July —0.1 —0.01 1
August —0.2 —0.36 28
September 1.0 3.90 99
October 2.8 4.16 99
November 3.6 5.59 99
December 0.2 0.27 22
Annual 0.03 0.18 14

To detect trends in the MW31 disparity series at monthly and annual scale, a modified
Mann-Kendall test for autocorrelated data has been used [60]. In agreement with Table 4,
the evolution of D along the years has shown statistically significant increasing trends for
the autumn months September, October and November, with a confidence level exceeding
99%. 1t is relevant to note that the maximum positive trend of 3.6 x 10~3 year~! is for
November. For January and February, the increasing trends found are only significant
at a confidence level of 91% and 85%, respectively, and from March to August, together
with December and at annual scale, the percentages of confidence level are notably lower.
Therefore, an increasing disparity of the monthly rainfalls is particularly evident throughout
the autumn season, for which the highest amounts could be more probable, and part of
the winter. Bearing in mind that some of these calendar months (especially those of
the autumn season) could contribute to compensating previous monthly droughts, their
increasing disparities represent an additional difficulty to forecast their monthly amounts
and, consequently, the end of continuity of severe drought episodes.

The evolution of the disparity at both monthly and annual scales is described in
Figures 6 and 7. Clear oscillations in the disparity are observed along the moving windows,
with the exception of March and September, which are characterized by small fluctuations.
The most pronounced oscillations are seen in July and August, with periodicities exceeding
100 years, while relatively clear periodicities between 40 and 75 years are detected for the
other months. For the annual scale, D also shows signs of oscillations with periodicities
between 50 and 90 years, demonstrating a clear correlation with annual rainfall amounts,
which exhibit similar periodic oscillations (see Figure 3e).
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Figure 6. Evolution of the disparity for every calendar month (1786-2023) using moving windows,
with corresponding linear (blue) and polynomial (red) fits. The dashed line represents the mean
disparity value.
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Figure 7. Evolution of annual disparity (1786-2023) using moving windows, with corresponding
linear (blue) and polynomial (red) fits. The dashed line represents the mean disparity value.
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3.4. Disparity and WeMO Relationships with Moving Windows

After revising the results of the disparity at monthly and annual scale, it has to be
accepted that every one of the calendar months and the annual series depict different
evolutions of D along the two-hundred years records. This fact probably increases the
difficulty of monthly amounts forecasting, generating more difficulties and uncertainties on
the length of a dry spell, a very important factor in the Western Mediterranean, as well as in
many areas of the whole southern Europe, where drought episodes are quite usual [29,30].
The forecasting results of monthly amounts could be improved by means of the Western
Mediterranean Oscillation index [26,45-47] and the disparity, with a process quite similar
to those applied by means of the ARIMA algorithm to only consecutive series of monthly
amounts [31,42].

The monthly WeMOi series are represented in Figure 8. The relationships between
the disparities and the WeMOi (Figure 9) have been investigated after averaging the latter
variable with the same 31-year moving windows as those applied to the disparity. To
avoid overestimated relationships between these two autocorrelated variables, we have
determined the Pearson correlation for the residuals obtained after fitting an ARIMA model
to each series [44,64]. The results show that no significant correlations were found at
the 95% confidence level. Only three months, January, February and July, have shown a
significant linear relationship between the averaged disparities and WeMO;j, at a confidence
level above 90%. At the annual scale (Figure 10), the dependence of annual disparities
on WeMO annual values shows a non-significant negative tendency, with the maximum
disparity values corresponding to an average WeMO around 0.4 hPa.
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Figure 8. Evolution of the WeMO (hPa) for each calendar month (1821-2020). The red line represents
a second-order polynomial fit. The WeMO dataset has been kindly provided for the Climate Change
and Landscape Ecology Research Group of the University of Barcelona and is available at [52].
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Figure 9. Relationship between the mean monthly disparity and the mean monthly WeMOi (hPa).
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3.5. Autumn Calendar Months Characteristics

Areas of NE Spain close to the Mediterranean coast are typically characterized by a
high contribution of the autumn period to the corresponding annual amount. Nevertheless,
this contribution could notably change year by year. The specific case of Barcelona series
is described in Figure 11a-d. The autumn amounts (Figure 11a), including September,
October and November in this research, have a global average contribution to the annual
amount of 36.3%. Sometimes these contributions exceed 60% of the corresponding annual
amounts; nevertheless, contributions of 20-30% are also evident. These discrepancies on
the contribution to annual amounts have to be attributed to the disparity of every one of
these three months, being also relevant the small, but negative tendency, of —0.023% per
year, Mann-Kendall significant at the 98% confidence level. The complex contribution of
these three months to the annual amounts is also described in Figure 11b, indicating that the
possible percentage range of autumn contributions is wider for low annual amounts than
for higher ones. For instance, for relatively dry years with annual rainfall between 200 and
400 mm, autumn contribution percentages range from 10% to 67%, whereas for rainy years,
with a total annual rainfall above 900 mm, the autumn contribution percentages vary within
a narrower band, between 27% and 53%. Another point of view of the relevance of these
three months on the contribution to the annual amounts is described in the histogram of
Figure 11c. Close to 140 autumn amounts, almost for the 60% of years, generate 30-50% of
their corresponding total annual amount. Finally, Figure 11d describes the contribution of
September, the autumn month with the highest negative trend, highlighting three relevant
factors. First, the oscillations of the September amounts throughout the years are notable.
Second, for a not negligible number of years, the September amount contribution is very
relevant (>30%). Third, the negative trend of the cumulated three months (Figure 11a) and
that corresponding to September are very similar. It is important to note that, although the
overall annual trend is positive, the considerable contribution of the autumn season to the
annual totals tends to decrease.
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Figure 11. (a) Percentage of the total amounts recorded along September, October and November.
(b) Relationship between annual amounts and autumn amounts corresponding to the mentioned
percentages. (c) Histogram of the percentage of years with the percentage of autumn amounts
contributing to annual amounts. (d) In detail, percentage of the total amounts recorded along
September. Trend lines in blue.
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Another relevant factor to bring into the analysis could be the distribution of the
autumn monthly amounts depending on WeMOi values. The highest monthly amounts
are usually obtained by negative or small positive values of WeMOi. As anticipated from
known results [45], a clear linear relationship between monthly amounts and WeMOi has
not been observed for all months. Both September and October are the two months with
the highest mean contribution to the annual amount, each at 13.3%. However, while a
negative slope of —3.6 mm hPa~! between monthly amounts and WeMOi, with a non-
significant correlation, has been observed for September, the negative slope for October
is statistically significant. Pearson correlations with significant coefficients of —0.28 and
—0.32 and similar negative slopes (—15.0 and —13.8 mm hPa~!) were detected for the
autumn months October and November. In addition, a similar and significant negative
slope (—14.5 mm hPa~!1, with a correlation of —0.32) has also been found for the month
of December (see Figure 12). For these three months, October, November and December,
future amounts could be affected by the evolution of the WeMOi.
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Figure 12. WeMO values (hPa) associated with the rainfall amounts for September, October, Novem-
ber and December. Linear fits are shown in blue.

An illustrative example of the contributions of September, October and November
in recent years is summarized in Table 5. Years with lower-than-average annual rainfall
(<589.5 mm) over the 238-year record are listed, beginning in 2000. Of the fifteen years
shown, the lowest annual amounts occur in the consecutive years 2021, 2022 and 2023. The
ratios of the autumn contributions to the annual totals are notably small in 2004 and 2022,
with ratios of only 18.5% and 10.4%, respectively. In eight of the fifteen cases, the ratio is
lower than the average percentage of 36.3%



Climate 2024, 12, 166

17 of 25

Table 5. Fifteen years between 2000 and 2023 with annual rainfall amounts below the average
of 589.5 mm from the complete database. This table includes the corresponding contributions of
September, October and November (in mm) and the percentage of the cumulative three-month total,
referred to as the Ratio, relative to the annual amount. Values in bold indicate ratios lower than 36.3%,
which is the average Ratio for the entire series.

Year Annual September October November Ratio
2000 469.1 56.4 61.1 13.9 28.0
2001 472.3 48.7 36.8 67.8 32.5
2004 588.4 71.1 279 9.8 18.5
2005 558.4 105.6 127.1 140.3 66.8
2006 474.6 154.1 379 1.5 40.8
2007 493.6 9.9 157.9 1.0 34.2
2009 524.3 29.3 103.8 4.8 26.3
2012 479.7 81.6 1459 38.8 55.5
2013 580.0 22.6 28.8 110.5 27.9
2015 345.8 60.7 29.6 38.7 37.3
2016 480.2 95.7 75.8 38.5 43.7
2017 518.4 53.3 128.2 15.2 379
2021 327.6 23.3 61.6 77.3 49.5
2022 307.7 13.1 11.3 7.6 10.4
2023 309.5 50.4 29.2 3.7 26.9

It is remarkable that the three recent years of the series, 2021, 2022 and 2023, have been
the driest years since 1835. In particular, the autumn of 2022 is the driest autumn of the
entire series and ranks second in terms of its contribution to the annual total. Furthermore,
the autumn of 2023 is among the driest 5% of the entire series. The autumns of the years
2022 and 2023 rank among the 10% that contributed the least to their respective annual
total amounts.

4. Discussion

The analysis of monthly and annual precipitation series in Barcelona has provided
updated information (up to 2023) on their main characteristics. The results obtained are
consistent with those found for these series in other studies [43,48]. In particular, the annual
amounts exhibit a good fit to the Gamma statistical distribution, potentially supporting the
validation of the two unified segments of rainfall data (years 1786-1913 and 1914-2013 [48]),
employed to obtain the overall dataset. The update from 2019 to 2023 has allowed the
inclusion of the low rainfall values recorded in the past three years in the analysis, the
driest since 1835.

Although the overall annual trend of the entire period is positive, the study of the
evolution of the annual moving windows of length 31 years and shift of 1 year has shown
a non-monotonic evolution, with clear oscillations since 1786 and up to 2023 (Figure 3e).
A very pronounced minimum has been detected between the centered years of 1820 to
1830, equivalent to the 31-year periods of 1805-1835 to 1815-1845, corresponding to the
extremely dry years of the first quarter of the 19th century. Extensive documentary sources
and literature attest to a period of significant distress that affected Catalonia, including
Barcelona, among other areas of the Iberian Peninsula, during those years. Drought and
poor harvesting led to a known subsistence crisis in 1817 [66,67]. The beginning of the
19th century was exceptionally cold and dry, especially during the years 1815-1818 [68-70].
There was a period of low solar activity known as the Dalton Minimum (1790-1830), which
falls at the end of what is known as the Little Ice Age (spanning from the early fourteenth
century to the mid-nineteenth century). This period of low solar activity coincided with
a time of significant volcanic activity, which also contributed to the overall decrease in
temperatures. In April 1815, one of the most powerful volcanic eruptions of the last
millennium occurred, that of the Tambora volcano (Indonesia), which resulted in what is
known as the “year without a summer” of 1816, with unusually low temperatures [71]. It



Climate 2024, 12, 166

18 of 25

has recently been attributed that the widening of the Hadley cell acted as the primary cause
of the notable decrease in precipitation across southern Europe during this period [72].
This widening was primarily influenced by the elevated volcanic activity, which surpassed
the significance of solar forcing. If this coincidence of extreme climatic events does not
occur, it is not expected that the observed oscillations will lead us, in the evolution of the
annual moving windows, to minima as pronounced as those corresponding to the early
19th century (Figure 3e). However, in 62.5% of the years in the period 2000-2023, annual
amounts below the average have been registered (Table 5), and the last three years of the
series—2021, 2022 and 2023—have been the driest since 1835 (Figure 3a). In the absence of
extreme climatic events like those previously cited, the latest observations suggest that the
ongoing dry conditions may be related to anthropogenic influences.

Since the end of the 20th century and extending into a significant portion of the 21st
century, the annual rainfall levels in Barcelona have shown a trend characterized by both
a decrease in their overall values and a substantial increase in the coefficient of variation.
Notice the resemblance between the coefficient of variation (CV) over time (Figure 3f) and
the disparity D (Figure 7), confirming that these two statistics are similarly effective in
evaluating the rainfall irregularity of a place [47]. In other words, a growing disparity has
been detected in consecutive annual rainfall amounts, also exhibiting a tendency towards
decreased overall amounts. This behavior has been reported in other studies, some of
them using other ways to measure the increasing irregularity of the rainfall pattern in the
area [20,23,73].

An alternative perspective on the irregularity of the series is to compare the rainfall
amounts with the average values from the reference period 1961-1990, as proposed by
the World Meteorological Organization for historical comparison and climate change
monitoring for long-term climate change assessments [61]. The discrepancies with respect
to the reference period 1961-1990 during the period 1991-2023 are predominantly negative
(23 out of 33 years). A linear fit of these discrepancies has revealed a negative trend of
—0.89% per year, indicating a probable continuing reduction in annual rainfall amounts in
the near future in the area [74,75].

At the monthly scale, the maximum amounts recorded in September, October, Novem-
ber and December for the studied sample were notable (Table 2). However, equally note-
worthy were their highest standard deviations, particularly during the autumn months.
Regarding the evolution of disparity at the monthly scale, there is a notable increase during
the autumn season, during which the highest amounts could be more expected. Bearing in
mind that some of these autumn months could contribute to compensating for previous
monthly droughts and mitigate the effects on agriculture, human health and water supplies,
their increasing disparities raise questions about their potential contribution to ending
the continuity of severe drought episodes that are quite usual in many areas of Southern
Europe [76,77]. Thus, the found disparity trends suggest a more irregular pattern of rainfall
at both the monthly and annual scales in the forthcoming years, potentially leading to
increased frequency or severity of droughts.

Monthly rainfall forecasting could be enhanced by incorporating disparity, utilizing a
methodology akin to that employed by the ARIMA algorithm for analyzing consecutive
series of monthly amounts [31,42]. Even so, the dispersed disparity values and trends
observed according to the calendar month, as well as throughout the over-200-year time
series, suggest that it would be appropriate to introduce a variable that carries information
about atmospheric dynamics into the analysis: the WeMOi [45-47].

Due to the presence of autocorrelation in the average series obtained after using mov-
ing windows, the correlation between the averaged disparity and WeMOi has been assessed
by examining the residuals of each series after fitting an ARIMA model to them [44,64]. This
refined correlation study has not revealed significant correlations between disparity and
WeMOi for spring and autumn. However, for winter, significant correlations between the
residuals were observed for January and February, and only July exhibited a significant cor-
relation during the summer period. These inconclusive results suggest that more variables
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need to be introduced into the analysis to capture the possible indirect relationship between
disparity and WeMOi. For instance, significant linear relationships between disparity (and
also CV) and the correlation of WeMOi with precipitation at several weather stations in
Catalonia were found for both seasonal and annual scales [47].

In light of the present results, one can infer that low annual rainfall amounts have been
quite common during the first two decades of the 21st century. Moreover, the contribution
of autumn months has not been sufficient to compensate for drought episodes, likely due
to the negative trend observed in autumnal rainfall. Notably, the last three years of the
series, 2021, 2022 and 2023, have been the driest since 1835. In particular, the autumn of
2022 stands out as the driest in the entire series, ranking second in terms of its contribution
to the annual total. Similarly, the autumn of 2023 is among the driest 5% of the series. These
exceptionally dry conditions have prompted authorities to implement stringent water
usage restrictions to manage the crisis [78].

Given that autumn is a season when rainfall can compensate for previous dry months,
changes in atmospheric circulation that result in reduced autumn precipitation should not
be discarded. Basically, a relatively copious rainfall regime on the northeastern Spanish
coast is more associated with Mediterranean cyclogenesis and mesoscale convective sys-
tems, rather than with Atlantic fronts crossing the Iberian Peninsula from west to east.
Therefore, the observed negative trends in autumn rainfall could be linked to changes in
the frequency of these types of disturbances affecting the area. Figure 13 illustrates the
synoptic maps at sea level and 500 hPa [79], corresponding to six rainy episodes in autumn
2018, one of the rainiest autumns in the series, with a total rainfall of 448.1 mm and a
contribution of 45% to the annual total (988.0 mm). In the first five cases shown, cold air at
high altitudes over Barcelona and low surface pressure can be observed, with the center of
a deep low-pressure system located in the northern latitudes extending its influence over
Spain. The daily rainfall amounts recorded during these events range from 21.8 mm to 56
mm. The maps for 9 October and 9 November depict an isolated depression at 500 hPa over
northeastern Spain. In contrast, the situation on 15 November, which produced the highest
daily precipitation of 139.9 mm, has different characteristics. Although surface pressure is
not low (1020 hPa), the isolated depression at 500 hPa is situated southwest of the Iberian
Peninsula, with maritime easterly advections providing the necessary humidity towards
the coast of Barcelona. This pattern results in heavy precipitation along the Mediterranean
coast of Spain.

Conversely, Figure 14 represents one of the driest autumns in 2022, with only 32 mm
of rainfall and an annual total of just 307.7 mm. The panel for 2 October shows a stable
situation, characterized by a high-pressure system centered over Spain. In the panels for 14
and 18 October and 2 and 14 November, despite the high-pressure center being displaced
relative to the Iberian Peninsula, its influence reaches the northeastern Spanish coast with
pressures above 1020 hPa. At 500 hPa, cold air does not reach our latitudes or is located to
the west or east of the Iberian Peninsula.

14 October 2018

endrucl

Figure 13. Cont.
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Figure 13. Synoptic maps at sea level and 500 hPa [79] corresponding to six rainy episodes in autumn
2018, one of the rainiest autumns in the series, with a total rainfall of 448.1 mm and a contribution of
45% to the annual total (988.0 mm).

Figure 14. Cont.
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Figure 14. Synoptic maps at sea level and 500 hPa [79] corresponding to autumn 2022, one of the
driest autumns in the series, with only 32 mm of rainfall and a contribution of only 10% to the annual
total (of just 307.7 mm).

5. Conclusions

The importance of having a long and complete series is crucial for understanding the
rainfall behavior of a region. In previous studies with shorter series, monotonic trends,
either positive or negative, were obtained, depending on the period considered. In this
work, it has been shown that alternating periods of positive and negative trends have
occurred in the past, and that drier episodes than those observed in recent years were
detected in the early 19th century. The good fit of the annual precipitation data in Barcelona
to the Gamma statistical distribution supports the validation of the combined dataset
derived from historic records spanning two distinct periods reconstructed by [48]. This
validation enhances confidence in the reliability and consistency of the dataset, further
enriching the understanding of long-term rainfall trends and variability in the area.

The study of annual moving windows of 31-year length and 1-year shift has revealed
clear oscillations from 1786 to 2023, including a pronounced minimum between 1820 and
1830, coinciding with extremely dry years in the early 19th century. This drought period has
been attributed to the coincidence of astronomic and geologic causes implied in changes
in the atmospheric circulation, which caused a notable decrease in precipitation across
southern Europe. It is unlikely that the extreme minimum observed in the annual moving
windows of the early 19th century will recur without a convergence of similar climatic
causes. However, in 62.5% of the years in the period 2000-2023, annual amounts below
the average have been recorded, with the last three years of the series, 2021, 2022 and 2023,
being the driest in the last 190 years. In fact, the cumulative rainfall over those three years
has been the lowest of any three consecutive years in the past 200 years. Given the notable
average contribution of the autumn months to the annual totals, which stands at 36.3%,
this exceptionally low total rainfall can be linked to the extremely dry autumns of 2022 and
2023, both of which rank among the driest 5% of the entire series.

By incorporating rainfall values from recent years, the rainiest month in the area,
September, is confirmed as having a significant negative trend, with its confidence level
reinforced up to 97%. The contribution of this month to the annual total decreases by 0.21%
every 10 years, a trend very similar to that of autumn (—0.023% per year).

At the monthly scale, the disparity trends suggest a more irregular rainfall pattern for
autumn months, when high monthly rainfall amounts are typically expected. As autumn
months usually play a crucial role in compensating for previous dry months, the increasing
disparities raise uncertainty about the frequency and severity of droughts in the area.

The monthly amounts corresponding to October, November and December have
shown a linear relationship with the WeMOi, with significant correlations and similar nega-
tive slopes ranging between —15.0 and —13.8 mm hPa~!. This fact suggests that the future
rainfall amounts during these months could be influenced by the WeMOi fluctuations.
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Future research should focus on enhancing our understanding of rainfall behaviors
and their effects on the Barcelona metropolitan area and neighboring regions. One objective
is to improve the forecasting of monthly rainfall data by incorporating WeMOi values into
suitable forecasting algorithms, particularly during autumn months when WeMOi has a
significant influence. Another aim is to apply similar strategies to rainfall data from other
rain gauges throughout Catalonia, which could provide insights into the impact of the
region’s complex topography and varying distances from the Mediterranean Sea and the
Pyrenees. Finally, analyzing changes in atmospheric circulation and the frequency with
which disturbances, such as Mediterranean cyclogenesis and mesoscale convective systems,
affect the region will be essential in explaining the observed rainfall variability.
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