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• The precipitation recycling and terrestrial
moisture export are crucial for tropical
and high latitudes basins of Asia.

• Precipitation from oceanic origin is domi-
nant in North American river basins.

• The oceanic and terrestrial components of
the precipitation allow attributing the oc-
currence of drought and its severity.
River basins and global mechanisms of moisture transport (denoted by arrows).
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The terrestrial and oceanic origins of precipitation over 50 major river basins worldwide were investigated for the pe-
riod 1980–2018. For this purpose, we used a Lagrangian approximation that calculates the humidity that results in pre-
cipitation from the entire ocean area (ocean component of the precipitation, PLO) and the entire land area (land
component, PLT) as well as the sum of both components (Lagrangian precipitation, PL). PL and its components
were highly correlated with precipitation over the basins, where PLT accounted for >50 % of the PL in most of
them. This confirmed the importance assigned by previous studies to terrestrial recycling of precipitation andmoisture
transport within the continents. However, the amount of PLO in almost all North American river basins was high-
lighted. The assessment of drought conditions through the Standardized Precipitation Index (SPI) at a temporal
scale of 1- and 3-months revealed the number of drought episodes that affected each river basin, especially the Ama-
zon, Congo, and Nile, because of the lower number of episodes but higher average severity and duration. A direct re-
lationship between the severity of drought episodes and the respective severity computed on the oceanic and
terrestrial SPI series was also found for the majority of basins. This highlights the influence of the severity of the SPI
of oceanic origin for most basins in North America. However, for certain basins, we found an inverse relationship be-
tween the severity of drought and the associated severity according to the SPI of oceanic or terrestrial origin, thus high-
lighting the principal drought attribution. Additionally, a copula analysis provided new information that illustrates the
estimated conditional probability of drought for each river basin in relation to the occurrence of drought conditions of
oceanic or terrestrial origin, which revealed the possible main driver of drought severity in each river basin.
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1. Introduction

The total amount of water that precipitates on large continental regions
is supplied by two mechanisms: advection from the surrounding areas ex-
ternal to the region and evaporation and transpiration from the land surface
within the region (Brubaker et al., 1993). For instance, although oceans are
the most important planetary sources of atmospheric moisture, only ap-
proximately 10 % of the evaporated water has been estimated to fall over
the continents (Trenberth et al., 2011). However, this percentage makes
oceans the primary source of precipitation over continents. The division
of land precipitation into oceanic and continental origins has been used in
recent years by different methods and datasets. The study of each compo-
nent separately has revealed crucial information, thus permitting a better
understanding of the hydrological cycle on continents (Gimeno et al.,
2010, 2012). The importance of oceanic evaporation as a source of conti-
nental precipitation under current global warming has also been described
(Findell et al., 2019); in particular, oceanic moisture sources were increas-
ingly important for continental precipitation along tropical regions during
the period from 1980 to 2016 (Gimeno et al., 2020). However, on average,
40 % of terrestrial precipitation originates from land evaporation and 57 %
of all terrestrial evaporation returns as precipitation over land (van der Ent
et al., 2010). This highlights the importance of moisture recycling, which is
especially high in tropical forest regions, such as the Amazon (Eltahir and
Bras, 1994; Zemp et al., 2014) and Congo River basins (Worden et al.,
2021). Studies have shown that regional differences in the role of moisture
contributions from oceanic or terrestrial origins on the total precipitation
are greatly dependent on the geographical location, atmospheric circula-
tion, and other factors, such as orography and land cover characteristics.

Currently, the most important oceanic and terrestrial sources of atmo-
spheric moisture on a global scale are well known (Gimeno et al., 2012).
Analyses have also been performed at local and regional scales
(e.g., provinces, countries, river basins, and ecological regions) and pro-
vided detailed information for understanding the origin of rainfall variabil-
ity and extreme events. Studies focusing on river basinmoisture sources are
particularly relevant if we consider that river basins are hydrological units,
whichmeans that excluding evaporation, all precipitation that falls remains
within the basin to supply rivers and water bodies. Thus, multiple studies
have investigated the moisture sources of several world river basins, partic-
ularly those that stand out because of their ecological and/or socioeco-
nomic importance. Among the most investigated are the Mississippi in
North America, Amazon and Plata in South America, Congo and Niger in
Africa, Danube in Europe, Ganges and other river basins located in South-
east Asia, Yangtze in China, and Murray-Darling in Australia. A catalogue
available online at http://cola.gmu.edu/wcr/river/basins.html shows the
spatial extension of the seasonal climatological sources of moisture for pre-
cipitation over 63 major world river basins for the period 1979–2004 as
well as their temporal contributions and anomalies. To develop this cata-
logue, a quasi-isentropic back-trajectory scheme (QIBT; Dirmeyer and
Brubaker, 1999; Brubaker et al., 2001) was used, and it treats water
vapor as a passive tracer between the time it enters the atmosphere as evap-
oration and the time it condenses into a cloud and precipitates at the sur-
face. Methodologies based on Eulerian, isotopic, or Lagrangian techniques
have also been widely utilised to identify moisture sources, with the latter
showing better performance (Gimeno et al., 2012; Winschall et al., 2014).
Applying a Lagrangian model for a short study period of four years (1 No-
vember 1999 to 30 November 2003), Stohl and James (2005) found that
>50 % of the precipitation in 18 of the 39 studied river basins originated
over land surfaces, particularly for those located in northern Eurasia
(Volga, Dnepr, Don, Ob, Yenisey, and Lena), which are remote from
ocean basins. To determine the most important oceanic and terrestrial re-
gions that act as sources ofmoisture, other studies have also used geograph-
ical zones (Martinez and Dominguez, 2014), fixed thresholds for the
pattern of moisture uptake (Sorí et al., 2017a), moist-air intrusions
(Papritz et al., 2022), and delimited areas of moisture flux divergence
(Vázquez et al., 2020). These approaches have the advantage of delimiting
the most important sources of moisture; however, a part of the oceanic or
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terrestrial contribution to precipitation in the region of interest may not
be considered. Hence, in this study, we aim to investigate the precipitation
of oceanic and terrestrial origin as two separate components of the real pre-
cipitation over 50 major world river basins, with oceans and continents
considered entirely as sources of moisture, which will provide a better un-
derstanding of precipitation variability in these regions.

Extreme dry andwet conditions in any region are driven by different land-
atmospheric interactions and have beenwidely investigated at local, regional,
and global scales. The natural variability of the climate system and changes in
planetary thermodynamics and atmospheric circulation patterns associated
with anthropogenic climate change have been associated with the occurrence
and amplification of drought as well as wet periods in certain regions (Cook
et al., 2019; Chiang et al., 2021; Pascale et al., 2021; Christidis and Stott,
2021; UNDRR, 2021). Droughts are highly complex to predict and character-
ise, even with robust instrumental datasets and models (Hao et al., 2018;
Vicente-Serrano, 2021; Brunner et al., 2021); hence, the mechanisms associ-
ated with this phenomenon are still being investigated. Efforts to understand
the occurrence and severity of droughts have included the assessment of the
source-sink relationship of atmospheric moisture, which is a better approach
than only considering changes in sea surface temperature (SST) and atmo-
spheric circulation. Several studies have confirmed the crucial role ofmoisture
transport from delimited oceanic and terrestrial sources on the occurrence of
dry conditions in various river basins, including the Amazon (Drumond
et al., 2014; Sorí et al., 2019), La Plata (Martinez and Dominguez, 2014),
Paraná (Zandonadi-Moura and Lima, 2018); Congo (Sorí et al., 2017a; Dyer
et al., 2017), Niger (Sorí et al., 2019), and Danube (Stojanovic et al., 2017).

Drumond et al. (2019) also confirmed the relationship between the oc-
currence of meteorological drought episodes in 27 continental regions de-
fined in the Intergovernmental Panel on Climate Change (IPCC) Fifth
Assessment Report and the deficit in moisture contribution to precipitation
from their respective climatological oceanic and terrestrial sources of mois-
ture. Indeed, recent findings found that 16 % of droughts that affected con-
tinents worldwide from 1981 to 2018 were landfalling droughts, which are
those that originate over the ocean and “migrates” onto land (Herrera-
Estrada and Diffenbaugh, 2020). According to these authors, tracking
droughts origin methodologies are in early development in comparison
with other attribution techniques employed for extreme precipitation and
atmospheric rivers (Guan andWaliser, 2015; Gershunov et al., 2019), or La-
grangian techniques to track the atmospheric pollutants trajectories
(Pouyaei et al., 2022; Tso et al., 2022). In this study we use a Lagrangian es-
timated continental precipitation dataset, obtained by a Lagrangian model-
ling experiment considering the whole ocean and continents separately, to
investigate their role in moisture contribution to precipitation and the oc-
currence and severity of drought conditions over the river basins selected
for this study. Previous studies have used the same Lagrangian approach
to investigate moisture transport and drought occurrence, confirming its
usefulness. However, in this work the objective is to compute a drought
index with the precipitation over the basins, and in addition, with the pre-
cipitation series attributed to the transport of moisture from the oceans or
the continents themselves. In this way, it is possible to estimate the weight
of dry conditions of oceanic or terrestrial origin in the occurrence of
drought episodes, and the conditional probability of different drought se-
verity conditions. This approach stands out as a novel method for the attri-
bution of droughts and the study of their characteristics.

2. Methods and datasets

2.1. Study regions

A total of 50 river basins located on every continent, from high latitudes
to equatorial zones, were selected for this study. These basins are delimited
in Fig. 1, alongwith the annualmean precipitation over the entire continen-
tal region. This figure allows us to visually identify catchments with the
greatest contrast in pluviometric regime. As expected, most rainfall occurs
along tropical river basins, thus highlighting the maxima observed over
the Amazon and Orinoco in South America, the Congo in Africa, and the

http://cola.gmu.edu/wcr/river/basins.html


Fig. 1. Geographical location of 50 major river basins worldwide considered in this study, and annual mean precipitation over the period 1980–2018 from the Multi-Source
Weighted-Ensemble Precipitation (MSWEP) dataset (Beck et al., 2019).
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Ganges, Irrawaddy, and Mekong in Southeast Asia. The topography sepa-
rates the water that flows into and away from a catchment, thus making
it a hydrological unit that interacts with climatic-hydrologic-soil-
vegetation factors and morphological factors (Horton, 1932). Many studies
have focused on river basins because a large part of the world's population
lives in transboundary river basins (TWAP, 2022), while other basins, such
as the Amazon and Congo, encompass large forests and host great biodiver-
sity (Wittmann and Junk, 2016; Shapiro et al., 2021), and still others are
crucial for the agricultural sector and population food security (Guo et al.,
2021). To facilitate thework of this study, these basins are named and num-
bered by every continent in Table 1.

2.2. Datasets

2.2.1. Precipitation
The monthly gridded values of precipitation from the Multi-Source

Weighted-Ensemble Precipitation (MSWEP) dataset v2.8 (Beck et al.,
Table 1
List of world river basins selected for this study and their location by continents.

Continent No River basin Continent No River basin

North America 1 Yukon Europe 26 Dnieper
2 Mackenzie Asia 27 Don
3 Saskatchewan-Nelson 28 Volga
4 St. Lawrence 29 N. Dvina
5 Fraser 30 Ob
6 Columbia 31 Yenisey
7 Mississippi 32 Baikal
8 Colorado 33 Lena
9 Rio Grande 34 Amur

South America 10 Orinoco 35 Indigirka
11 Amazon 36 Kolyma
12 Tocantins 37 Tigris-Euphrates
13 San Francisco 38 Helmand
14 La Plata 39 Amu Darya
15 Colorado-SA 40 Syr Darya

Africa 16 Niger 41 Ili
17 Lake Chad 42 Tarim
18 Nile 43 Indus
19 Jubba-Shebelle 44 Ganges-Brahmaputra
20 Congo 45 Irrawaddy
21 Zambezi 46 Mekong
22 Okavango 47 Si
23 Limpopo 48 Yangtze
24 Orange 49 Hwang Ho

Europe 25 Danube Australia 50 Murray-Darling
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2017, and Beck et al., 2019), PMSWEP hereafter, were used. This is a global
precipitation product with data available every 3 h with 0.1° × 0.1° of
grid resolution, and available from 1979 to 2020. According to its devel-
opers, MSWEP is a unique product because it merges gauge, satellite, and
reanalysis data to obtain the highest quality precipitation estimates at
every location. Therefore, MSWEP is expected to exhibit better perfor-
mance than other precipitation products in both densely gauged and
ungauged regions. Monthly PMSWEP values were averaged for each water-
shed for the 1980–2018 study period. Although, this approach may cause
the loss of different rainfall characteristics that can occur within the largest
river basins, it is correct as river basins are natural hydrological units.

2.2.2. Lagrangian precipitation
The monthly gridded values of Lagrangian precipitation (PL) and their

oceanic (PLO) and terrestrial (PLT) components proposed by Nieto and
Gimeno (2021) for the period 1980–2018 were used in this study. PLO
and PLT were used to analyse the role of precipitation originating from
global terrestrial and oceanic sources on the total precipitation over the
river basins. These datasets have a spatial resolution of 0.25°× 0.25° in lat-
itude and longitude and were calculated considering the monthly optimum
integration times to represent the monthly values of Lagrangian precipita-
tion, which is an advantage over the previous version of Nieto and
Gimeno (2019), who used climatological optimum integration times. PL,
PLO, and PLT were calculated using global modelling outputs from the La-
grangian particle dispersion model (FLEXPART v9.0) (Stohl and James,
2004; Frank et al., 2005). These outputs were also used to perform a back-
ward experiment from each river basin, and identify the most important re-
gions from where air masses gain humidity before reach the basins.

According to Nieto and Gimeno (2019), the modelling experiment with
FLEXPART began by considering the atmosphere divided into approxi-
mately 2 million parcels with a resolution of 1° and input data every 6 h
and at 61 vertical levels of the atmosphere from the ERA-InterimReanalysis
project (Dee et al., 2011) to force the model. These authors performed a
forward-in-time experiment that considered the world separated into two
large sources: the entire continental area and the entire ocean extension.
In the forward analysis, changes in the specific humidity corresponding to
each parcel were calculated at 6-h intervals for 0.25° × 0.25° interpolated
resolution, the values of whichwere vertically integrated to obtain the total
budget of (E–P), where E and P represent evaporation and precipitation, re-
spectively. The negative values of this budget are considered to contribute
to the precipitation and freshwater supply to the surface. Thus, the values of
(E–P) < 0 in the forward experiment from the oceans (continents) are as-
sumed to be a contribution from the oceans (continents) to the continental

Image of Fig. 1


Table 2
Drought categories based on SPI ranges according to Agnew (2022).

SPI Probability Category

>0.84 0.2 Humid conditions
>−0.84 and <0.84 0.6 Normal
<−0.84 0.2 Moderately dry
<−1.28 0.1 Severely dry
<−1.65 0.05 Extremely dry
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precipitation that best correlated with a reanalysis dataset for the optimum
integration times (Nieto and Gimeno, 2021). Lagrangian precipitation of
oceanic and terrestrial origin are named PLO and PLT, respectively, and
the sum of both is termed as the “precipitation calculated by Lagrangian
method” (PL), which is an approximation of the precipitation.

2.3. Methodology

2.3.1. Identification of the main moisture sources
The global outputs from the model FLEXPART v9.0 were used to per-

form a backward in time experiment to identify those regions from where
air masses gain humidity before reaching the river basins. The model con-
sidered the atmosphere divided into approximately 2 million parcels with
a horizontal resolution of 1° in longitude and latitude, later interpolated
to 0.25°, and 61 vertical levels. In this analysis, the air masses residing
over the basins were tracked backwards in time, calculating every 6 h the
changes of specific humidity of the parcels, according to the budget of the
(e–p), where e and p represent the evaporation and the precipitation on
the parcels respectively. Integrating the (e–p) in the vertical column is ob-
tained the surface freshwater changes according to the budget of (E–P). Ac-
cording to Stohl and James (2004, 2005), in this process, the mass of the
parcels is considered constant. Those regions where air masses gain humid-
ity ((E – P) >0) in their travel to the basins, are considered sources of mois-
ture.

2.3.2. Standardized Precipitation Index (SPI)
The Standardized Precipitation Index (SPI) proposed by (Mckee et al.,

1993) was used to identify dry conditions in every river basin using the
monthly time series of PMSWEP, PLO, and PLT for every river basin. It can
be used to study the occurrence and temporal evolution of dry conditions
estimated from precipitation and independently study these conditions
that occur because of precipitation of oceanic and terrestrial origin. This ap-
proach increases the applicability of the index, as it provides more realistic
information on the occurrence and severity of drought. Calculating the SPI
is suggested for long-term record datasets, whichwe guarantee in this study
with a series of 39 years (468 months). Following the recommendation of
the developers, the series was fitted to a gamma probability distribution.
Subsequently, the SPI series is calculated and transformed into a normally
distributed probability density with a mean of zero and standard deviation
of unity for the target region. Thus, positive and negative SPI values indi-
cate wet and dry conditions, respectively. The SPI has been widely imple-
mented because it is perhaps the most straightforward index for assessing
the impact of water supply through precipitation, and because of its
multiscalar characteristics, the SPI has been used to monitor drought im-
pacts on several hydrological, agricultural, and ecological response vari-
ables (Vicente-Serrano et al., 2012). However, despite being appropriate
to perform this study, a disadvantage of the SPI is that it fails to diagnose
the impact of temperature and evapotranspiration on the soil moisture
water content and the final wet or dry conditions.

Taking advantage of the multiscalar nature of the index, it was calcu-
lated at time scales of one and three months to obtain the series of SPI1-
3MSWEP, SPI1-3PLO, and SPI1-3PLT. To clarify the procedure, for the 3-
month time scale, the accumulated precipitation from month i − 2 to
month iwas summed and attributed tomonth i. At 1-month, the SPI is com-
parable with the percentage of normal precipitation for a 30-day period,
and at 3-months, it provides a comparison of the precipitation over a spe-
cific 3-month period with the precipitation totals from the same 3-month
period for all the years included in the historical record (Svoboda et al.,
2012). Dry conditions identified through the SPI1 directly reflect precipita-
tion variability, whereas drought conditions identified through the SPI3 re-
flect short- and medium-term soil moisture conditions. The classification
proposed by Agnew (2022) was used for the analysis (Table 2). It estab-
lishes different drought categories based on the probability of recurrence
rather than on the magnitude of the SPI, thus making it a more rational ap-
proach. In addition, a drought episode is identified when the SPI1 falls
below zero (onset), reaches the value of −0.84 or less and later returns to
4

positive values. The duration of one episode was computed as the total
number of months from the onset until the end of the episode, which was
considered as the last month with a negative SPI value before returning to
a positive value. The severity was computed as the absolute value of the
sum of all SPI values of the episode.

A multiple regression analysis was performed to assess the dependency
between the average severity of drought episodes at 1- and 3-months of the
SPIMSWEP, and the corresponding severity was calculatedwith the SPI1-3PLT
and SPI1-3PLO series individually. The size of the coefficient for each inde-
pendent variable indicates the size of the effect of the variable on the depen-
dent variable, and the sign of the coefficient, i.e., positive or negative,
reveals the direction of the effect.

2.3.3. Copula analysis
For each pair of variables (SPIMSWEP, SPIPLO) and (SPIMSWEP, SPIPLT), the

correlation was examined in terms of Kendall's τ coefficient, which mea-
sures the level of dependence between datasets. Afterwards, for each river
basin at a 1- and 3-month temporal scale, a copula-based approach was
used to estimate the conditional probability of drought occurrence in
terms of the SPI computed with MSWEP data (SPIMSWEP) under drought
conditions based on the SPI computed with PLO (SPIPLO) and PLT series
(SPIPLT). The conditions of drought (SPI < −0.84), severe and extreme
drought (SPI < −1.28), and extreme drought (SPI < −1.65) were used as
thresholds. Copulas are a popular statistical method for modelling the con-
ditional distribution function of a pair of random variables (Tootoonchi
et al., 2022).

In this study, two pairs of variables were considered: (SPIMSWEP, SPIPLO)
and (SPIMSWEP, SPIPLT). We use the R platform (R Core Team, 2022),
namely, the R package VineCopula (Nagler et al., 2020), to fit seven differ-
ent types of copulas to the data: the independence copula (also known as
the product copula; see Nelsen (2006)), and the Gaussian, Student's t,
Clayton, Gumbel, Frank, and Joe copulas (see, e.g., Czado, 2019 for theoret-
ical details). The copula parameters are estimated semi-parametrically: the
applied method consists of non-parametrically estimating the marginal dis-
tributions and then applying a maximum likelihood estimation (see
Shemyakin and Kniazev, 2017 for extensive information about statistical
inferences on copulas). The model with the lowest Aikake Information Cri-
terion (AIC) value was selected (Akaike, 1974), and the goodness of fit of
the model was assessed by means of the statistical test proposed by
Huang and Prokhorov (2014), which was implemented in the R package
VineCopula. This test is based on White's (1982) information matrix equal-
ity, and its null hypothesis is that the copula fits the data well.

Regarding the pair (SPIMSWEP, SPIPLO), the selected copulamodel Cwith

estimated parameter bθ is used to estimate the desired probabilities for each
threshold (thres) as follows:

bP SPIMSWEP < thres j SPIPLO < thresð Þ ¼
C bF thresð Þ, bG thresð Þ j bθ� �

bG thresð Þ , (1)

where bF and bG refer to the estimatedmarginal distributions of SPIMSWEP and
SPIPLO, respectively, and thres ∈ {−0.84,−1.28,−1.65}. The procedure
for calculating bP SPIMSWEP < thres j SPIPLT < thresð Þ is completely analo-
gous; in this case, the pair (SPIMSWEP, SPIPLT) is considered instead of
(SPIMSWEP, SPIPLO).
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3. Results

3.1. PL, PLO and PLT and their relation with PMSWEP

The annual proportion of PLO and PLTwas determined and represented
as a percentage in Fig. 2 to identify the dominant annual role of each com-
ponent over the basins. The monthly values of both variables and PMSWEP

are shown in Fig. S1. One drawback of considering all continents as sources
of moisture is that this approach does not allow for an assessment of the
contribution to precipitation of land-based sources that may exist between
the basins themselves. However, the benefit of this approach is that it in-
cludes the possible contribution of remote terrestrial and oceanic regions.
In addition, Figs. S2, S3, S4, S5 and S6 show the pattern of (E–P) > 0
delimited by the percentile 90, and computed in a backward experiment
from the basins. Therefore, these figures illustrate the most important oce-
anic and terrestrial regions that act as sources of moisture for precipitation
in the river basins.

As shown in Fig. 2, the annual percentage of PLO (light blue bars) was
greater than that of PLT (orange line) infive (Yukon, Fraser, Columbia,Mis-
sissippi, and Colorado) of the nine river basins selected for North America,
which aremostly located in thewest and under the direct influence ofmois-
ture transport from the Pacific Ocean and frequent land falling caused by at-
mospheric rivers. In addition, the Mississippi River Basin, which occupies
the central-east United States, directly receives moisture from the Carib-
bean (Fig. S2) through the Caribbean Low-Level Jet (Wang, 2007; Cook
and Vizy, 2010) and the Great Plains (Algarra et al., 2019), which contrib-
utes to precipitation. The annual cycles represented in S1 show the major
proportion of PLO during the boreal winter months, with an increase in
PLT during the summer. Contrary to North America, PLT is the dominant
component of PL in the South American river basins studied here, which
confirms the crucial role of recycling and moisture transport over the con-
tinent. Despite this result, precipitation of oceanic origin has been docu-
mented to play a crucial role in the South American monsoon system
during the austral summer, and strong moisture transport from the tropical
Atlantic Ocean favors a great amount of precipitation over northern and
central-northern South America (Carvalho et al., 2011; Vuille et al., 2012;
Wanzeler da Costa and Satyamurty, 2016). This is best seen in the San
Franciso River Basin, which is located in the northeast (Fig. S1). The
great Amazonian forest is crucial for evapotranspiration and recycled pre-
cipitation given the importance of precipitation of terrestrial origin (Keys
et al., 2016). Indeed, the Amazon also acts as a source of moisture for pre-
cipitation over the La Plata region (Martinez and Dominguez, 2014; Yang
and Dominguez, 2019).
Fig. 2. Average PLO (light blue bars) and PLT (orange line) by river basin expr
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Among the African river basins selected for this study, only the Jubba-
Shebelle, located in East Africa, has a greater average oceanic influence
on the contribution to precipitation. In East Africa, precipitation is greatly
influenced by the south easterly winds (Somali Low-Level jet) during boreal
summer, thereby inducing a direct contribution to precipitation from the
Pacific Ocean (Viste and Sorteberg, 2013; Wu and Bedaso, 2022) and a re-
versal northeast during winter (Levin et al., 2009; Algarra et al., 2019). Al-
though PLO and PLT follow the annual cycle of PMSWEP, the percentage of
PLO with respect to the total PL decreases because of the PLT increase
(Fig. S1). It has been documented in Central Equatorial Africa for the
Congo River Basin, which is home to a dense and humid forest, and its
role in precipitation is high (Sorí et al., 2017a; Worden et al., 2021).
Other studies have also documented this phenomenon in West Africa,
where the West African westerly jet (Pu and Cook, 2010) and the monsoon
flow from the Gulf of Guinea (Lélé et al., 2015; Sorí et al., 2017c) play an
important role in precipitation in the Niger River Basin. The Sahel contribu-
tion to precipitation in this basin is also crucial (Nieto et al., 2006; Yu et al.,
2017).

In the Danube Basin, the proportions of PLO and PLTwere quite similar;
however, in the Dnieper, the percentage of PLT (∼62 %) was greater than
that of PLO (∼38 %). In Asia, the average PLO is only higher than 50 % in
the Mekong and Si, which are both located in Southeast Asia and highly af-
fected by the moisture flux from the Indian Ocean, particularly the Bay of
Bengal (Fig. S5), during the monsoon season (Zhao et al., 2016; Sorí
et al., 2017b; Dey and Döös, 2021). In addition, the monthly percentage
of PLO increased during the monsoonal season in the Ganges-
Brahmaputra. Keune and Miralles (2019) revealed that approximately 74
% of the summer precipitation over Europeanwatersheds depends onmois-
ture supplied from other watersheds, which can explain the high values of
PLT, particularly in basins such as Tarim, Ob, Baikal, Syr Darya, Amu
Darya, Ili, Lena, and Yenisey. In addition to land-vegetation-atmospheric
interactions, the location of the basins and the influence of the atmospheric
moisture transport mechanism also determine the amount of precipitation
from different sources. For example, the Danube receives a large amount
of moisture for precipitation from the Atlantic Ocean and the Mediterra-
nean (Fig. S4), although the terrestrial contribution increases when precip-
itation increases during the summer months (Ciric et al., 2016).

The time series of PMSWEP was correlatedwith PL, PLO, and PLT, and the
positive and high r values indicated thatweremostly statistically significant
at the 95 % confidence level (Fig. 3). Smaller correlations between PMSWEP

and PL were obtained for the Mississippi, Colorado, Fraser, and St. Law-
rence River basins in North America; Orinoco in South America; Lake
Chad, Congo, Jubba-Shebelle, and Orange in Africa; and Syr Darya and Ili
essed as a percentage and ordered as shown in Table 1. Period 1980–2018.
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Fig. 3. Correlation coefficient of PMSWEP with PL (a), PLO (b) and PLT (c). Period 1980–2018. Statistically significant r-values are identified through the t-test for p < 0.05.
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in Asia (Fig. 3a). The overall high linear relationship between PMSWEP and
PL is in agreement with previous findings that investigated this relation-
ship, although at a grid scale over continents (Gimeno et al., 2020), thus
confirming the usefulness of the modelled PL in the study of precipitation
variability over continents. In addition, correlations between PMSWEP and
PL components (PLO and PLT) were calculated to identify which compo-
nents have a stronger relationship with precipitation variability. The rela-
tionships were also high and statistically significant but slightly decreased
for some basins, as shown in Fig. 3b and c, respectively. In North
America, higher correlations with PL and PLO (Fig. 3a, b) were obtained
for the western basins Conversely, the lowest correlations between PMSWEP

and PLO were obtained for the Mississippi and St. Lawrence River basins,
although, these were statistically significant. Correlations with PLT were
higher in the eastern basins of North America (Fig. 3c). In South America,
the correlations obtained between PMSWEP and PLO (Fig. 3b) were also
mostly high, with the major association obtained for the Tocantins River
Basin and a lower and non-statistically significant obtained for the
Colorado-SA River Basin. With PLT, the correlation increased, particularly
for the Amazon, La Plata, Tocantins and San Francisco (Fig. 3c). In Africa,
the relationship between PLO and precipitation in every basin is high, espe-
cially for Niger and Zambesi, while with PLT, the correlation increased for
the Nile, Congo, Okavango, and Orange (Fig. 2c).

In European andAsian river basins, the correlations are generally higher
with PLT than with PLO, except for those obtained for the Ganges-
Brahmaputra, Irrawaddy, Mekong, and Yangtze, which remain higher
than 0.9, as shown in Fig. 3b and c. Southeast Asian river basins are partic-
ularly susceptible to receiving a great amount of moisture for precipitation
from the Indian Ocean (Fig. S5), particularly during the monsoon season
from the Indian Ocean (Sorí et al., 2017b; Yang et al., 2019; Shi et al.,
2020). In contrast, northern Eurasia is characterized bymajor precipitation
of terrestrial origin (Figs. 2, S5), which seems to play a crucial role in the
relationship with the total precipitation time series in the basins (Fig. 3c).
The correlation between PMSWEP and PLT was also higher than that with
PLO for theMurray-Darling River Basin in Australia, which suggests the im-
portance of the recycling process within this continent.

3.2. Identification of dry conditions

SPI1-3MSWEP, SPI1-3PLO, and SPI1-3PLT were calculated for each basin
for the study period 1980–2018. The large temporal variability and number
6

of basins make it difficult to represent each series. However, to show the
temporal occurrence of dry and wet conditions, we display in Fig. S7 the
SPI3MSWEP for February, May, August, and November, which permits the
characterization of the seasonal dry/wet conditions in each river basin.

The total number of drought episodes according to the SPI1-3MSWEP that
affected each river basin during the study period was identified and is pre-
sented in Fig. 4a and b. In addition, the average severity of the episodeswas
ordered from higher to lower, and their respective average durations ap-
pear in Fig. 4c and d. Among the North American river basins studied
here, themajority of drought episodes according to the SPI1MSWEP occurred
in the Fraser and Saskatchewan-Nelson basins, with 68 and 67 episodes, re-
spectively (Fig. 4a). These were followed by the MacKenzie, Mississippi,
and St. Lawrence basins. However, despite being affected by a greater num-
ber of episodes, the average severity and duration of these episodes were
not greater than those affecting other basins in North America, such as
the Columbia and Mississippi (Fig. 4c). In South America, the Amazon
stands out because of the lower number of events according to the
SPI1MSWEP, although in contrast, it is the second basin with the highest av-
erage severity and duration of drought episodes at this time scale. The sec-
ond basin in terms of the average severity and duration of episodes in South
America is the Orinoco. A visual analysis of Fig. 4a reveals that the number
of drought events in African basins appears to be lower than that in the
other river basins. In addition, the number of episodes differs greatly be-
tween the Congo River Basin (38) in Central Equatorial Africa and the Or-
ange Basin (59) in South Africa. Indeed, during the study period, the
Congo Basin experienced the highest average severity and duration of
drought episodes compared with the other basins, while drought episodes
in the Orange were, on average, less severe (Fig. 4c). Among the Asian
river basins, the Helmand Basin had the lowest number of episodes (43;
Fig. 4c). In terms of the major average severity of episodes in the Asian
river basins, Lena had the maximum, and Hwang Ho had the minimum. Fi-
nally, the Murray-Darling River Basin in Australia was affected by 53
drought episodes according to the SPI1MSWEP, with an average severity
and duration of 2.81 and 3 months, respectively.

The identification of drought episodes through the SPI3MSWEP (Fig. 4b)
shows a drastic reduction in the number of episodes that affected each river
basin relative to those obtained with the SPI1MSWEP (Fig. 4a). This is be-
cause at a 3-month temporal scale, the variability of the index is lower,
thereby reducing the number of flash droughts and thus the number of
events. Nonetheless, the Congo Basin was also affected by the lowest
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Fig. 4. Total number of drought episodes that affected each river basin according to the SPI1MSWEP (a) and the SPI3MSWEP (b) during the period 1980–2018. The average severity
SPI1MSWEP (c) and the SPI3MSWEP (d) drought episodes are ordered from higher to lower (gray bars), and the respective average duration is shown in months (red line).
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number of drought episodes, although these events had the highest severity
and average duration (Fig. 4d). Similarly, the Amazon, Nile, and Tarim
were affected by a few episodes, although theywere among themost severe
and longest on average. At this time scale, a large number of drought epi-
sodes affected the Fraser and Saskatchewan Nelson river basins, both in
North America. However, the episodes in both basins were among those
with the lowest severity and duration on average.

A multiple regression analysis was performed between the severity of
each drought episode at 1 and 3 months of the SPIMSWEP for every basin,
and the corresponding severity was calculated using the SPI1-3PLT and
SPI1-3PLO series. The sizes of the coefficients in the equation are repre-
sented as light blue bars for SPI1-3PLO and as brown filled circles for the
SPI1-3PLT in Fig. 5. Their magnitude indicates the size of influence on the
final severity of the episodes identified with the SPI1-3MSWEP, and their
sign (positive or negative) of influence.

The regression coefficients of the SPI1-3PLO and SPI1-3PLT were positive
for all North American river basins (Fig. 5a), thus revealing that both com-
ponents of PL play a positive role in the severity of drought episodes.
SPI1PLO was found to have a major influence on drought episode severity
in seven of the nine river basins of North America studied here, while the
severity of drought from terrestrial origin plays amajor role in the Colorado
Fig. 5. a) Regression coefficients between the severity of drought episodes identified wit
(brown dots). b) Same analysis but for the 3-month temporal scale. All results are statis
numbers in Table 2.
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and Rio Grande. The same analysis was performed for drought episodes at
the 3-month temporal scale of the SPIMSWEP (Fig. 5b), and it revealed that
the predominant influence of oceanic sources on the severity of drought ep-
isodeswas maintained, although the terrestrial is dominant in the Colorado
Basin. In the South American river basins, the severity of meteorological
drought episodes is mostly driven by the severity of the SPI calculated
using the PLT series, except for the San Francisco River Basin (Fig. 5a).
This basin is the most easterly located, which favors moisture arriving
from the tropical Atlantic Ocean in both summer and winter through east-
erly winds (Montini et al., 2019). Therefore, >50 % of the Lagrangian pre-
cipitation results are from oceanic origin (Fig. 2). The Amazon, Tocantins,
and Colorado-SA stand out because the severity of the episodes is nega-
tively related to the SPI1PLO-associated severity. The severity of drought ep-
isodes identified with the SPI3MSWEP is also opposite to the associated
SPI3PLO severity in the Orinoco, Amazon, and Tocantins.

In the African river basins, the results were mostly heterogeneous, with
the severity of the SPI1MSWEP drought episodes in the Lake Chad, Jubba-
Shebelle, Zambezi, and Okavango river basins dominated by the severity
of the SPI1PLO and the other basins dominated by the severity of the
SPI1PLT. Consistent with various studies, this finding confirms that the
Congo River Basin dense rainforest in Central Equatorial Africa, which is
h the SPI1MSWEP and associated severity of the SPI1PLO (light blue bars) and SPI1PLT
tically significant at p < 0.05. The X-axis identifies the river basins according to the
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one of the world regions with the highest evaporation recycling ratio, plays
a key role in precipitation (Worden et al., 2021) and the modulation of
drought severity within its borders. We focused on the Lake Chad and Zam-
bezi (Niger, Orange) river basins, where a positive (negative) influence was
found between oceanic (terrestrial) severity on the SPI1MSWEP drought epi-
sode severity. For the severity of drought episodes identified with the
SPI3MSWEP, some of the signs of the coefficients change, with more basins
showing a negative weight of the SPI3PLO drought severity in the regression
equation.

In Europe, the severity of drought episodes that affected the Danube
Basin is mostly determined by the severity of the SPI1-3PLO, while that for
the Dnieper Basin is mostly determined by the severity of SPI1-3PLT. For
22 of the 25 Asian river basins, both SPI1PLO and SPI1PLT positively influ-
enced the severity of drought events, and in 17 river basins, the effect of
the severity resulting from the SPI1PLT was higher. This result was expected
after the previous analyses. Moreover, in Northeast Asia, including the
Baikal, Lena, and Indigirka river basins, the opposite is true, with the sever-
ity of SPI1PLT further positively determining the severity of drought epi-
sodes and the SPI1PLO negatively determining the severity. At a 3-month
temporal scale, these results are maintained only for Baikal and observed
for Hwang-Ho. Finally, the severity of drought episodes in the Murray-
Darling River Basin was positively determined by both the SPI1-3PLO and
SPI1-3PLT, and it was determined at 1 month mostly by SPI1PLT and at 3
months by SPI3PLO, suggesting a laggedmemory on the influence of rainfall
deficit from oceanic origin on drought severity.

3.3. Copulas and conditional probability analysis

The copula model with the lowest AIC value among the fitted models is
shown in Table S1, which was used for the analysis of the pairs (SPIMSWEP,
SPIPLO) and (SPIMSWEP, SPIPLT) for each basin. The results regarding the
goodness-of-fit of the chosen copulas are shown in Fig. S8. In most cases,
the p-values are>0.05, which supports the hypothesis that the selected cop-
ulasfit well with the data. Thus, as explained in Section 2.3.3, a conditional
probability analysis of drought severity based on a copula approach was
performed for the studied pairs at temporal scales of 1 month (Fig. 6) and
3 months (Fig. 7). The thresholds used for the analysis are listed in
Table 2. River basins on the American continent with the highest condi-
tional probabilities of dry conditions (Z values < −0.84) for (SPI1MSWEP,
SPI1PLO) are located in North America; in particular, the Fraser and Colum-
bia basins have an estimated conditional probability of>70% (Fig. 6a). Re-
garding the pair (SPI1MSWEP, SPI1PLT), the percentages obtained for Yukon,
Fraser, and Columbia were lower (Fig. 6b), confirming that these river ba-
sins are more prone to drought conditions induced by the reduction in oce-
anic moisture contribution to precipitation. In contrast, the percentage of
the conditional probability of a dry SPI1MSWEP under a dry SPI1PLT in-
creased in the Colorado, Rio Grande, and Saskatchewan-Nelson basins. In
South America, the conditional probability of real and oceanic origin dry
conditions varies from 30 to 60 %, with the lowest probabilities obtained
for the Orinoco and the highest obtained for the San Francisco and
Colorado-SA river basins. When the analysis is performed considering the
SPIPLT, high estimated conditional probabilities are found in all South
American basins, except for the Orinoco and Colorado-SA river basins. In
Africa, Europe, and Asia, the major differences in the conditional probabil-
ities between the SPI1PLO and SPI1PLT are observed in the river basins lo-
cated in the south of Africa, northern Eurasia, and Southeast Asia, where
dryness from terrestrial water supply deficit points to a higher conditional
probability given the SPI1PLT drought conditions.

The estimated conditional probabilities of severe and extreme drought
conditions (Z values < −1.28) at the 1-month temporal scale are shown
in Fig. 6c (for SPI1PLO) and Fig. 6d (for SPI1PLT). For the SPI1PLO, the prob-
ability is greater in North America than in the South American river basins
and greater in western Eurasia basins than in North and Northeast Asia. In
addition, a high probability of concurrent observations of severe and ex-
treme drought conditions is observed according to the SPI1MSWEP and
SPI1PLO in Murray-Darling (>70 %). For the SPI1PLT (Fig. 6d), an increase
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in the conditional probability with respect to SPI1PLO was found in almost
all the basins of South America, in Saskatchewan-Nelson and Colorado in
North America, in the Dnieper in Europe, and in several Asian river basins,
such as the Volga, N. Dvina, Yenisey, Ob, Baikal, Lena, Hwang Ho, Ganges
and Brahmaputra, and Yangtze, among others. This finding indicates a
stronger dependence on severe and extreme drought conditions in these ba-
sins based on the occurrence of severe and extreme droughts of terrestrial
origin.

The estimated conditional probability (in percentage) of achieving an
extreme drought according to the SPI1MSWEP and SPI1PLO and the
SPI1MSWEP and SPI1PLT are shown in Fig. 6e and f, respectively. The proba-
bilities obtained for the SPI1MSWEP and SPI1PLO are very heterogeneous
among the river basins of North America, ranging from 10 to 20 % in
Saskatchewan-Nelson to 60–70% in St. Lawrence and Columbia. When an-
alyzing the influence of the SPI1PLT, the results show lower percentages
than those calculated considering the SPI1PLO in six of the nine river basins
of North America, which confirms the crucial role of moisture deficit from
the oceanic region on the occurrence of extreme drought. Indeed, oceanic
forcing has been linked to multiyear droughts in North America (Seager
and Hoerling, 2014), although recent findings have also described the im-
portance of decreased moisture transport from upwind land areas associ-
ated with reduced evapotranspiration and upwind dry soil moisture with
the amplification of droughts across North America (Herrera-Estrada and
Diffenbaugh, 2020). In South America, the results show great differences
in the estimated conditional probability of extreme drought according to
the SPI1PLO, with values from 10 to 20 % for Orinoco and 40–50 % for La
Plata (Fig. 6e). The percentages obtained with the SPI1PLT (Fig. 6f) were
higher or remained the same as those obtained with the SPI1PLO, except
for the Colorado-SA River Basin, where the values were lower. Concerning
selected catchments in Africa, the percentages were higher for the SPI1PLT,
except for Lake Chad and Jubba-Shebelle.

In Europe and Asia, the conditional probabilities of extreme drought ac-
cording to the SPI1MSWEP given the drought conditions of both the SPI1PLO
(Fig. 6e) and SPI1PLT (Fig. 6f) seemed to be lower than those identified for
previous drought categories, as described above. For the SPI1PLO, condi-
tional probabilities exceeding 50 % were only observed in the Danube,
Dnieper, Amu Darya, and Amur basins, while the lowest probabilities
(10–20 %) were observed in the Baikal and Indigirka basins. For the
SPI1PLT, the estimated probabilities were generally higher for each river
basin, with values between 60 and 70 % for the Danube, Dnieper, Tigris-
Euphrates, N. Dvina, and Lena and between 50 and 60 % for Ili, Ob, and
Amur. Among the Southeast Asian river basins, the estimated conditional
probability of extreme drought was higher for the SPI1PLO in the Mekong
River Basin (Fig. 6e, f). Finally, in the Murray-Darling River Basin, in addi-
tion to other categories of the SPI, a deficit in the oceanic component of pre-
cipitation seems to bemore associatedwith the extreme drought conditions
identified with the SPI1MSWEP than with a deficit in the terrestrial compo-
nent.

The results for the pairs (SPI3MSWEP, SPI3PLO) and (SPI3MSWEP, SPI3PLT)
are shown in Fig. 7. At this SPI time scale, we avoid flash droughts, which
are frequent at the temporal scale of 1 month. Thus, the 3 month time
scale permitted the assessment of the conditional probability between
more realistic drought conditions. For drought conditions (Z < −0.84),
the highest percentage of conditional probability according to the SPI3PLO
values occurred in the basins of North America, South Africa, Europe, and
Northwest Asia and the Murray-Darling Basin in Australia (Fig. 7a). For
the SPI3PLT, higher conditional probabilities are achieved in those basins lo-
cated in Europe (Dnieper, 70–80 %), and all basins in North and Northeast
Asia exceed 50 %, with N. Dvina and Yenisey presenting >70 % (Fig. 7b).
The high probability (>70 %) in the La Plata Basin of South America, the
Limpopo and Orange basins in southern Africa, and the Murray-Darling
Basin in Australia also indicates that the PLT deficit is highly coincident
with the occurrence of dry conditions. The probabilities decreased with in-
creases in drought severity, as can be observed in Fig. 7c to f. Under extreme
drought conditions (Fig. 7e, f), the percentages were particularly high
(60–70 %) for the SPI3PLO in the Columbia, Mississippi, and St. Lawrence



Fig. 6. Estimated conditional probability (in percentage) of experiencing drought (Z value<−0.84), severe and extreme drought (Z value<−1.28), and extreme drought (Z
value < −1.65) according to the SPI1MSWEP, given the corresponding dry conditions regarding the SPI1PLO (left panel, a, c, e) and SPI1PLT (right panel, b, d, f). Period
1980–2018.
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River basins in North America; Limpopo in southern Africa; Amu Darya in
Asia; and Murray Darling in Australia. Also under extreme drought condi-
tions, the SPI3PLT is highly concurrent with the SPI3MSWEP in the
Saskatchewan-Nelson (70–80 %) in North America, Limpopo (70–80 %)
in southern Africa, and the Volga and Hwang Ho basins in Asia (60–70 %).

4. Discussion

In this studywe show the climatological percentage of PLO and PLT that
contributes to precipitation over each 50 major world river basins (Fig. 2).
According to the results, PLT is greater than PLO over the major number of
basins, particularly in those of high latitudes of Asia and humid tropical re-
gions of South America and Africa. These are mostly energy-limited re-
gions, where precipitation is highly modulated by moisture fluxes
resulting from evapotranspiration and its transport across the continent
(McVicar et al., 2012). Bosilovich and Chern (2006) also argue that when
precipitation is high, recycling increases and the contribution from external
sources decreases, resulting in a negative relationship between the contri-
bution of humidity from oceanic sources and precipitation. In addition,
PLO and PLT seem to be modulated by the climatological atmospheric cir-
culation patterns, and dynamical conditions. In North America the higher
correlations between PLO and PMSWEP occur in the western basins, where
moisture transport from the Pacific (Fig. S2) is often modulated by mecha-
nisms such as atmospheric rivers (Neiman et al., 2008; Gershunov et al.,
2019), thus leading to precipitation over western North America (Gimeno
et al., 2020), where >50 % of PL is explained by PLO, as shown in Fig. 2.
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On the contrary, the major relationship between PLT and PMSWEP in the
Mississippi may be determined by the importance of continental moisture
recycling, which is greatest in eastern North America (Bosilovich and
Schubert, 2001; van der Ent et al., 2010). Previous studies have assessed
the correlation between moisture inflow and recycling over the Mississippi
(Sudradjat et al., 2003; Bosilovich and Chern, 2006), and MacKenzie river
basins using different methodologies. Other studies have also revealed
that in the central and eastern United States, 45–51 % of precipitation
comes from the oceans, 35–39 % comes from upwind land regions, and
14–15 % is internally recycled (Herrera-Estrada and Diffenbaugh, 2020).

The higher correlations of PMSWEP with PLT in South American river ba-
sins also confirm the crucial role of continental moisture recycling (Zemp
et al., 2014; Yang et al., 2019). However, other studies have documented
the primary influence of moisture supply from the tropical North and
South Atlantic regions (TNA, TSA) on precipitation (Nieto et al., 2008;
Drumond et al., 2014; Martinez and Dominguez, 2014). We found similar
findings for the African river basins, confirming the stronger relationship
of PLT with the precipitation, as documented before by the high precipita-
tion recycling rates across the continent (Pokam et al., 2012). However, the
extension and location of the sources for the Niger River basin (Fig. S3) also
confirm the direct impact of moisture transport from the South Atlantic and
the Gulf of Guinea in West Africa (Lélé et al., 2015; Sorí et al., 2019). Sim-
ilarly, the Indian Ocean contributes to the dominance of oceanic precipita-
tion in the Jubba-Shebelle basin. We also found the dominant role of
terrestrial moisture contribution to precipitation in the Congo River
basin, which has been previously well documented (Sorí et al., 2017c,

Image of Fig. 6


Fig. 7. Estimated conditional probability (in percentage) of experiencing drought (Z value<−0.84), severe and extreme drought (Z value<−1.28), and extreme drought (Z
value < −1.65) according to the SPI3MSWEP given the corresponding dry conditions regarding the SPI3PLO (left panel, a, c, e) and SPI3PLT (right panel, b, d, f). Period
1980–2018.
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2019;Worden et al., 2021; TeWierik et al., 2022). The patterns of moisture
uptake by air masses that reach the south and southeast river basins
(Fig. S5) confirm the crucial role of the Indian Ocean and the East and
South China Seas as sources of moisture (Bin et al., 2013; Sorí et al.,
2017c). PLO and particularly PLT correlates.

The patterns of (E–P) > 0 for the northern Eurasian basins (Fig. S5) re-
veal the importance of the land contribution, but also the transport from
the Mediterranean and the Atlantic. This result deserves further research
to clarify the role of oceanic and terrestrial precipitation origin in the runoff
trends already documented for the Siberian watersheds (Berezovskaya
et al., 2004; Vasilevskaya et al., 2021). Although the correlation does not
imply causality, in general, the high relationship between PMSWEP and PL,
PLO and PLT in the basins does confirm the usefulness of Lagrangian pre-
cipitation and its components for the attribution of changes that may
occur in the hydrological cycle, and lead to the occurrence of extreme
events such as droughts.

Despite much progress has been made in recent decades on drought
studies, the controlling factors of its occurrence and propagation are still
lacking (Wang et al., 2016; Zhang et al., 2022). In this regard, for this
study we applied a novel approach in which we estimate dry conditions
of oceanic or terrestrial origin in each of the basins studied through the
SPI. Concerns have recently been raised about the usefulness of SPI for es-
timating drought conditions in a global warming context, as it does not ad-
dress changes in evapotranspiration. However, one of the advantages of the
SPI is its simplicity in considering only one variable in its computation,
which allowed investigating the role of oceanic and terrestrial dry
10
conditions individually and jointly in the occurrence of droughts, some-
thing difficult to achieve with indices involving more variables. Although,
in future studies this is something we will take into account, to achieve a
more accurate analysis. Our results show the value of each of these compo-
nents (PLO and PLT), in the characterization of drought conditions in the
basins. Dry conditions associated with PLT and PLO deficits are mostly di-
rectly associated with the occurrence and severity of drought episodes at
one and three months' SPIMSWEP temporal scale, and are consistent with
the correlations. As appreciated, in most of the North American river basins
the oceanic origin drought conditions have a greater weight in determining
the final drought conditions. However, in some basins such as Lake Chad in
Africa, drought response to SPIPLO and SPIPLT at both SPI temporal scale is
opposite, indicating the primary impact of the oceanic component. Simi-
larly, in other basins, the propagation of dry conditions of oceanic or terres-
trial origin from 1 to 3 months, modulate individually the behaviour of
drought. This, for example, occurs in the Congo, where the SPI3PLT
(SPI3PLO) determines positively (negatively) the behaviour of drought. A
copula analysis was also used to determine the conditional probability of
drought at different ranges of severity between the pairs SPI1-3MSWEP

with SPI1-3PLO and SPI1-3MSWEP with SPI1-3PLT. With this analysis, we
demonstrated that conditional drought conditions (SPI1-3MSWEP <
−0.84) in North America (north of Asia and South America) river basins
experience a greater change in probability due to oceanic (terrestrial) origin
drought forcing, in comparison with the terrestrial (oceanic) one, which is
consistent with the results before discussed. In the Murray Darling river
basin, the probabilities differ only under extreme drought conditions
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when drought of oceanic origin is more likely to occur jointly with that
identified with the SPIMSWEP, confirming the importance of the Indian
Ocean as the principal source of moisture. Previous findings also revealed
that major southeast Australian droughts were intensified and terminated
chiefly by anomalies on the moisture transport from the Ocean (Holgate
et al., 2020).

5. Conclusions

The Lagrangian approach previously developed by the authors of this
article (Nieto and Gimeno, 2019; Gimeno et al., 2020) allowed for the com-
putation of an estimated Lagrangian precipitation named PL and separated
it into precipitation from oceanic (PLO) and terrestrial (PLT) origins over
50 world river basins for the study period 1980–2018. The results revealed:

– A high and statistically significant relationship between precipitation
from MSWEP and the PL, PLO, and PLT series in almost all basins.

– In most of the basins, a major amount of PLT prevails, which confirms
the importance of continental recycling of precipitation and evapora-
tion as well as moisture exports across the continents as a source of
the land-based precipitation origin, which deserves further analysis.

– PLO stands out as the dominant component of precipitation in North
American river basins, as well as in others such as the Jubba-Shebelle
in Africa, the Danube in Europe, and the Mekong and Si in Southeast
Asia. The geographical location and major mechanisms of moisture
transport, such as atmospheric rivers and low-level jets, appear to be
crucial factors for this result.

– The identification of drought episodes showed a higher number on the
1-month temporal scale of the SPIMSWEP for all basins compared to those
obtained on the 3-month temporal scale, especially for the Congo and
Amazon, which presented the lowest number of episodes but the
highest average severity and duration.

– The SPI1-3PLO and SPI1-3PLT were obtained for each river basin, which
allowed us to prove through multiple regressions that both components
have a positive effect on the estimation of the severity of drought epi-
sodes according to the SPI1-3MSWEP for a large number of river basins.

– The copula analysis revealedmajor conditional probabilities of drought
of oceanic origin inmost of the basins of North America, Europe, North-
west and Southeast Asia, and southern Africa. In contrast, the analysis
performed with the SPI1-3PLT showed higher probabilities in the river
basins located in North and Northeast Asia, South America, and the cen-
tral and southern regions of Africa. In the Murray basin, the SPI1-3PLO
and SPI1-3PLT are highly associated with drought conditions, but
when drought severity increases, the correspondence is greater with
dry conditions of oceanic origin.

The results of this study have confirmed the usefulness of including the
oceanic and terrestrial components of Lagrangian precipitation for charac-
terizing the origin of precipitation over 50 world river basins. Additionally,
we have introduced a framework which allows accounting for the underly-
ing role of dry conditions from oceanic and terrestrial origin when investi-
gating the occurrence and severity of droughts in the basins, but also in any
other region. The findings also provide opportunities for drought early
warning and future research. Research is ongoing to determine the long-
term relationships and influence of climate modes of variability on the pre-
cipitation from oceanic and terrestrial origin, in order to provide a deeper
understanding of the hydrological cycle characteristics and vegetation dy-
namics at the river basin scale.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.160288.
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