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Abstract
We apply the Lagrangian-based moisture back trajectory method to two reanalysis datasets to determine the moisture 
sources for wet season precipitation over the Arabian Peninsula, defined as land on the Asian continent to the south of the 
Turkish border and west of Iran. To accomplish this, we make use of the evaporative source region between 65°W–120°E 
and 30°S–60°N, which is divided into twelve sub-regions. Our comparison of reanalyses and multiple observations allows 
us to validate datasets and highlight broad-scale similarities in characteristics, notwithstanding some inconsistencies in 
the southwest AP. The results indicate north-to-south spatiotemporal heterogeneity in the characteristics of dominant 
moisture sources. In the north, moisture for precipitation is mainly sourced from midlatitude land and water bodies, such 
as the Mediterranean and Caspian Seas. Areas further south are dependent on moisture transport from the Western Indian 
Ocean and parts of the African continent. The El Niño-Southern Oscillation (ENSO) exhibits an overall positive but sub-
seasonally varying influence on the precipitation variability over the region, with noticeable moisture anomalies from all 
major source regions. A significant drying trend exists over parts of the Peninsula, which both reanalyses partially attribute 
to anomalies in the moisture advection from the Congo Basin and South Atlantic Ocean. However, considerable uncer-
tainty in evaporation trends over the terrestrial evaporative sources in observations warrants additional modeling studies 
to further our understanding of key processes contributing to the negative trends.
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1  Introduction

The Arabian Peninsula (AP) exhibits arid climate charac-
teristics (Abdullah and Almazroui 1998; Almazroui 2011; 
Almazroui et al. 2012; Edgell 2006) with limited freshwa-
ter resources, a fragile ecosystem, and fossil fuels-driven 
economies. More than 75% of the annual precipitation over 
the region is received between November and April (Abdul-
lah and Almazroui 1998; Almazroui 2011; Almazroui et 
al. 2012), which is also known as the wet season. Recent 
decades have witnessed statistically significant warming 
and reduced precipitation trends across the AP (Almazroui 
et al. 2012), precursors of water cycle intensification. These 
changes in the regional climate characteristics are causing an 
increase in desertification that can potentially affect biodi-
versity and socioeconomic stability in the region. While the 
anthropogenic footprint is the likely cause of recent trends in 
the regional hydrological cycle, slow varying climate forc-
ing, such as sea surface temperatures, is also known to influ-
ence the precipitation variability over the region. Generally, 
a wetter (drier) than the typical rainy season is experienced 
over AP during the El Niño or positive (La Niña or negative) 
phase of the El Niño-Southern Oscillation (ENSO) (Abid et 
al. 2016; Atif et al. 2020). The influence of equatorial Pacific 
sea surface temperature anomalies also extends to extreme 
precipitation events and droughts over the region. (Kang et 
al. 2015; Abid et al. 2018). Additionally, previous studies 
indicate a moderate and statistically insignificant influence 
of the North Atlantic Oscillation (NAO), where the region 
may experience a drier (wetter) than usual rainy season over 
northern and western portions of the AP during the positive 
(negative) phase of the NAO (Atif et al. 2020; Donat et al. 
2014; Ehsan et al. 2017; Saeed and Almazroui 2019).

Even though a general understanding of the climate char-
acteristics of the AP exists, there remain several gaps in our 
knowledge of factors impacting wet season precipitation 
variability. For instance, it is relatively unknown which ter-
restrial and oceanic evaporative sources provide moisture to 
the region during the wet season. Few studies suggest that 
much of the rainfall over the northern AP can be attributed 
to extratropical cyclones from the Mediterranean (Almaz-
roui et al. 2016). However, explicit identification of mois-
ture sources for the wet season precipitation over the AP is 
yet to be established. Similarly, thermodynamic pathways 
through which natural modes of climate variability, such as 
ENSO, influence precipitation distribution over the AP have 
not been clearly understood. Likewise, a limited mechanis-
tic understanding of the thermodynamic factors influencing 
prevailing precipitation trends exists. Therefore, this study 
aims to improve our knowledge of AP climate by addressing 
knowledge gaps in the above three aspects.

Three physical sources, including moisture already pres-
ent in the atmospheric column, moisture advected into the 
region, and moisture sourced through local evapotranspira-
tion, facilitate precipitation over an area (Batibeniz et al. 
2020; Brubaker et al. 1993; Burde and Zangvil 2001; Ciric 
et al. 2018; Dominguez et al. 2006; Dominguez and Kumar 
2008; Drumond et al. 2011; Eltahir and Bras 1996; Gómez-
Hernández et al. 2013; Schicker et al. 2010; Trenberth 
1999). Most commonly, the moisture flow over or from a 
region is either studied by observing the spatiotemporal tra-
jectories of moist air parcels, also known as the Lagrangian 
approach, or by following the moisture in-and outfluxes at 
fixed positions, also known as the Eulerian approach. The 
Lagrangian-based moisture back trajectory analysis is the 
most used approach due to its relatively better accuracy 
in determining moisture sources and sinks (Gimeno et al. 
2012, 2020; Nieto et al. 2006; Sodemann et al. 2008). Other 
forward trajectory Lagrangian algorithms can also be effec-
tive in finding moisture sources and sinks that follow the 
tracks of moisture particles from evaporation to precipita-
tion (Peng et al. 2020, 2022; Zhang et al. 2021; Stohl et al. 
2005). We chose to use a back trajectory Lagrangian algo-
rithm, Dynamic Recycling Model (DRM), developed by 
Dominguez et al. (2006), that we have previously applied 
over several regions for moisture source analyses (Ashfaq et 
al. 2017; Batibeniz et al. 2020; Mei et al. 2015). The details 
of data and moisture tracking analyses is provided in Sect. 2. 
Section 3 describes the main results and discussion of this 
analysis. Section 4 summarizes key findings and proposes 
future research directions. Overall, this study identifies pri-
mary evaporative sources during the wet season over the 
AP, describes their spatiotemporal distribution at varying 
scales, and explains their role in the precipitation variability 
during the wet season, particularly during active phases of 
ENSO and NAO.

2  Data and methods

2.1  Data

We use two reanalysis datasets, the Modern-Era Retro-
spective Analysis for Research and Application Version 2 
(MERRA-2, Gelaro et al. 2017), available at 0.5° x 0.625° 
horizontal grid spacing, and the European Reanalysis ver-
sion 5 (ERA5; Herschbach et al. 2020), available at 0.25° 
x 0.25° horizontal grid spacing. Multiple datasets ensure 
a robust understanding of moisture sources over the study 
region. The ERA5 dataset is remapped to the MERRA-2 hor-
izontal grid before its use. From these datasets, we obtained 
four variables: daily evapotranspiration, daily precipitation, 
six-hourly vertically integrated eastward moisture flux, and 
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six-hourly vertically integrated northward moisture flux. 
Additionally, 850 mb monthly meridional and zonal winds 
are used to investigate dynamical patterns associated with 
global ESNO and NAO teleconnections.

Given that reanalyzed and observed precipitation is often 
not in high correspondence at the daily timescale, we use 
reanalyzed precipitation in our analyses to be consistent 
with the reanalyzed moisture fluxes and evapotranspiration 
used in the determination of moisture pathways. While this 
methodological choice is necessary for accuracy in calcu-
lating moisture trajectories, it may lead to inaccuracies in 
identifying moisture sources if the spatial distribution of 
precipitation substantially varies between reanalyzed and 
observed. Therefore, precipitation from the two reanalyses 
is compared with several gridded observations to under-
stand the degree of uncertainty associated with our meth-
odological choice. The observations include data from the 
University of East Anglia Climatic Research Unit (CRU; 
Harris et al. 2013), NOAA’s Precipitation Estimation from 
Remotely Sensed Information using Artificial Neural Net-
works (PERSIANN; Sorooshian et al. 2014; Ashouri et al. 
2015), the Global Precipitation Climatology Centre monthly 

precipitation dataset (GPCC; Schneider et al. 2015), and the 
Climate Hazards Group InfraRed Precipitation with Station 
dataset (Funk et al. 2015). All observational datasets are 
also remapped to match the MERRA-2 grid spacing. Not all 
observations fully span our analyses period covering 1980 
to 2019, as PERSIANN (GPCC) is unavailable for 1980–
1982 (2017–2019).

2.2  Moisture back-trajectory analyses

We make use of the evaporative source region between 
65°W–120°E along the longitudes and 30°S–60°N along 
the latitudes for moisture back trajectory analyses over 
the AP. The source region is divided into 12 sub-regions, 
as depicted in Fig.  1. The sub-division broadly separates 
known oceanic basins and large water bodies to ensure rela-
tively accurate attribution of precipitation over the study 
region to remote sources. The adjacent upstream subdivi-
sions of terrestrial areas, such as Europe, Northern Africa, 
and Eastern Africa, are based on the homogeneity of pre-
cipitation seasonality within a sub-region from November 
to April. The breakdown of the Mediterranean regions is 

Fig. 1  Evaporative source region and its sub-divisions. Region 1 represents the study area
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R (χ, ξ, τ ) = 1 − exp
[
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(Dominguez et al. 2006) where R, ε, and ω represent the 
recycling ratio, evaporation, and precipitable water and χ, ξ, 
and τ represent the west-east, north-south, and time dimen-
sions respectively. The time-integration term in R goes from 
the beginning of the calculated timeframe to the time of 
precipitation. The generalized equation for all regions is, 
therefore:
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(Dominguez et al. 2006) Where |R (χ, ξ, τ, j)| (τ1) shows 
the percentage of precipitation at a grid point (χ, ξ) con-
tributed from grid point j at time τ1 and dτ represents the 
change in time. This allows us to determine the contribution 
from any grid point in the evaporative source region. Note 
that the assumption of a well-mixed atmosphere enables 
vertically integrated moisture flux, which may be an issue 
over regions with strong vertical wind shear. However, this 
assumption should not be a concern in this study, as the 
atmosphere above the AP does not exhibit a strong shear 
during the wet season. Also, note that data assimilation in 
reanalysis may violate the moisture conservation assump-
tion; however, Dominguez et al. (2006) note that any correc-
tion for this assumption not being followed has little impact 
on the results. We implement our analysis from 15 October 
through 30 April continuously. Earlier studies have shown 
that water vapor resides in the atmosphere for 10 days on 
average (Numaguti 1999; Nieto and Gimeno 2019; Läder-
ach and Sodemann 2016). Therefore, to ensure accuracy 
in the identification of moisture sources, the first 15-days 
are discarded to account for the residence time of moisture 
vapor in the atmosphere. Our study spans 39 seasons, start-
ing with the wet season from 1 to 1980 to 30 April 1981 and 
ending with the wet season from 1 to 2018 to 30 April 2019.

2.3  ENSO and NAO influences

We investigate precipitation variability caused by ENSO 
and NAO in terms of associated moisture anomalies from 
source regions. ENSO is defined by the standardized Niño 
3.4 index, which is the area-averaged detrended sea sur-
face temperature anomaly over the central-eastern equato-
rial Pacific region (5°S to 5°N, 170°W to 120°W). NAO is 
defined as the standardized principal component associated 
with the first EOF of the detrended sea level pressure over 
the North Atlantic region (20°N to 80°N, 90°W to 40°E). 
To understand the dynamic and thermodynamic pathways 
taken by ENSO and NAO in establishing their teleconnec-
tion with AP precipitation, the individual and aggregated 

similar to Zittis (2018). In the more distant and downstream 
areas, particularly the East Asian land region and the por-
tions of the Americas in the Atlantic Ocean regions, these 
considerations were curtailed as there was little contribu-
tion expected due to either distance from the target region 
or a downstream location. Therefore, these distant or down-
stream regions are broadly combined without any consid-
eration of climate homogeneity. The twelve sub-regions 
(Fig. 1) include the AP as the target region (1; Asian Con-
tinent west of Iran and south of Turkey), Northern Africa 
(2; African continent north of 20°N), Europe land (3; all 
European countries including portions of Turkey and Rus-
sia in Asia), North Atlantic Ocean (4; areas west of Europe/
Africa North of 20°N), the Mediterranean and Caspian 
Seas (5; all water bodies between 5°W to 65°E and 29°N 
to 50°N), South Atlantic Ocean (6; Atlantic ocean west of 
African continent and south of 20°N), East Asian land (7; 
Asian land outside Russia and Turkey that is not in regions 1 
or 10), Western Indian Ocean (8; the Indian Ocean between 
30°E to 80°E and south of 31°N), Eastern Indian Ocean (9, 
the Indian Ocean east of 80°E), Western and Central Asia 
land (10; Asian continent between 40°E to 80°E and 25°N 
to 45°N not part of regions 1 or 3), Western Africa land (11; 
African continent south of 20°N and west of 22.5°E), and 
Eastern Africa land (12; African continent south of 20°N 
and east of 22.5°E). Note that the study region defined in 
our analyses as the AP includes northern parts of Iraq and 
Syria that are formally not considered a part of the Arabian 
Peninsula.

In the past 15 years, numerous studies across the globe 
have used the DRM moisture-back trajectory approach (Bis-
selink and Dolman 2008; Dominguez et al. 2008; Hua et al. 
2017; Herrera-Estrada and Diffenbaugh 2020; Rapolaki et 
al. 2020). We have also applied the moisture back trajectory 
methodology to several other regions, including the Medi-
terranean by Batibeniz et al. (2020), South Asia by Ashfaq 
et al. (2017) and Mei et al. (2015), and Central Southwest 
Asia by Mehmood et al. (2022). This model was initially 
developed by Dominguez et al. (2006), which was modified 
not to include the reliance on parameterization (Dominguez 
et al. 2006; Gimeno et al. 2012; Stohl and James 2005). As 
Mei et al. (2015) described, this method applies the law of 
conservation of mass to water vapor while assuming a well-
mixed atmosphere. Therefore, the ratio between evaporation 
and locally advected water vapor in the atmospheric column 
equals the locally recycled water to neighborly advected 
precipitation as determined by moisture flux data. Using a 
Lagrangian coordinate system, as described in Dominguez 
et al. (2006), the recycling ratio or amount of precipitation 
falling from the entire evaporative source region is defined 
as follows:
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3  Results and discussion

3.1  Reanalyzed versus observed precipitation and 
evaporation

We first examine the comparability of the precipitation dis-
tribution over the AP between the reanalyses and the obser-
vations based on the wet season (Fig.  2). Relatively high 
precipitation magnitudes can be observed along the Zagros 
Mountains in the north and the Asir and Sarat mountains in 
the southwest. In all datasets, the relative maximum in pre-
cipitation occurs in these regions; however, it is lessened in 
the GPCC and CHIRPS datasets (Fig. 2c and d,). All precip-
itation maxima are relatively stronger in ERA5, while CRU 
and PERSIANN tend to be wetter over Yemen and Oman. 
The precipitation distribution over central Saudi Arabia is 
comparable across all datasets, with CRU the driest among 
all. Overall, there are no distinct or systematic differences 
between reanalyzed and observed precipitation datasets. We 
further compare the percentage of annual precipitation that 
falls during the wet season across datasets (Fig. S1). The 
purpose of this comparison is twofold. First, we would like 
to ensure that there are no noticeable systematic differences 
in the intra-annual distribution of precipitation between the 
reanalyzed and observed datasets. Second, we want to high-
light that November to April season, used in this study, cov-
ers most of the annual precipitation that falls over the region, 
consistent with earlier findings (Abdullah and Almazroui 
1998; Almazroui 2011; Almazroui et al. 2012). Both obser-
vational and reanalyzed datasets show that over 75%, and in 
most cases, over 90% of the precipitation is received during 
the wet season used in this study. The Red Sea Coast and 
Asir mountains receive considerable rainfall through warm-
season convection (Almazroui 2011), reflected in relatively 
lower (30–60%) fractions during the rainy season. There is a 
discrepancy among the datasets about the wet season contri-
bution over parts of Yemen and Oman. However, this loca-
tion is in the Empty Quarter, where seasonal precipitation 
is very low, and minor differences can lead to more consid-
erable fractional changes. There is sub-seasonal variability 
in precipitation distribution which is generally comparable 
across datasets (Fig. S2). The Pearson correlations between 
area-averaged wet season precipitation over the AP during 
common years in the dataset can be found in Table 1. It is 
evident that PERSIANN and CHIRPS exhibit significant 
differences among the datasets, and overall, it is impossible 
to distinguish a systematic superiority of observations over 
reanalyses. These comparisons suggest no distinguishable 
systematic differences in reanalyzed and observed precipita-
tion distributions. Therefore, this study’s determined synop-
tic-scale moisture sources based on reanalyzed precipitation 
can be considered reliable.

anomalies of contributed moisture (in mm) from evapora-
tive source regions to the AP and 850 mb winds anoma-
lies over the entire evaporative source region are separately 
linearly regressed onto the standardized indices of ENSO 
and NAO. The regressions are performed at seasonal and 
two-month mean scales to investigate overall teleconnec-
tions characteristics and their sub-seasonal persistence. For 
these calculations, monthly atmospheric winds, sea surface 
temperature, sea level pressure, and precipitation are taken 
from the corresponding reanalyses datasets (ERA5 and 
MERRA2) used for moisture back trajectory calculations.

Fig. 2  Mean wet season precipitation (mm) during 1980–2019 in (a) 
CRU, (b) PERSIANN, (c) GPCC, (d) CHIRPS gridded observations 
and (e) MERRA2, (f) ERA5 reanalysis. Note that PERSIANN data 
was unavailable for 2017 through 2019 and GPCC data was unavail-
able for 1980 through 1982
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southeastward. The lack of reach of extratropical weather 
systems over the rest of the AP diminishes contribution 
from the mid-latitude source regions towards the central to 
southern AP. In the central parts of AP, moisture advection 
from the African continent and South Atlantic has a sizeable 
contribution (Fig. 4f, up to 30% when aggregated). Poten-
tially, a fraction of moist air near the equator over the South 
Atlantic and African land regions rising to the upper levels 
escapes towards Northern Africa and reaches the AP with 
the aid of the North African Jet (Figure S7).

In comparison, moisture transport from the western 
Indian Ocean dominates the southern half of the AP (Figs. 4b 
and 30 to 65%). It is important to note that the geographical 
footprint of moisture from the western Indian Ocean, which 
also includes the Arabian and Red Seas in our study, is the 
largest in the southern AP, with maxima over the southwest-
ern tip of Yemen (~ 65%), and the smallest in the northern 
AP, with minima over the Zagros Mountains along the bor-
der of Turkey in the north (~ 5%). A relative maximum in 
evaporation over the Red Sea (Fig.  3) combined with the 
North Africa Jet allows a Red Sea trough to enhance pre-
cipitation over northern and central Saudi Arabia. At the 
same time, southeasterly winds advect moisture from the 
Arabian Sea and Gulf of Aden over the southern Arabian 
Peninsula. Interestingly, local moisture recycling (Figs S4-
S6) does not significantly affect the precipitation distribu-
tion over the AP, as its maximum contribution remains less 
than ~ 10–15%. Through the western two-thirds of the target 
region, local recycling contribution is under 5%, indicating 
its less importance than advection from outside sources. The 
AP is overall arid, and very little moisture is available for 
evaporation (Fig. 3). As the ground is primarily dry, rains 
penetrate the soil, leaving little contact between the water 
and the atmosphere for evaporation. Therefore, local recy-
cling contributes very little to atmospheric moisture over 
the region. Overall, the relative contribution of individual 
evaporative sources is comparable between ERA5 and 
MERRA2 (Figs. S5-S6), reflecting minor sensitivity to the 
choice of reanalysis to determine moisture source regions. 
Due to this close correspondence between the two datasets, 
we present the rest of the analyzed results based on their 
average.

We also analyze evaporation data over the source domain 
during the wet season. No gridded observed evaporation 
data exists; therefore, analysis is limited to the evaporation 
from the two reanalyses (Fig. 3). The monthly evolution of 
evaporation (Fig. S3) shows that the mean spatial differences 
in evaporation throughout the wet season are much more 
notable than the mean temporal differences from month to 
month. Overall, more evaporation occurs over water bodies 
than inland regions, with the most vigorous land evapora-
tion occurring near the equator.

3.2  Characteristics of primary moisture sources

The fraction of moisture falling as precipitation in a grid cell 
that originated as evapotranspiration from the entire evapora-
tive source region (Fig. 1), also known as the recycling ratio, 
is shown in Fig. 4a as an average of two datasets (ERA5 and 
MERRA2). The highest recycling ratio is obtained when all 
the precipitation is sourced back to its origin at a grid point. 
In this study, the recycling ratio varies between 90 and 96% 
(expressed in % of the total) over most of the AP, reflect-
ing that the evaporative source domain used in this study 
is sufficiently large to account for the origin of almost all 
precipitation falling over the AP during the wet season. The 
contribution from the most prominent (all) source regions 
is shown in Fig. 4 (Fig. S4) as an average recycling ratio 
based on two reanalysis datasets. Panels 4e and 4f combine 
moderately impactful regions where moisture follows simi-
lar dynamic pathways to reach the AP. Figures S5 and S6 
show individual contributions from all regions separately in 
ERA5 and MERRA2, respectively, while Figure S7 shows 
the climatological winds which provide background forcing 
for moisture transport in the evaporative source domain. In 
the north, most of the moisture comes from the Mediterra-
nean/Caspian Seas (Fig. 4c, up to 50%), North Atlantic, and 
Europe (Fig. 4e, up to 40%). The primary contributors to 
the precipitation over this region are extratropical weather 
systems originating over the Mediterranean Sea and adja-
cent areas (Almazroui et al. 2016). These weather systems 
move eastward and hence have less impact on the remaining 
AP region in the south. Therefore, the moisture within these 
systems shows more influence over (up to 40%) northern 
Syria and Iraq, and their contribution progressively depletes 

Table 1  The Pearson correlation of total area-averaged wet season precipitation in common years between datasets
ERA5 MERRA2 CRU PERSIANN GPCC CHIRPS

ERA5 1 0.95 0.90 0.66 0.97 0.77
MERRA2 0.95 1 0.82 0.68 0.92 0.65
CRU 0.90 0.82 1 0.65 0.86 0.69
PERSIANN 0.66 0.68 0.65 1 0.68 0.63
GPCC 0.97 0.92 0.86 0.68 1 0.81
CHIRPS 0.77 0.65 0.69 0.63 0.81 1
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low seasonal precipitation magnitudes. For instance, the 
southern AP receives less overall precipitation; therefore, 
the contributions from source regions to the northern AP 
are more heavily weighted than the southern AP. The con-
tribution from the Mediterranean/Caspian Seas is the high-
est until the beginning of March when it gradually starts 
diminishing. Note that the northern part of the AP, where 
the Mediterranean/Caspian Seas have the most significant 
contribution, receives relatively less rainfall towards the end 
of the rainy season (Fig. S2). The sub-seasonal precipita-
tion variability over the northern AP region coincides with 
the annual cycle of evaporation from the Mediterranean and 

The total recycled precipitation is the multiplicative 
product of the recycling ratio and the total precipitation. 
When the total recycled precipitation is averaged over the 
study region, there is considerable sub-seasonal variability 
in moisture contribution from individual source regions, 
as seen in Fig. 5, which shows the 10-day mean percent of 
area-averaged precipitation that can be attributed to each 
source region. Note that a sub-region can show high recy-
cling ratio values over the parts of the target region (AP). 
However, its contribution to the area-averaged recycled pre-
cipitation over the target region may still be low if higher 
magnitudes of recycling ratio are over the areas that receive 

Fig. 3  Mean annual evaporation 
(mm/day) during the entire wet 
season 1980–2019 in (a) ERA5, 
(b) MERRA2, (c) the mean of 
both reanalyses
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in March and April over the southern half of the AP (Fig. 
S2). The late-season strengthening of moisture advection 
from the Indian Ocean is supported by the gradual shift 
in the cross-equatorial flow over the ocean east of Africa 
(Fig. S7). The flow progressively shifts from southward in 
November to February to zonal in March and northwest-
ward in April. The same dynamical changes support the sub-
seasonal variability in the contribution from Eastern Africa, 
which is in sync with that from the Western Indian Ocean. 
Note that, over this period, the intertropical convergence 
zone gradually moves southward over southwest Africa 
(away from the AP) and back over Eastern Africa (Ashfaq 
et al. 2021). Some syncing is also noticed between moisture 
from the Mediterranean/Caspian Seas and the North Atlan-
tic, which is understandable as similar dynamical character-
istics influence the movements of storm tracks and moisture 
from the Mediterranean and beyond (Batibeniz et al. 2020). 
However, it is interesting to note that moisture contribution 
from Europe gradually increases over the wet season and 
reaches its maximum at a time when moisture supply from 
North Atlantic, and Mediterranean/Caspian Seas depletes. 

adjacent seas that exhibits gradual decreases in the wet sea-
son with a yearly minimum in April–May (Romanou et al. 
2010), explaining the decline in the moisture contribution 
from the Mediterranean/Caspian Sea. On the other hand, 
the moisture contribution from the western Indian Ocean 
remains relatively steady until March before strengthening 
to reach its maxima towards the end of the rainy season, 
which is consistent with relatively large amounts of rainfall 

Fig. 5  Climatological intra-seasonal variability in regional contribu-
tions, shown as 10-day running mean area averaged over the Arabian 
Peninsula. Only those regions have been shown that reach a seasonal 
maximum of more than 5%. Note that symmetric averaging has been 
used at the end points. Line colors match the ones used to define 
regions in Fig. 1. Results are based on the average of recycling ratio 
from ERA5 and MERRA2.

 

Fig. 4  Average recycling ratio (expressed in % of the total) during the 
wet season (Nov-April). (a) Sum of all regions, (b) Western Indian 
Ocean, (c) Mediterranean and Caspian Sea, (d) East Africa, (e) sum of 
North Atlantic and Europe, (f) sum of North Africa and South Atlantic, 
(g) sum of the other regions. Results are based on the average of recy-
cling ratio from ERA5 and MERRA2.
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3.3  Thermodynamic pathways of ENSO/NAO 
influence over the AP

ENSO exhibits a positive association with precipita-
tion variability over the AP, meaning that more rains are 
expected during the wet season when the warm phase of 
ENSO is active and vice versa (Abid et al. 2016; Atif et al. 
2020). While earlier studies suggest above-normal moisture 
advection from the Indian Ocean during El Niño (Abid et 
al. 2016, 2020; De Vries et al. 2016), a more specific under-
standing of anomalies in moisture from oceanic and terres-
trial moisture source regions is yet to be determined. Our 
analysis examines anomalies 850 mb wind anomalies and 
moisture anomalies from terrestrial and oceanic regions that 
drive ENSO influence over the AP region. We achieve this 
by regressing the anomalies of seasonal average winds, total 
sourced precipitation, and precipitation sourced from indi-
vidual regions onto the standardized ENSO index, as shown 
in Fig.  6 and Supplementary Figure S8. The results indi-
cate that the enhanced moisture influx during the positive 
phase of ENSO is not limited to the Indian Ocean, as nearly 
every source region shows an increase in moisture contri-
bution (Fig. 6, S8). In particular, a statistically significant 
increase in moisture advection from the Indian Ocean and 
the African continent occurs. Note that Walker circulation 
disruption during El Niño causes anomalous convection 
(subsidence) in the western (eastern) Indian Ocean (Abid et 
al. 2020). As a result, an anomalous westward flow emerges 
over the Indian Ocean in the lower atmosphere, reflected 
in the regressed 850 mb winds map (Fig.  6a). Increased 
(decreased) winter moisture convergence over the western 
Indian Ocean during El Niño (La Niña) episode is consistent 
with previous research (Castillo et al. 2014). These condi-
tions favor enhanced moisture advection from the Western 
and Eastern Indian Ocean and northern parts of Eastern 
Africa.

Moreover, wetter than normal conditions are well known 
over equatorial and Eastern Africa during the warm phase of 
ENSO (Mbigi and Xiao 2021), meaning that more moisture 
is available to be transported to the AP from those areas. 
Additionally, with weakened easterlies and more divergence 
in equatorial Africa during ENSO (Spinks and Lin 2014), 
less moisture already available near the equator is advected 
towards the tropical Atlantic Oceans. Thus, a more signifi-
cant percentage of precipitation advected out of equatorial 
Africa becomes available for transportation to other regions. 
Excessive moisture transport is also witnessed from Europe 
and the Mediterranean/Caspian Seas. It is well known that 
the warm phase of ENSO favors the southward shift in the 
extratropical cyclones, causing enhanced moisture advec-
tion from the mid-latitude source regions over the northern 
AP. However, most of these increases are not statistically 

Such an increase in moisture from a mid-latitude terrestrial 
source region is explicable given the annual cycle of surface 
temperatures that continue to rise during the AP wet sea-
son. Moreover, storm tracks continue to move north during 
the latter half of the wet season. The relative maximum in 
European contribution indicates that the storms that begin 
further north have more access to precipitation originating 
from evaporation over land in Europe.

Fig. 6  (a) Regression of seasonal average winds (m/s per 1 standard 
deviation in ENSO) and accumulated total sourced precipitation (mm 
per 1 standard deviation in ENSO) anomalies onto the standardized 
ENSO index during the wet season. (b-e) same as in (a) but for the 
seasonal accumulated sourced precipitation from individual source 
regions. Black stippling represents statistical significance in precipita-
tion changes at 90% confidence level. Blue stippling represents sta-
tistical significance in either U or V changes at 90% confidence level. 
The two reanalyses are averaged before regression
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a combination of direct Rossby-wave teleconnection origi-
nating in the equatorial Pacific and indirect teleconnection 
resulting from interbrain interactions between the Pacific 
and Indian Oceans through the Walker circulation-driven 
atmospheric bridge. When the two teleconnection pathways 
of ENSO are in phase, its influence is greatest, and when 
they are out of phase, its influence is lowest. At the individ-
ual level, the increase in contribution from Eastern Africa 
and the western Indian Ocean is statistically more robust 
during Nov–Feb (Figs. S9-S10), coinciding with the period 
when ENSO forcing is typically the strongest. However, the 
anomalous moisture contribution from the Southern Atlan-
tic only becomes significant between Mar and Apr (Fig. 
S11), coinciding with the time when this region’s moisture 
contribution is strongest. Near the equatorial belt over east 
Africa, ENSO teleconnections lead to onshore wind anom-
alies from the Indian Ocean, and winds over land change 
direction in Mar–Apr, limiting the moisture advection from 
these regions to the AP, while an increase in precipitation 
from the extratropics is still reflected from the Mediterra-
nean (Fig. S11).

As previously noted, NAO’s influence on the AP climate 
is not as robust as it is in the case of ENSO. To investigate 
the characteristics of circulation and moisture anomalies 
shaping NAO teleconnection, we perform regression analy-
ses identical to those presented in Fig. 6 and Supplemen-
tary Figures S8 to S11 by replacing the standardized ENSO 
index with the NAO index. These results are shown in Fig. 7 
and Supplementary Figures S12 to S15. A positive phase 
of NAO causes the westerlies over the Mediterranean and 
northern Africa to weaken, decreasing the amount of mois-
ture that advects from Europe and the northern Atlantic into 
the target region (Fig S12). Spatially, the moisture change 
from the NAO teleconnection exhibits a dipolar pattern 
over the AP, with a negative association in the northern two-
thirds and a positive association in the southern one-third. 
However, this negative influence over that region is mostly 
statistically insignificant (Fig. 7a) due to a lack of robust-
ness in moisture anomalies from the primary source regions 
(Fig.  7b and d). More specifically, the negative associa-
tion in the northern two-thirds is caused by reduced mois-
ture advection from Europe and the northern Atlantic and 
potentially a westward movement in Mediterranean storm 
tracks. While the moisture advection from the Mediterra-
nean/Caspian Seas also decreases significantly over parts 
of central Saudi Arabia, its reduction is insignificant over 
Syria. In contrast, it shows a mixed response over Iraq. The 
positive association over the parts of southern AP is due to 
an enhanced moist advection from Western African, Indian 
Ocean, and Eastern Africa, and more local recycling (Fig. 
S12), consistent with an increase in precipitation near the 
Arabian Sea shown in previous research (Nieto et al. 2014).

significant. Local recycling also exhibits a noticeable rise 
in Iraq and Saudi Arabia along the Arabian Gulf (Fig. S8).

Substantial sub-seasonal variability in ENSO telecon-
nection and associated moisture anomalies from respective 
source regions exists over the AP (Figs. S9-S11). Overall, 
ENSO teleconnection becomes insignificant and reverses 
over Iraq and adjacent Saudi Arabia region in Jan–Feb cre-
ating a reversal in moisture anomalies from primary source 
regions (Europe, North Atlantic, and Mediterranean/Cas-
pian Seas). The circulation anomalies in the lower atmo-
sphere (850 mb) exhibit anomalous dry air entrainment from 
northern Africa during Jan–Feb in contrast to the rest of the 
season, where moisture advection from the abovementioned 
source regions is favored (Figs. S9-S11). The insignificance 
of ENSO’s role during Jan–Feb has also been noted in ear-
lier studies focused on the broader Central Southwest Asia 
region (Abid et al. 2020; Mehmood et al. 2022). Accord-
ing to these studies, ENSO influences this region through 

Fig. 7  Same as in Fig. 6 but for NAO.
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southwestern AP region are relatively robust across obser-
vations and reanalyses. Recent studies based on station 
observations have consistently demonstrated that the cen-
tral AP is witnessing a decrease in precipitation, leading 
to more severe droughts (Alsaarann and Alghmadi 2021; 
Syed et al. 2022). Therefore, we limit our focus to this 
area, where we assume the drying trend is robust, to under-
stand the potential causes of these trends. Considering that 
moisture source analyses are based on the reanalyzed data, 
the trends in moisture advection from individual moisture 
sources, shown in Fig. 8, should provide insight into pre-
cipitation trends in the reanalyzed precipitation over the AP. 
The analysis of trends in moisture contribution from source 
regions suggests that negative precipitation trends over the 
central and southwestern AP (Fig. S16) are driven mainly 
by reduced moisture advection from Western Africa, the 
South Atlantic, Western Indian Ocean, and Eastern Africa 
(in order of significant). When trends of both precipitation 
and evaporation are analyzed over the terrestrial parts of the 
evaporative source region, both ERA5 and MERRA2 dis-
play statistically significant strong negative trends over the 
Congo basin and parts of central Africa (Figs. S17, evapora-
tion in S18) – the area which is partitioned as Western Africa 
in our subdivision of moisture sources (Fig. 1). This region 
experiences a dry season between Nov to March (Ashfaq et 
al. 2021), which is why moisture contribution from West-
ern Africa gradually increases during the wet season over 
the AP (Fig. 5; mustard line). Studies have shown that dry 
season length has recently increased over Equatorial Africa 
(Froidurot and Diedhiou 2017), leading to less overall mois-
ture available for evaporation. With less terrestrial evapora-
tion, the northward moisture fluxes from equatorial Africa 
should reduce. Indeed, reanalyses-based evaporation trends 
(Fig. S18) show a decrease in these areas, supporting evi-
dence that these may be related to reduced precipitation in 
equatorial Africa. However, it is essential to note that these 
patterns are not seen in all observational datasets, so there is 
still significant uncertainty in this finding (Figs. S16-S17). 
As previously mentioned, the moisture contribution from 
the Eastern African region also exhibits a decline over the 
southwestern AP, which is present in both reanalyses (Figs. 
S19-S20). This reduction in moisture supply from Eastern 
Africa is most likely due to a drying trend over the Ethio-
pian highlands, which is present in both datasets, leading to 
an overall decrease in precipitation in the circulations over 
central Africa. Most gridded observations also show a nega-
tive trend over the Ethiopian highlands (Fig. S17). Despite 
the noticeable differences between the reanalysis and obser-
vations in the spatial distribution of precipitation trends over 
the evaporative source region, the dependence of AP precip-
itation on the terrestrial evaporative sources demonstrates 
how precipitation trends over one source region can impact 

The effects of NAO teleconnection over the AP also 
exhibits sub-seasonal variability (Figs. S13-S15). For 
instance, the statistically significant negative NAO associa-
tion over the central AP only exists during Nov–Dec, when 
moisture supply from most prominent sources decreases. 
Due to below normal moisture transport from major mois-
ture sources in Nov–Dec, local recycling also becomes 
significantly limited over eastern Saudi Arabia and Kuwait 
(Fig S13). Similarly, an increase in moisture advection from 
the Indian Ocean and parts of Africa over the southern AP 
is only significant during Mar–Apr. In general, as the wet 
season progresses, precipitation associated with the NAO 
changes direction and generally decreases in magnitude as 
the rainy season progresses (Figs. S13-15). This potentially 
implies that the NAO impact lessens over the course of the 
wet season. The lack of sub-seasonal persistence in NAO 
teleconnection is consistent with variations in ENSO influ-
ence over the AP.

Overall, there is substantial variation in sub-seasonal 
moisture advection anomalies caused by remote forcings, 
such as ENSO and NAO, during the wet season. Perhaps, 
it is this sub-seasonal inconsistency in moisture advection 
from evaporative sources that is the cause of the lack of per-
sistence in the ENSO and NAO teleconnections during the 
wet season, which may result in the limited precipitation 
prediction skill over the region (Abid et al. 2016; Ehsan et 
al. 2017).

3.4  Wet season precipitation trends

We use the Mann-Kendall test to calculate trends in total 
precipitation and moisture contribution from respective 
evaporative sources and test their significance at a 95% 
confidence level. The trends in moisture contribution from 
each source are shown in Fig. 8, while wet season precipi-
tation trends over the AP and the entire source region are 
shown in supplementary Figures S16 and S17 respectively. 
Generally, the wet season precipitation over the AP exhib-
its negative trends (Fig. S16). Unfortunately, the spatial 
trends are inconsistent across observational datasets and 
between observations and reanalyses over much of the AP. 
The lack of correspondence among observational datasets is 
likely due to an insufficient number of ground observations 
over the region (Zittis 2018) and differences in grid map-
ping techniques. Some gridded observations rely on ground 
observations, while others blend remotely sensed data with 
ground observations. Nonetheless, more research is needed 
to understand the sources of uncertainty in gridded observa-
tions and their connection with the precipitation trends over 
the AP.

Although there are disagreements among datasets, 
the negative precipitation trends over the central and 
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in influencing the Congo basin and adjacent areas (Sorí et 
al. 2017). Both regions exhibit a negative trend in moisture 
contribution to the AP. As a result, it is not unreasonable to 
assume that the South Atlantic has a significant influence on 
precipitation trends in the southwest and central latitudes of 
the AP, both directly and indirectly (via the Congo basin) 
influences on the AP climate. We should note that the com-
bined maximum moisture contribution from these regions 
(Western Africa and South Atlantic) over any part of the AP 
does not exceed 15–20% of the total. However, a substantial 
reduction in moisture contribution from these areas can still 
have a significant impact the AP climate.

precipitation distribution over a distant sink region and 
highlight the complexity and intricacy of thermodynamic 
drivers influencing the precipitation variability over an area. 
Although we are seeing an increase in evaporation over the 
ocean sources (Fig S18), this does not translate to advection 
into the AP, indicating further that much of the variability in 
the AP precipitation with a warming atmosphere is due to 
the changes in evaporation over terrestrial sources. Overall, 
these findings suggest that changes in evaporation over a 
warming ocean are less impactful in determining prevailing 
AP precipitation trends than the changes in evaporation over 
terrestrial source regions.

Considering that precipitation trends over the AP and 
central/western Africa are accurate in the two reanalyses, it 
implies that the processes that govern the variability of AP 
climate are complex. It is important to note that moisture 
transport from the tropical South Atlantic is a major factor 

Fig. 8  Trends (mm/year) in seasonal accumulated contribution from each source region over 1980–2019. Stippling indicates significance at 95% 
confidence level. Trends are based on the average of ERA5 and MERRA2.
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