
Vol.:(0123456789)1 3

Theoretical and Applied Climatology (2021) 146:981–996 
https://doi.org/10.1007/s00704-021-03773-z

ORIGINAL PAPER

Rainfall regime trends at annual and monthly scales in Catalonia (NE 
Spain) and indications of CO2 emissions effects

Xavier Lana1 · M. Carmen Casas‑Castillo2   · Raül Rodríguez‑Solà1 · Carina Serra1 · M. Dolors Martínez3 · 
Ricard Kirchner2

Received: 12 May 2021 / Accepted: 6 September 2021 / Published online: 16 September 2021 
© The Author(s) 2021, corrected publication 2022

Abstract
The pluviometric regime in the Western Mediterranean and concretely in Catalonia (NE Spain) is characterised by irregular 
amounts at monthly and annual scales, sometimes with copious short episodes causing floods and, conversely, sometimes 
with long dry spells exceeding 1 month length, depending on the chosen threshold level to define the dry episode. Taking 
advantage of a dense network of rain gauges, most of them with records length of 50–60 years and some others exceeding 
85 years, the evolution of these monthly and annual amounts is quantified by means of their time trends, statistical signifi‑
cance and several irregularity parameters. In agreement with the evolution of the CO2 emissions into the atmosphere and 
the increasing concentration, in parts per million (ppm), of this greenhouse gas, different time trends at annual scale have 
been detected up to approximately years 1960–1970 in comparison with the interval 1960–1970 to nowadays. Consequently, 
besides the greenhouse effects on the temperature regime, the influence on the pluviometric regime could not be negligible.
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1  Introduction

The rainfall amounts at monthly and annual scale for Cata‑
lonia (NE Spain) are characterised by quite notable spatial 
and temporal irregularities. They are usually consequence of 
copious episodes of short length, sometimes causing flood 
events and usually associated with eastern advections or 
convective phenomena, the closeness to the Western Medi‑
terranean playing a relevant role. Additionally, dry spells 
of notable length are also another characteristic of this plu‑
viometric regime. Some examples of these complexities 
and irregularities, which include daily, monthly and annual 
amounts relationships with surface synoptic circulations, 

annual extreme drought characteristics, and rainfall shortage 
characterised by the standardised precipitation index, SPI, 
have been analysed years ago by Serra et al. (1998), Lana 
and Burgueño (1998), Lana et al. (2001, 2004), Martínez 
et al. (2007) and Casas et al. (2007), among others.

Apart from all these characteristics of the rainfall pat‑
tern, negative time trends on rainfall amounts at monthly 
and annual scale would be another factor of complexity to 
design a right use of water resources for agriculture, indus‑
try, drinking water supply or generation of hydroelectric 
power, for instance. Flood episodes, caused by short inter‑
vals of copious rainfall amounts, contributing to the monthly 
rainfall irregularity, should be another question to be care‑
fully analysed given that these episodes could affect metro‑
politan areas with high density of inhabitants (Lana et al. 
2019, 2020b) or agricultural areas where harvests could be 
damaged.

Expected time trends on Western Mediterranean associ‑
ated with the climatic change phenomenon (Pérez and Bos‑
colo, 2010) and more concretely with an increment of CO2 
emissions (Meinshausen et al. 2017) are the main objective 
of this paper, distinguishing time trends for the complete 
recording rainfall and for the interval since 1960–1970 up 
to nowadays. Whereas the magnitude of every time trend 
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is quantified searching for a linear trend on every one of 
the series, the statistical significance of these time trends 
is determined by applying the Mann–Kendall test (Sneyers 
1990). A possible relationship between annual CO2 emis‑
sions and annual rainfall amounts is analysed by means of 
the cross-correlation between both types of annual data.

The contents of this paper are structured as follows. Section 1 
(Database) describes the most relevant characteristics of the rain 
gauges network covering Catalonia (NE Spain), with a notable 
degree of data quality, which has been yet used in previous anal‑
yses. Section 2 details the most relevant climatic characteristics 
of the analysed area, including a brief description of the most 
relevant topographic features conditioning the different rainfall 
behaviours. Section 3 offers a complete and detailed descrip‑
tion of the evolution detected on annual and monthly amounts, 
being possible to distinguish areas with positive and negative 
time trends and areas where these time trends achieve the highest 
statistical significance. Additionally, the evolution of the rainfall 
regime irregularity is analysed by means of several disparity 
indices and fractal theory. The evolution of annual amounts is 
compared in Section4 with the corresponding CO2 emissions, 
being quantified the degree of cross-correlation among both time 
series. The results obtained are summarised and discussed in 
Section5, being qualitatively described the future expected char‑
acteristics of the pluviometric regime. Finally, the conclusions 
of this research are summarised in Section6.

2 � Database

The orography of Catalonia (NE Spain) is quite complex 
(Fig. 1a), with altitudes close to 2,900 m in some areas 
of the Eastern Pyrenees, 2,000 m in the Pre-Pyrenees, 
between 900 and 1,500 m in the Pre-Littoral chain, close 
to 500–600 m in the Central Basin and only a few hundred 
metres in the Littoral chain, contributing to its climatic 
diversity. Consequently, a dense pluviometric network is 
necessary. The 96 monthly and annual rainfall series have 
been obtained from Servei Meteorològic de Catalunya 
(SMC, www.​meteo.​cat), the meteorological agency of Cat‑
alonia, complemented with records from two other scien‑
tific organisations: Fabra Observatory (Reial Acadèmia de 
Ciències i Arts, RACA, Barcelona) and Ebro Observatory 
(Ramon Llull University, URL, and Consejo Superior de 
Investigaciones Científicas, CSIC, Spanish Government). 
The same dataset has been used (Lana et al. 2020a, 2021) 
to study several questions concerning rain amounts multi‑
fractal complexity and forecasting at monthly scale, with 
the aim of preventing forthcoming droughts episodes at 
monthly scale. Figure 1b details the distribution of the 
96 rain gauges, which were chosen bearing in mind sev‑
eral constraints of data quality. First, tests of homogene‑
ity and data quality (Llabrés-Brustenga et al. 2019) were 

applied. Second, very short data lags of a few days were 
substituted by those generated by a kriging interpolation 
process (Stein 1999; Press et al. 2007) based on available 
daily records close to a gauge without data and the topog‑
raphy of the area around these emplacements. In this way, 
completeness of chosen monthly data was guaranteed. 
A length of 40 years, used in the previously mentioned 
papers, has been enlarged from 80 to 105 years for 11 
available monthly records. A better analysis of changes on 
time trends along the beginning of the twentieth century 
up to nowadays is then available and some relationship 
between these changes and those detected on CO2 incre‑
ment emissions into the atmosphere can be analysed.

3 � Climate characteristics

The climate of Catalonia (NE Spain) could be globally 
qualified as Mediterranean in agreement with the Köp‑
pen-Geiger classification (Mc Night and Hess 2000) with 
closeness to a warm sea (Western Mediterranean) and a 
notable distance to the Atlantic Ocean. Nevertheless, a 
notable variability due to a complex orography (Fig. 1a) 
must be considered. The most relevant mountain chains are 
the Pyrenees and Pre-Pyrenees at the North, Littoral and 
Pre-Littoral chains close to the Mediterranean coast and 
the Transversal chain. Additionally, it has to be also taken 
into consideration the Central Basin (SW of Catalonia). 
From the point of view of rainfall patterns and drought 
episodes, this orographic complexity and the atmospheric 
circulation patterns are basic factors governing the dif‑
ferent rainfalls regimes in Catalonia. Western circulation 
from the Atlantic Ocean and Western and North-western 
circulations crossing the Pyrenees should be associated 
with episodes of scarce rainfall amounts (except for the 
north face of the Pyrenees). Low-pressure nuclei crossing 
Catalonia, which can be reactivated when they reach the 
Mediterranean see, as well as Eastern advections, notably 
contribute to rainfall amounts. Additionally, convective 
phenomena, usually in summer, with flow of humid air 
masses from the Mediterranean and cold air masses at high 
levels, could generate copious and short rainfall episodes, 
interrupting drought episodes, but sometimes also causing 
floods (Lana et al. 2008; Pérez-Zanón et al. 2018; Llabrés-
Brustenga et al. 2020).

In agreement with the exposed orographic and dynamic 
atmospheric variability, a single rainfall pattern for the 
whole domain of Catalonia has to be discarded. Two recent 
examples would be the multifractal analysis and the fore‑
casting of monthly rainfall amounts (Lana et al. 2020a, 
2021). Consequently, it is expected that several parameters 
quantifying the evolution of annual and monthly rainfall 

http://www.meteo.cat
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amounts (time trends and their statistical significance, as 
well as irregularity of consecutive rainfall amounts) will 
depict a heterogeneous spatial distribution.

4 � Evolution of monthly and annual amounts

The mentioned complex orography contributes to a 
heterogeneous spatial distribution of time trends at 
monthly and annual scales. A first approach to this 
heterogeneity is summarised in Table  1, where the 
predominance of monthly negative trends with statisti‑
cal significance (Mann–Kendall test) equalling to or 
exceeding at least 85% is notable for winter and the 
beginning of spring (December, February and March) 
and exceptional in summer (June). Conversely, April is 
characterised by a predominance of positive time trends. 
The complex spatial distribution of time trends signifi‑
cance at monthly scale is shown in Fig. 2, where the 
thick black line delimits areas with statistical signifi‑
cance equalling to or exceeding 90%. It must be under‑
lined that areas accomplishing this constraint increase 
or decrease along the year and that these nuclei change 
their geographic emplacement. Whereas the nuclei of 
high significance are dispersed in December, they are 
concentrated in the eastern Pyrenees (February), West‑
ern and NW Pyrenees (March), April (SW Catalonia) 
and covering a wide area of Catalonia in June. Five 

examples of the monthly evolution (June) characterised 
by statistically significant negative time trends varying 
from − 0.75 (maximum trend) to − 0.22 mm/year (mini‑
mum trend) are depicted in Fig. 3. Given that these five 
series are included in the 11 samples of rain gauges with 
the longest records, these time trends and the smoothed 

Fig. 1   a Schematic orography of Catalonia (NE Spain) and satellite photography. b Network of rain gauges, Catalonia (NE Spain). Bold green 
triangles correspond to the 11 rain gauges with record length equalling to or exceeding 85 years

Table 1   Number of detected positive and negative monthly trends 
with statistically significant levels of 85, 90, 95 and 99%, in agree‑
ment with the Mann–Kendall test. Cases associated with positive and 
negative significant trends are detailed within parenthesis. The last 
column visualises the number of total statistical significant trends

99% 
(+ , −)

95% 
(+ , −)

90% 
(+ , −)

85% 
(+ , −)

(+ , −)

January –- 2 (1, 1) –- –- (1, 1)
February 7 (0, 7) 7 (0, 7) 3 (0, 3) 12 (0, 12) (0, 29)
March 7 (0, 7) 8 (0, 8) 7 (0, 7) 9 (0, 9) (0, 31)
April 6 (6, 0) 6 (6, 0) 2 (1, 1) 6 (6, 0) (19, 1)
May 1 (1, 0) 3 (1, 2) 2 (0, 2) 5 (1, 4) (3, 8)
June 10 (0, 10) 23 (0,23) 8 (0, 8) 9 (0, 9) (0, 50)
July 2 (0, 2) 11 (5, 6) 3 (0, 3) 7 (0, 7) (5, 18)
August 1 (0, 1) 2 (0, 2) 7 (0, 7) 5 (0, 5) (0, 15)
Septem‑

ber
2 (1, 1) 1 (1, 0) 6 (1, 5) 1 (0, 1) (3, 7)

October –- 1 (0, 1) 3 (0, 3) 2 (1, 1) (1, 5)
November –- 2 (1, 1) 4 (4, 0) 2 (2, 0) (7, 1)
December 2 (0, 2) 6 (0, 6) 11 (0, 11) 12 (2, 12) (2, 31)
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evolution (thick black line) have been computed for a 
common interval of 65 years (1950–2015), becoming 
a good picture of these predominant monthly summer 
rainfall trends.

The evolution at annual scale of the pluviometric regime 
is described in Fig. 4, showing the spatial distribution of 
dispersed nuclei of statistical significance equalling or 
exceeding 90% and the spatial distribution of time trends. 

Fig. 2   Spatial distribution at monthly scale of time trends statistical significance. Thick black lines delimit areas where significance trends 
exceed 90%
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Given that the annual statistical significance would be 
a superposition of the 12 monthly scales, the effects, for 
instance, of June time trends would be smoothed. Neverthe‑
less, depending on the necessities of water supplies (agricul‑
ture, industry, potable water and hydroelectric power), both 
the usual rainfall amount oscillations along the year and the 
monthly and annual trends should be carefully considered. 
With respect to the time trends, it is worth mentioning two 
small nuclei with high negative time trends (5–10 mm/year), 
another disperse areas with positive time trends (0–5 mm/

year) and a clear predominance of moderate negative time 
trends (less than 5 mm/year). The results concerning these 
annual time trends are not negligible bearing in mind that 
they have been computed for a common recording length of 
40 years. Consequently, the dominant negative time trends 
(0–5 mm/years) would represent a maximum reduction of 
200 mm along the last 40 years.

A more complete point of view of this decreasing ten‑
dency on the rainfall amounts can be obtained by taking 
advantage of the available 11 rain gauge records exceeding 

Fig. 3   Several examples of 
monthly amounts evolution for 
June, which is the month with 
the highest number of detected 
statistically significant trends. 
Thin and thick lines respectively 
depict the annual evolution of 
June amounts and the smoothed 
profile of this evolution. Dashed 
line describes the time trend
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85 years. Figure 5 depicts the evolution of these records, 
being detected only three positive trends (gauges MI006, 
PJ017 and RE023) which change to negative when the 
time trends are computed for years 1950(1960)–2015. 
Consequently, 8 available long recorded data cover‑
ing a good part of the twentieth century up to nowadays 
depict negative time trends and the other three examples 
of positive time trends change to negative when the last 
55–65 years are analysed. Then, the behaviour of the 96 
rain gauges for the last 40 years, with a high percentage 
of monthly and annual negative time trends, is reinforced 
by the comparison with the longest records exceeding 
80 years. In agreement with these results, besides monthly 
patterns characterised by increasing and decreasing trends, 
a reduction of annual rainfall amounts could be expected 
along the twenty-first century. This possibility could be in 
agreement with the evolution of CO2 emissions (https://​
www.​stati​sta.​com) and the corresponding increment of 
remaining CO2 into the atmosphere (Meinshausen et al. 
2017).

Another relevant question is the degree of irregularity of 
the annual series, based on concepts of disparity and frac‑
tal analysis. Different parameters associated with this pos‑
sible irregularity are considered, three of them based on the 
concepts of variability and general and specific disparity 
parameters. A detailed description and definition of these 
three parameters, as well as their application to the annual 
rainfall regime of the southwestern Iberian Peninsula, can 
be found in García-Barrón et al. (2011). The first parameter 
is a running variation coefficient,

with average and standard deviation computed for con‑
secutive segments of γ = 11 years, this length segment being 
chosen in agreement with the well-known periodicity on 
rainfall amount series {Pi} and the concordance with the 
periodicity of the solar activity (Cameron and Schüssler 
2019). A general disparity index, GDI

for every complete annual series is also computed, which 
is based on the cumulated square discrepancies between 
consecutive annual amounts divided by the average μ of 
all the available annual amounts. This index only offers a 
global point of view of the irregularity and a specific dispar‑
ity index; SDI is also convenient, offering a more detailed 
description of the irregularity evolution, being also interest‑
ing to analyse the maximum and minimum SDI values for 
every annual rainfall series, searching for some relationship 
between these SDI extremes and the rainfall average for the 
whole set of annual data. This last index is computed by tak‑
ing into account three consecutive annual amounts for every 
year i (Pi-1, Pi, Pi+1), being added the square discrepancies 
for pairs (Pi-1, Pi) and (Pi, Pi+1) and after that divided by the 
average, μ(i), of the three corresponding consecutive annual 
amounts

(1)CVAR (i) =
�(i, �)

�(i, �)

(2)GDI =
1

�

{∑
i
(Pi+1 − Pi)

2∕(n − 1)
}1∕2

(3)SDI =
1

21∕2�(i)

{
(Pi+1 − Pi)

2 + (Pi − Pi−1)
2
}1∕2

Fig. 4   Spatial distribution of annual trends and their statistical significance

https://www.statista.com
https://www.statista.com
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Fig. 5   Annual amount evolution for the longest annual records exceeding 80  years. Three time trends (gauges AD004, MI006 and PJ017) 
detected since 1960 notably differ with respect to those obtained for the whole available records
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Another parameter related with the degree of irregularity 
is a scaling exponent which has been also associated with 
CO2 increases (Lana et al. 2021). The scale properties of 
rain can be expressed through statistical relationships that 
describe its fractal behaviour (Schertzer and Lovejoy 1987). 
The statistical moments of the probability distribution of the 
annual maximum rainfall intensity It for a duration t can be 
related to the moments of the corresponding distribution on 
another scale � t using the scaling relationship (Burlando 
and Rosso 1996; Menabde et al. 1999).

A relationship between the values of the scaling exponent 
�  and the characteristics of the rainfall pattern of the place 
of study has been reported (Rodríguez-Solà et al. 2017; 
Casas-Castillo et al. 2018a, b). In rainy areas, where syn‑
optic rain is usually prevailing, the parameter � usually gets 
the lowest absolute values. On the other hand, in other zones 
with a more irregular rainfall regime, which are usually drier 
and sometimes present a notable proportion of convective 
rainfall, the absolute value of this parameter is higher.

With the aim of guaranteeing a quality of the results 
obtained with the four irregularity parameters, only the 
irregularity for the longest 11 annual records, covering a 
minimum of 85 consecutive years and without gaps, has 
been computed. Table 2 summarises the results obtained 
for parameters GDI; the average annual amount, μ, for 
every complete series; the extreme maximum and mini‑
mum values of the parameters CVAR and SDI; and the 
fractal single scaling parameter β. The parameter GDI 
offers a global overview for every annual series, being 
detected signs of regularity (relatively small GDI and 
moderate β values) for gauges AD004 and OS023 on the 
mountainous area of the Pyrenees and Pre-Pyrenees, with 
the highest averaged annual amounts. The very similar 
values of minimum CVAR close to zero suggest that the 
11 annual series are characterised by some intervals of 

(4)⟨Iqt ⟩ = ��q ⟨Iq
�t
⟩

regularity (low standard deviations in comparison with 
the corresponding average amounts). The maximum val‑
ues of CVAR lowering 0.80 (gauges AD004, OS023 and 
MI006) associated with moderate irregularity are char‑
acterised by mean annual amounts of 991.8, 747.0 and 
658.2 mm, respectively, which could be qualified as rela‑
tively copious, especially the gauge AD004, and of moder‑
ate rainfall regimes, in comparison with a standard Medi‑
terranean rainfall regime. CVAR maxima values exceed 
0.8, sometimes close to or exceeding 1.0, for the other 8 
gauges. It is worth mentioning that for six of these annual 
series, the mean annual amounts do not exceed 600 mm 
and it is noticeable the highest maximum CVAR (1.08) 
assigned to gauge RE023 with a mean annual amount of 
only 432.6 mm.

An additional characterisation of the irregularity is 
obtained by the parameter SDI. The minimum values of 
this parameter do not exceed 0.21, suggesting that for some 
windows of 3 consecutive years, the irregularity is small. 
An example of notably low irregularity would be again the 
gauge AD004 (SDImin = 0.09) with a mean annual amount of 
991.8 mm. With respect to the maximum values of SDI, it is 
noticeable that gauges AD004 and OS023 are characterised 
again by moderate irregularity, with parameters equalling to 
or lowering 0.30. It is relevant to remember that these two 
rain gauges could be also characterised by low irregularity 
in agreement with the maxima of CVAR parameter.

The increase or decrease of rainfall irregularity can be 
quantified by revising the time trends of CVAR and SDI for 
years (1960–2010). Only CVAR annual series for gauges 
AD004, AP024 and OS023 depict small positive time trends 
(9.6 × 10−4, 1.69 × 10−3 and 7.90 × 10−4  year−1, respec‑
tively). For the other 8 records, the CVAR trends are nega‑
tive and slightly higher, varying from − 0.68 × 10−4 (AP011) 
to − 3.54 × 10−3 year−1 (RE023). With respect to the SDI 
parameter, only a small positive trend (7.22 × 10−5 year−1) 
is detected again for gauge AD004. All the other 10 SDI 
curves are characterised by negative time trends for 

Table 2   General disparity 
index, GDI, average annual 
amount, μ (mm/year), maximum 
and minimum values of the 
specific disparity index, SDI, 
and the long-term variability, 
CVAR, and the scaling 
parameter β 

Gauge GDI μ SDI(max) SDI(min) CVAR(max) CVAR(min) β

AD004 0.25 991.8 0.24 0.09 0.59 0.02  − 0.31
AE052 0.44 607.1 0.43 0.21 0.91 0.05  − 0.64
AP011 0.35 513.5 0.35 0.16 0.88 0.01  − 0.48
AP024 0.39 570.5 0.36 0.15 0.86 0.04  − 0.47
MA015 0.35 592.4 0.32 0.13 0.94 0.03  − 0.52
MI006 0.33 658.2 0.34 0.14 0.56 0.01  − 0.42
OS009 0.36 697.9 0.30 0.14 0.80 0.06  − 0.43
OS023 0.30 747.0 0.28 0.14 0.61 0.01  − 0.36
PJ017 0.35 594.8 0.37 0.15 0.90 0.30  − 0.37
RE023 0.48 432.6 0.47 0.18 1.08 0.02  − 0.60
TG001 0.43 541.0 0.46 0.12 0.90 0.04  − 0.52
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years (1960–2010) varying from − 8.51 × 10−5 (RE023) 
to − 5.77 × 10−3 (AE052). In agreement with the time trends 
obtained for CVAR and SDI, the changes on the rainfall 
irregularity are expected to be small for the forthcoming 
years, becoming more relevant the diminishing tendency of 
annual rainfall amounts.

The scale parameter � (Table 2) has been computed by 
taking sliding intervals of 50 years, varying the temporal 
range in 1 year and covering the rainfall records since the 
beginning of the twentieth century up to nowadays. This 

fractal parameter shows a consistent behaviour with the pre‑
vious parameters. The highest values of the parameter are 
found in the mountainous areas of the Pyrenees and Pre-
Pyrenees—AD004 (−0.31 ), OS0023 ( −0.36 ) and PJ017 
( −0.37)—while in the northern and southern coastal areas, 
the lowest values of the scale parameters are found, AE052 
(−0.64 ) and RE023 ( −0.60 ), corresponding to places with 
high irregularity. The very negative value of the parameter 
� obtained for AE052 (at the northeast coast) could not be a 
dry zone with scarce rainfall, given that its average annual 

Fig. 6   Dependence of the 
parameters GDI, maximum 
and minimum SDI, maximum 
CVAR and scaling parameter β 
on the mean annual rainfall
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precipitation is 607.1 mm, but it can be explained due to 
its irregular rainfall regime. For instance, the highest daily 
rainfall recorded in Catalonia (430 mm on October 13, 1986) 
corresponds to this rain gauge.

Some kind of correlation between the parameters quan‑
tifying irregularity and the mean annual rainfall, μ, could 
be expected in agreement with Fig. 6. The values of the 
parameters GDI, SDImax, SDImin and CVARmax depict a ten‑
dency to diminish when μ increases, being then reduced the 

irregularity degree. Additionally, the absolute value of β also 
decreases with the increase of μ, diminishing the irregular‑
ity. In spite of an accurate mathematical dependence of these 
parameters on the mean annual rainfall is difficult to stablish, 
a tendency to diminish the irregularity for an increase on 
annual amounts is quite evident.

The distance to the coastline could be another important 
factor for the rainfall irregularity. In the coastal area, even 
though mean annual rainfall could be moderate, heavy rain 

Fig. 7   Dependence of the 
parameters GDI, the maximum 
and minimum SDI, maximum 
CVAR and scaling parameter β 
on the distance to the coastline
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episodes associated to Mediterranean low-pressure systems 
bringing wet eastern winds often occur (Casas-Castillo et al. 
2018a), contributing to the rainfall irregularity. A possible 
dependence of the irregularity parameters GDI, SDImax, 
SDImin and CVARmax and the fractal parameter β on the dis‑
tance to the Mediterranean coastline is depicted in Fig. 7. 
In spite of this dependence is not very clear for parameters 
GDI, SDImax, SDImin and CVAR, the relationship between 
distance and parameter β is quite evident.

Two additional illustrative examples of the dependence 
of the irregularity on the annual amount, with very differ‑
ent annual amounts and distance to the littoral chain, are 
shown in Fig. 8. The evolution of SDI for gauge RE023, with 
the lowest annual amount and very close to the Mediterra‑
nean coast, is very different to that corresponding to gauge 
AD004, with the highest annual amount and emplaced in 
the Eastern Pyrenees. Whereas for AD004 series, the SDI 
coefficient is close to 0.2, it ranges from 0.2 to 0.4 for gauge 
RE023. With respect to the fractal coefficient β, both tenden‑
cies are negative, increasing the irregularity, being worth 
mentioning a higher increasing of irregularity for gauge 
RE023 (≈ 0.60) in comparison with gauge AD004 (≈ 0.30).

5 � The possible effects of CO2 emissions

Nowadays, given that the greenhouse phenomenon gener‑
ated by excessive CO2 emissions into the atmosphere, as 
well as by other compounds as methane gas, is absolutely 
accepted, quite evident influences on thermometric regimes, 
but also on pluviometric regimes, have to be accepted. Sev‑
eral examples of the temperature regime changes, at differ‑
ent geographic scales and due to greenhouse gases effects, 
are Bloomfield (1992), Stern and Kaufmann (2000), Jones 
and Moberg (2003), Sigró et al. (2005), Gil-Alana (2009) 
and Gil-Alana and Sauci (2019), among others. The increas‑
ing greenhouse gases could also affect the pluviometric 
regimes, changing rainfall patterns leading to extreme epi‑
sodes, increasing of flood risks or variations on IDF curves 
(Mansell 1997; Arnbjerg-Nielsen et al. 2013; Mirhosseini 
et al. 2013; Rodríguez et al. 2014; Liuzzo and Freni 2015; 
among others). Additionally, questions such as increment of 
forest fire risk (Huber 2018) or agricultural problems due to 
increments of drought episodes in semi-arid areas (Miranda 
et al. 2011) could also be consequence of a reduction of 
rainfall amounts due to the climatic change. The increasing 
annual emission of CO2 into the atmosphere for a long time 
up to nowadays can be found in https://​www.​stati​sta.​com 
(Hamburg-Germany) and the annual evolution of remaining 

Fig. 8   Two examples of the 
very different evolution of the 
parameter SDI and the scaling 
parameter β for gauges RE023 
and AD004. Thick line depicts 
the running average of SDI

https://www.statista.com
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CO2 into the atmosphere has been evaluated by Meinshausen 
et al. (2017). An example of the CO2 effects on the Mediter‑
ranean region could be the reduction of the annual amounts, 
in agreement with the negative time trends detected in this 
paper, the increasing of extreme episodes and the persever‑
ance of long drought episodes (Pérez and Boscolo 2010; 
Miranda et al. 2011). Another factor to be considered is the 
increase of the rainfall irregularity at monthly scale detected 
by Lana et al. (2021) by means of fractal analysis and with a 
remarkable relationship with CO2 emissions. The increasing 
emission of CO2 since 1910 up to nowadays is schematised 
in Fig. 9 by three different logarithmic evolutions. Whereas 
the first and third evolution (1910–1950 and 1980–2018) are 
characterised by very similar increasing slopes, the second 
evolution (1950–1980) manifests a higher slope with respect 
to the others. Assuming the slope of emissions would not 
change after 2018, a quantity close to 60 × 109 metric tonnes 
(year 2050) could not be discarded, a high value which could 
notably affect the pluviometric regime. The permanence of 
injected CO2 into the atmosphere, in p.p.m. units, since 1910 
up to nowadays is also represented in Fig. 9. In this case, 
the evolution is characterised by two well-defined linear 
evolutions. The first one (1910–1960) is almost coincident 
with the years interval corresponding to the first slope of 
CO2 emissions into the atmosphere and the second, notably 
higher in comparison with the first, covering the years asso‑
ciated with the second and third slope of CO2 emissions. The 
continuity without changes of this second slope suggests a 
concentration close to 450 p.p.m. in 2050.

One of the probable effects of CO2 emissions on pluvio‑
metric regimes, in agreement with Büntgen et al. (2021), is 
an increment of drought severity, compatible with rainfall 
irregularity and negative time trends. These authors, after 
analysing tree-ring stable carbon and oxygen isotopes from 
more than 100 samples (oaks tree), finally assumed that 
droughts since 2015 are unprecedented comparing with the 
previous 2100 years. These authors suggested that this cli‑
matic anomaly could be consequence of anthropogenic pro‑
cesses (CO2 emissions, among others) and of the atmosphere 
dynamics (changes on summer jet stream). This atmospheric 
dynamic change on summer would be coherent with the 

Fig. 9   Evolution at annual scale of CO2 emissions and concentration of this greenhouse gas into the atmosphere (1910–2018)

Table 3   Recorded length, lag (years) for CO2 and annual amounts 
cross-correlations, time trend (mm/year) and statistical significance 
for 11 annual rainfall series exceeding records of 80  years. Notable 
changes on time trends (within parenthesis) are those detected since 
1960 for gauges AD004, MI006 and PJ107

Gauge Years Pearson Lag Time trend MK (%)

AD004 81  − 0.25 33  − 1.69 (− 6.65) 95 (99)
AE052 105  − 0.13 44  − 0.66 70
AP011 99  + 0.02 22  − 0.15 5
AP024 106  − 0.18 53  − 0.92 85
MA015 94  − 0.01 18  − 0.07 40
MI006 105  + 0.05 31  + 0.34 (− 3.75) 35 (95)
OS009 87  + 0.21 39  − 1.39 90
OS023 104  + 0.03 39  − 0.10 35
PJ017 80  + 0.02 18  + 0.27 (− 13.78) 15 (99)
RE023 101  − 0.03 40  + 0.05 10
TG001 88  − 0.08 44  − 0.45 5
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detected high number of rain gauges characterised by statis‑
tically significant negative time trends in June (Table 1) and 
at annual scale for the longest 11 annual records (Table 3). 
Additionally, a possible correlation between annual amounts 
and increase of permanent CO2 in atmosphere has to be 
analysed, bearing in mind the cross-correlation lag between 
both variables. With the aim of improving the veracity of 
cross-correlation results, only the 11 annual series exceeding 
80 years record length have been considered. Cross-correla‑
tion lags could be expected quite similar for the 11 records, 
given that the CO2 emissions globally affect all the analysed 
area. Nevertheless, the effects of greenhouse gases on the 

rainfall regime could be slightly different due to the complex 
orography of Catalonia. Table 3 summarises the obtained 
results and some examples of cross-correlation evolution 
are shown in Fig. 10. The 11 very moderate Pearson coef‑
ficients vary from − 0.25 (gauge AD004) to + 0.21 (gauge 
OS009), suggesting a not very remarkable dependence of 
annual rainfall amounts on the CO2 evolution. Nevertheless, 
the negative time trends are notably predominant, especially 
for the last 50–60 years, being noticeable the change from 
positive to negative trends for gauges MI006 and PJ017. 
Only gauge RE023 is characterised by a positive time trend, 
very close to zero and with low statistical significance. The 

Fig. 10   Some examples of annual amounts and CO2 emissions cross-correlation (1910–2018)
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list of annual lags (Table 3) reinforces the hypothesis of a 
low dependence of annual amounts on CO2 emission incre‑
ment. Bearing in mind these lags vary within a wide range 
from 18 to 53 years, it becomes difficult to assume a clear 
dependence on CO2 emissions.

6 � Conclusions

The heterogeneous spatial distribution of rainfall time trends 
at monthly and annual scales and the corresponding statistic 
significances and irregularity coefficients are in agreement 
with the complex orography of Catalonia. In this way, a sin‑
gle pattern of rainfall time evolution for the whole Catalonia 
(NE Spain) is not possible. The vicinity to Pyrenees and 
other mountain chains, as well as to the Mediterranean coast, 
notably conditions the evolution of rainfall amounts. Despite 
this shortcoming, a global evolution towards minor annual 
amounts is detected, with some opposite trends at monthly 
scale and different trend magnitudes. This tendency to the 
reduction of annual amounts is specially observed for the 
11 longest records exceeding 85 years, with only one case 
of positive trend very close to zero and the other 10 records 
depicting negative trends, some of them quite relevant.

In short, the future pluviometric regime in Catalonia 
(NE Spain) should be characterised by two factors: first, a 
notable spatial variability of rainfall time trends at monthly 
and annual scales, most of them negative and statistically 
significant, and second, the persistence of annual rainfall 
irregularity, with signs of dependence on the distance to 
the Mediterranean coastline and average annual rainfall 
amounts. Additionally, the evolution of the annual amounts 
depending on the emission and permanence of CO2 into the 
atmosphere shows some affirmative signs. Nevertheless, the 
cross-correlation lag and Pearson coefficient results do not 
contribute to a clear answer to this question.
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