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Abstract
We investigate long-term changes in winter rainfall patterns across the Arabian Peninsula (AP) through an analysis of the
Climate Research Unit (CRU) gridded rainfall dataset, and long-term rainfall measurements collected at 39 stations distributed
across the AP over the period 1951–2010. We reveal a long-term increase in winter rainfall of about 25–30% over the eastern
AP and a long-term decrease of about 10–20% in the southern and northeastern AP. A partial correlation analysis suggests that
canonical El Niños are associated with significant negative winter rainfall anomalies in the southern and southwest AP during
the 1951–1980 period. However, the extent of the El Niño-induced rainfall deficit decreased in subsequent decades. In fact, a
significant above-average rainfall occurs in recent decades over Ethiopia, southwest Yemen and central AP during canonical El
Niños. Furthermore, positive phases of the Indian Ocean basin mode (IOBM), which lags the canonical ENSO signal by 3–4
months, are linked with significant below-average winter rainfall over the central and northern AP, but only until the 1970 s.
We investigated the teleconnections between the variability of AP winter rainfall and various atmospheric parameters from the
European Centre for Medium Range Weather Forecasting (ECMWF) twentieth century (ERA-20 C) reanalysis. Notably, sub-
tropical westerly jet (STJ) shifted southward and intensified over the AP during recent decades. This shift of the STJ favoured
an increase in the frequent passage of transients, which contributed to increased winter rainfall over AP. These events
anomalously strengthen the upper level westerlies during El Niño Modokis, adding to the recently-strengthened STJ over the
AP, thereby further intensifying the transient activity. This large-scale background change likely weakened the impact of
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canonical El Niño and the IOBM events.
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1. Introduction
Rainfall over the Arabian Peninsula (AP), one of the world’s largest arid regions, is localized and scattered and typically occurs in
the form of isolated convective showers (Dayan and Sharon 1980; Almazroui et al. 2012; El Kenawy and McCabe 2016; Zolina et
al. 2017; Dasari et al. 2018). AP rainfall can be classified into winter (November–April) and summer (June–September) seasons
(Almazroui et al. 2012). Rainfall during summer is confined to the southern regions and is largely driven by the Indian summer
monsoon (e.g. Abid et al. 2018; Attada et al. 2018a). During the core wet season, which is broadly concomitant with the local
winter season (December through February), rainfall mainly occurs over the northern AP and is modulated by the Mediterranean
migratory air-mass systems (Walters and Sjoberg 1988).

Several studies have identified strong interannual and interdecadal variations in the AP winter rainfall (APWR) (e.g., Chakraborty
et al. 2006; Mujumdar 2006; Almazroui 2011; Kang et al. 2015; Babu et al. 2016; Kumar et al. 2016; Zolina et al. 2017; Dasari et
al. 2018; Attada et al. 2018a ; Sandeep and Ajayamohan 2018). The APWR variability is associated with variations in the Sea
Surface Temperatures (SST) of the tropical oceans (Krichak et al. 2014; Molteni et al. 2015; Kang et al. 2015; Babu et al. 2016;
Kumar et al. 2016; Dasari et al. 2018; Abid et al. 2018 , 2020; Sandeep and Ajayamohan 2018; Dogar and Sato 2018). Studies by
Kang et al. (2015) and Dasari et al. (2018) reported an increasing influence of the El Niño–Southern Oscillation (ENSO) on the
winter climate and rainfall of the Kang et al. (2015) suggested an association of the multi-decadal variability of AP rainfall during
the Arabian autumn and winter seasons (November through February) with the changing impacts of the tropical Pacific and Indian
Ocean.

The ENSO has a strong influence on the Indian Ocean. 30% of SST variability in the tropical Indian Ocean is associated with this
global phenomenon (Saji et al. 1999). The El Niño (La Niña) events introduce an anomalous basin warming (cooling) signal in the
equatorial Indian Ocean, known as the Indian Ocean Basin Mode (IOBM; Alory et al. 2007 , 2009), which lags the ENSO signal by
3–4 months (Krishna Kumar et al. 2006; Ashok et al. 2003 , 2014; Saji et al. 2006). Notwithstanding that such a basin-wide signal
in the tropical Indian Ocean is originally induced by ENSO, and it is a heat source in the tropics away from that associated with El
Niño in the tropical Pacific. Therefore, the atmospheric response at any time to the Indian Ocean basin wide SST signal interferes
with the responses of the atmosphere to the ENSO signal in the neighboring tropical Pacific, as seen for the Australian summer
(Yang et al. 2007; Ashok et al. 2014; Preethi et al. 2015). Accordingly, we treat the IOBM as an independent predictor in addition
to the Niño3 or ENSO Modoki index (EMI) of the same season. The IOBM also potentially influences seasonal rainfall patterns
over the African continent (Preethi et al. 2015). Importantly, the IOBM, despite being forced by ENSO, can modulate the direct
impact of ENSO signals from the tropical Pacific (e.g. Preethi et al. 2015). Some studies have suggested that the multi-decadal
variations in the combined strength and consequent impacts of the ENSO and IOBM can influence the multi-decadal variability of
the Indian and Australian summer monsoons (e.g. Ashok et al. 2014), which resonates with the findings of Kang et al. (2015) for
the AP.

The evolution and impacts of the ENSO have apparently changed since the mid-1970s (Weare 1979; Larkin and Harrisson 2002;
Navarra and Tribba 2005; Ashok et al. 2007a , b ; Kug et al. 2009; Yu et al. 2010). El Niño Modoki events were also reported, and
increased since the 1970s. These events are characterized by anomalous warming in the central tropical Pacific from boreal summer
through the ensuing winter, flanked by relatively cooler SST anomalies (SSTA) on both sides of the central tropical Pacific. They
are distinct from the canonical El Niño events, defined by warm SSTA in the eastern Pacific and cool SSTA in the western Pacific,
were most prominent prior to mid-1970s, then again in the second decade of this millennium (2010s Ashok et al. 2007a) suggested
that Modoki events—also referred to as central pacific events—are considered distinct and with increasing frequency since the late
1970 s, is also supported by the recent paleo-study of Freund et al. (2019). The surface/sub-surface evolution of the different
flavors of the ENSOs is also apparently distinct (Jadhav et al. 2015; Ashok et al. 2017; Behera and Yamagata 2018).
Notwithstanding the debate on evolution (e.g. Carton and Giese 2008; Karnauskas 2013; Capotondi et al. 2015; Capotondi and
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Sardeshmukh 2015 , 2017), it is widely recognized that many teleconnections of the canonical and Modoki ENSOs are different,
and are not yet fully understood (e.g. Guan et al. 2003; Ashok et al. 2007a , b , 2009; Weng et al. 2007 , 2009; Taschetto and
England 2009; Ummenhoffer et al. 2009; Cowan and Cai 2013; Preethi et al. 2015; Serrano et al. 2017; Yeh et al. 2018; Taschetto
et al. 2020). However, none of these studies have thus far explored in detail the similarities, or differences, in the impacts of the
ENSO and ENSO Modoki on APWR.

The objective of this study is to analyze and describe the individual influences of the three major tropical Indo-Pacific climate
drivers—the ENSO, ENSO Modoki, and the IOBM on the spatial distribution of APWR. The study also addresses the distinct
impacts of the ENSOs on the APWR during two time periods of 1951–1980 (pre-1981) and 1981–2010 (post-1980). It further
explores the potential role of background changes in the global circulations on the changed potential impact of the El Niños on
APWR. To this end, we analyze rainfall measurements collected at 39 different locations across the AP between 1951 and 2010
together with long-term rain gauge-based rainfall gridded dataset from the Climate Research Unit (CRU; Harris et al. 2014).

The following Section describes the datasets and methodology employed in this study, followed by the analyses results in Sect. 3 .

The influence of the tropical climate drivers and the associated large-scale teleconnections are discussed in Sects. 4  and 5 . A

summary of the main findings and general conclusions are offered in Sect. 6 .

2. Data and methods
To study APWR variability, we first compare the long-term trends in the CRU (Harris et al. 2014) rainfall datasets with the
observations to investigate the uncertainty in the gridded dataset. We further analyzed 0.5° × 0.5° total monthly precipitation and
the number of rainy days from the CRU (Harris et al. 2014) dataset. We chose CRU as it is the only available data source of
sufficiently high quality to describe the total monthly rainfall and number of rainy days in the AP.

To further investigate the teleconnections between the variability of APWR and other atmospheric parameters, we also analyzed the
monthly mean geopotential height (GPH), zonal and meridional winds datasets available from the European Centre for Medium
Range Weather Forecasting (ECMWF) twentieth century reanalysis project (ERA-20  C; Poli et al. 2016). ERA-20 C reanalysis
fields available at a resolution of 0.5° × 0.5°. Monthly SST available at 2° × 2° resolution were also acquired from the National
Oceanic and Atmospheric Administration (NOAA-ERSST V3; Smith et al. 2003 , 2008).

We used the well-known Niño3 index (Trenberth 1994) to represent the variability of canonical ENSO; the index is defined as the
area-averaged SST over the region 5° S–5° N and 120°–170° W. Following Ashok et al. (2007a) the ENSO Modoki index (EMI)
was used to represent the ENSO Modoki variability; defined as:

where [SSTA]  is the area averaged SST for the central tropical Pacific Ocean (10° S–10° N and 165° E–140° W), [SSTA]  for the
eastern (15° S–5° N and 110° W–70° W), and [SSTA]  for the western (10° S–20° N and 125° E–145° E) tropical Pacific Ocean.

We followed Yang et al. (2007 , 2009) and computed the IOBM index (IOBMI) as the area-averaged SST over the Indian Ocean
region (20° S–20° N and 40°–110° E). To represent the APWR variability, we further defined an APWR index as the winter
accumulated rainfall from December to February, area-averaged over the geographic region of 12° N –32° N, 35° E –60° E.

We applied a partial correlation analysis (e.g. Nicholls 1989; Saji et al. 1999; Guan et al. 2003; Ashok et al. 2003 , 2007a , b ,
2014; Wilks 2011; Preethi et al. 2015) to extract apparent teleconnection patterns and to identify the relative impacts of co-
occurring tropical oceanic climate drivers on the APWR variability. The details of the partial correlation method are presented in
the Appendix . This method allows to isolate the relative impacts of the three investigated climate drivers on APWR variability. We
calculated statistical significance levels (95%) for the partial correlation analyses using the two-tailed Student’s t-test. We
examined long-term changes in APWR by subtracting the climatological APWR. All datasets were detrended by removing the
slope of the fitted linear regression before carrying out the correlation and regression analyses.

3. Results
3.1. Validation of CRU rainfall over the AP
We first performed a detailed analysis to ascertain the quality and representability of the APWR by the CRU between 1951 and

EMI =  ! 0.5 ! 0.5 ,[SSTA] c [SSTA] E [SSTA] w

c e

w
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2010. To this end, we computed different statistical indices such as the index of agreement, mean absolute error, and standardized
Root-Mean-Square-Errors (RMSE) between the CRU and observed rainfall at 39 stations distributed across the AP (Fig. 1 ). The
selected gauges have data available over more than 70% of the time during the 1951–2010 study period. The CRU rainfall dataset
shows a high index of agreement with most of the station observations, confirming that the CRU data captures the observed mean
rainfall and variability patterns. CRU further achieved low values of mean-absolute and standardized RMSE relative to the
corresponding station data. Several studies, through inter-comparisons of different precipitation datasets, have also suggested that
the CRU data is in good agreement with rain gauge observations over the AP (e.g., Tanarhte et al. 2012; Almazroui et al. 2012; El
Kenawy and McCabe 2016; Rana et al. 2017). Almazroui et al. (2012) compared CRU precipitation at 27 meteorological stations
distributed over Saudi Arabia and concluded that the CRU dataset is suitable for describing the variability of APWR. Another
validation study using different rainfall datasets available over the AP by El Kenawy and McCabe (2016) also confirmed the
quality of CRU data. Most recently, the CRU precipitation data was used by Saeed and Almazroui (2019) to identify the
relationship between APWR and mid-latitude circulations over the period 1948–2012. Attada et al. (2018b , c ) also reported that
CRU temperature variability and climatology over the AP, are in good agreement with available in-situ observations. Furthermore,
Kang et al. (2015) reported a qualitative agreement of climate statistics between the CRU and the Global Precipitation
Climatology Center (GPCC) combined precipitation (Rudolf et al. 2009) dataset over the period 1951–2010. All these studies
support the use of the CRU data to study the multidecadal variability over the AP.

Fig. 1

The Mean-Absolute-Error (MAE), Standardized Root-Mean-Square-Error (SRMSE), and Index of Agreement (IOA) computed
between the rain gauge observations collected at 39 stations located over the Arabian Peninsula and corresponding CRU rainfall at
nearest grid point

3.2. Long-term changes in winter rainfall over the AP
We examine the long-term changes of the winter rainfall during 1951–2010 over the AP, and their teleconnections with the
tropical Indo-pacific, as a difference across two sub-periods 1951–1980 (pre-1981) and 1981–2010 (post-1980). These periods
were selected based on several factors: (i) the two periods are in accordance with the previous study of Kang et al. (2015), who
reported a change in rainfall relationship with ENSO post-1980, (ii) an 11-year running correlation between APWR with Niño3
index, which captures signals from canonical ENSOs (Weng et al. 2007 , 2009), suggests that the APWR relationship with ENSO
changed from a negative correlation before 1980 to positive after 1980, and (iii) the cut-off of 1980 is in tune with the reported
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climate shift of the late 1970 s—early 1980 s (e.g. Dickson et al. 2002; Baines and Folland 2007; Hansen et al. 2012 , Levitus et
al. 2005 , 2012), which is also reflected in the evolution of ENSOs (e.g. Ashok et al. 2007a , b ), and associated shifts in
teleconnections (e.g. Feba et al. 2019; Samanta et al. 2020). The correlations between the area averaged AP winter rainfall
(APWR; 12° N –32° N, 35° E –60° E) and ENSO are found to be − 0.24 and 0.3 for the pre-1981 and post-1980, respectively,
indicating that the AP-ENSO relationship has changed during the last six decades. Studying the mean climate should be
conducted over long enough to filter out interannual variations and provide sufficient information for statistical analyses. The
investigated 30-year long periods (pre-1981 and post-1980) are consistent with those considered by most weather and climate
studies (Hansen et al. 2012).

To examine whether this climate shift impacted the winter rainfall in our study region, we analyzed the APWR distributions from
the CRU dataset over the pre-1981 and post-1980, as presented in Fig. 2 a, b, along with the differences between the periods (Fig. 

2 c). The recent decades (the post-1980) clearly experience significant changes (at 85% confidence level) in winter rainfall

changes (Fig. 2 c) over many AP regions. The south-central region and most of the northern AP experienced decreasing rainfall in

the most recent period (Fig. 2 c), including the areas where rainfall is traditionally highest. On the other hand, the winter rainfall
over the central and southern coast of the Red Sea, the southwestern AP, central and East Africa regions and northern Iran
increased dramatically in recent decades (25–50%), relative to the pre-1981 period.

Fig. 2

Mean total winter rainfall (mm) and total number of rainy days for the period 1951–1980 (a, d), 1981–2010 (b, e) and the difference
(%) of mean total rainfall and mean total rainy days between 1981–2010 and 1951–1980 (c, f). The left column is for mean total
rainfall and mean total right column is for number of rainy days. The hashed areas indicate the 85% confidence levels
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In general, the regions of maximum APWR (> 120 mm) also experienced the maximum number of rainy days, around 15–18 days
per winter season on average (Fig. 2 d, e, respectively). Regions within the AP that received moderate winter rainfall (>40 mm)

experienced about 6–7 days of rain. The trends in the number of rainfall days over the two periods (Fig. 2 e) generally

commensurate with the trends observed in the mean total winter rainfall (Fig. 2 c). This indicates that long-term reductions in
rainfall are probably not associated with an increase in extreme rainfall events, as is the case of the Indian summer monsoon
(Goswami et al. 2006). The only exceptions were the southwestern mountainous region of the AP and the central Red Sea (Fig. 2

c), where the number of rainfall days actually decreased despite an increase in the winter total rainfall (Fig. 2 f), which may
indicate that the number of rainfall events may have increased in these regions in the recent decades.

The spatial distribution of these identified rainfall changes estimated is in good agreement with that of the 39 stations rainfall
data, albeit with small differences in the magnitudes (Fig. 3 ). We further performed a wavelet analysis (Fig. 4 ) on the APWR to
identify the dominant scales of variability. The results indicate that the variance mainly lies at interannual scales, with a
periodicity of about 1–3 years throughout the 1951–2010 study period. A spectrum analysis of the time series (Figure not shown)
suggests that less than 10% of the total variability can be attributed to decadal changes.

Fig. 3

Percentage changes in winter rainfall at 39 stations between the recent (1981–2010) and old (1951–1980) periods. Left panel shows
the rain gauge observations and right panel the corresponding CRU rainfall. Stations with more than 85% confidence levels are
marked with the star symbol

Fig. 4

(a) Time series of the AP winter rainfall and (b) the wavelet power spectrum. The red contours are the 95% confidence level regions,
using a red-noise background spectrum
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4. Influence of tropical climate drivers on AP rainfall
The spatial distribution of simultaneous correlations between the global SST and the area-averaged (12° N –32° N, 35° E –60° E)
CRU APWR for the pre-1981 and post-1980 periods, are presented in Fig. 5 a, b, respectively. We did not identify any statistically

significant correlations over the most parts of the tropical oceans for the pre-1981 period (Fig. 5 a), except for the central tropical
Pacific, where APWR is positively correlated with the concurrent SST (r = 0.4), significant at the 95% confidence interval
(Student’s t-test). These zones of positive correlations are flanked in a horseshoe orientation by zones of negative correlation
emanating from the western tropical Pacific (Fig. 5 b). This pattern, reminiscent of the canonical ENSO SST, indicates that the
APWR variability is associated with the tropical Pacific SST variability during the post-1980 period. Our findings are in agreement
with the correlations reported by Kang et al. (2015) for the November–April months (for the decades reported here). We also found
statistically significant positive correlations (at the 95% confidence level) over an elongated region spanning the western Arabian
Sea down along the central East African coast (Fig. 5 b). The correlations in the equatorial Indian Ocean during post-1980 were in
general positive but weak. In contrast, the only statistically significant correlations (at the 95% confidence level) between APWR
and the Indian Ocean SST for the most recent period were in the central equatorial Indian Ocean, and these were negative.
Although the correlations between APWR and the tropical Indo-Pacific SSTs are not statistically significant (Fig. 5 a), the high
correlation with the area-averaged APWR suggests that the significant teleconnections of the tropical Indo-pacific and winter
rainfall in several sub-regions of the AP were somewhat masked.

Fig. 5

The spatial distribution of the correlations with more than 95% confidence level between the Arabian Peninsula winter rainfall and
global SSTs for the periods (a) 1951–1980 and (b) 1981–2010
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In this context, we computed the partial correlations of APWR with the Niño3 index, EMI and IOBMI for the periods pre-1981 and
post-1980 (Fig. 6 ), which passed the field significance test (Wilks 2011). The results from pre-1981 indicate (Fig. 6 a,c,e) a
statistically significant (at 95% confidence level) negative partial correlations between the Niño3 index and local winter rainfall
over the southern and southcentral AP, and over a limited region across the Red Sea (nearby northeast Africa, Fig. 6 a), suggesting
that El Niño events are linked to anomalously negative winter rainfall in these regions during the pre-1981 period. Remarkably,
these negative partial correlations for the pre-1981 period for the southwest AP and northeast Africa turned significantly positive
during the post-1980 period (Fig. 6 b). Positive correlations also emerged in the more recent period on both sides of the southern
Arabian Gulf and in the central AP. The small region with a significant negative correlation in the tropical northwestern Pacific is
likely a signature of APWR with ENSO-associated changes in the local SST.

Fig. 6

Partial Correlations between the Arabian Peninsula (AP) winter rainfall and ENSO (top panel, a, b); EMI (middle panel, c, d); and
IOBM (bottom panel, e, f) for two different time periods 1951–1980 (left column) and 1981–2010 (right column). Areas with more
than 95% confidence levels are presented
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We identified extensive zones of anomalously positive correlations between winter rainfall and the co-occurring El Niño Modoki
(EMI) extending northeast from the Horn of Africa all the way into Iran prior to the 1980 s (Fig. 6 c). These positive partial

correlations were also noticeable in the recent period (Fig. 6 d). We also found significant (at 95% confidence level) positive partial
correlations between the IOBMI and local winter rainfall during the pre-1981 period over the southwestern and western AP and
Oman (Fig. 6 e). Interestingly, we identified widespread negative partial correlations between APWR and IOBMI through the

northeast peninsular region abutting the Arabian Gulf, regions north of the AP and northeast Egypt for the pre-1981 period (Fig. 6
e). However, in the recent period, these negative partial correlations became weaker and even in some cases turned positive over
most of the AP region (Fig. 6 f).

We also performed the partial correlation analysis between the observed rainfall and the global climate indices (canonical ENSO,
ENSO Modoki, IOBM) over the two periods pre-1981 and post-1980 at all 39 stations (Fig. 7 ) and compared the results against
those obtained from the CRU rainfall. The results clearly show that the observed and CRU rainfall reveal similar spatial patterns of
partial correlations and associated changes between the two periods.

Fig. 7

Partial correlations between the observed winter rainfall collected at 39 locations over the Arabian Peninsula and ENSO (top panel);
EMI (middle panel); and IOBM (bottom panel) for two different time periods 1951–1980 (left column) and 1981–2010 (right column).
Locations with more than 95% confidence levels are marked with the star symbol
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5. Large-scale teleconnections associated with changes in AP
rainfall
Previous studies have suggested that the low-level Red Sea Trough (de Vries et al. 2013; Viswanadhapalli et al. 2017; Dasari et al.
2018) and upper tropospheric sub-tropical westerly jet (STJ) can influence the AP weather and climatic conditions (Kang et al.
2015; Kumar et al. 2016; Attada et al. 2020). In this context, we investigated the AP rainfall response to changes in the large-scale
circulation.

Figure 8 a and b present a regression analysis of the area-averaged APWR with the zonal winds at 200 hPa (shaded) for the pre-
1981 and post-1980 periods, respectively. The regressions of the APWR on to the 200 hPa GPH are also overlaid (in contours) in
Fig. 8 a,b. The results suggest that APWR was enhanced by anomalous strengthening of the westerly winds over the AP,
particularly along the Arabian Gulf, during the pre-1981 period. This strengthening of the jet stream, which resulted in increased
rainfall, occurred concurrently with the 200 hPa anomalous southwest-northeast trough along the AP (Fig. 8 a). Significantly

stronger winds are also observed over the post-1980 period (Fig. 8 b), with the positive regression coefficients mainly anchored

over the AP. The elongated southwest to northeast trough in the westerlies in both sub-periods (Fig. 8 a, b) suggests that the mean
energy was transported northwards from the tropics/subtropics, because of enhanced synoptic eddy activity (Palmen 1949).
Previous studies have identified that transient disturbances are aligned along the upper level jet streams in the northern hemisphere
(Sun and Lindzen 1993; Davies and Rossa 1998). Therefore, an extended region of positive correlations over the AP (Fig. 8 d)
relative to the pre-1981 period is in line with the strengthened regressions of the local APWR and the 200 hPa westerlies.
Furthermore, this is also prominent in the strengthened positive correlations between the transient activity computed in terms of the
root-mean-square of the 2–10 day filtered 200 hPa geopotential height as suggested by Kang et al. (2015) and the area-averaged
APWR during the recent period (Fig. 8 e, f). Indeed, we observed a statistically significant (at 95% confidence level) relation

between the eddy activity and the local rainfall, as seen from the correlations presented in Fig. 8 a, b. We also observe a

strengthening of the sub-tropical jet stream (Fig. 9 a) from central North Africa through to the AP. Further, we have computed the

winter zonal winds, averaged over the AP region (35 E–60 E), at each level, and presented (Fig. 9 b) the latitude-height section of

the differences (post-1980 period minus pre-1981 period). The differences in mean winter zonal winds plotted in Fig. 9 b clearly
shows a strengthened STJ north of 15° N at 200 hPa, which dips southward, and strengthened westerlies till 700 hPa. All of these
changes are in agreement with the increased number of transients (Fig. 9 c) over the northern AP, and therefore the seasonal

rainfall (Fig. 3 c) during post-1980 period. This indicate that the transient activity in this region, just as elsewhere in the sub-
tropics (e.g. Nakamura and Shimpo 2004; Ashok et al. 2007b), is tightly dependent on the position of the STJ (Kang et al. 2015).

Fig. 8

Regression of wind speed (shaded, ms ) and geopotential heights (gpm, contours are plotted for − 0.4 and − 0.5) at 200 hPa (a, b)
against the Arabian Peninsula winter rainfall (APWR). The arrows indicate the dominant wind patterns associated with the APWR.
The correlations (contours) between the APWR and zonal wind at 200 hPa (c, d). The correlations (contours) between the APWR and
the number of transients (e, f). The number of transients is computed in terms of the root-mean-square of the 2–10-day filtered 200-
hPa geopotential height. The left column is for the periods 1951–1980 and the right column is for the period 1981–2010. Shaded areas
indicate more than 95% confidence levels
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Fig. 9

Difference in the (a) mean zonal wind (ms ), (b) the latitude-height section of the zonal winds zonally-averaged over the AP region,
and (c) mean number of transient activities between 1981–2010 and 1951–1980. The transient activity is computed in terms of the
root-mean-square of the 2–10-day filtered 200-hPa geopotential height suggested by Kang et al. (2015)

The composite anomalies of upper tropospheric divergent component of winds during El Niños for the two periods, and those for
the upper level velocity potential, exhibit significant differences (Fig. 10 a, e). At 200 hPa, an anomalous divergence is located

−1
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over the northern AP with a significant upper level convergence over the eastern AP and Iran regions during El Niños in recent
decades. The anomalous negative (positive) velocity potential values are also noticeable over the divergent (convergent) region. In
general, the divergent winds at the upper level are proportional to the negative contours of velocity potential, which in turn
corresponds to the regions of enhanced convection. A strengthened STJ over the AP region (Fig. 10 b, f) is also observed in recent

decades associated with canonical El Niños. An anomalous trough extending from the surface (Fig. 10 d, h) to the troposphere

(Fig. 10 c, g) over the AP is also present in recent decades. Further, this southward shift of the STJ over the AP in the recent period
forces a greater number of synoptic transients into the downstream region of the AP, hence the higher rainfall over this region. In
addition, the anomalous divergence over the AP during the winters of the post-1980 period associated with El Niños (Fig. 10 a, e)
and anomalous negative velocity potential enhanced convection with respect to the previous period.

Fig. 10

The composite anomalies (composite mean of El Niño years- Mean) of the (a, e) velocity potential (m s ; shaded) and divergent wind
component (vectors) at 200 hPa; (b, f) zonal winds at 200 hPa (ms ); (c, g) geopotential height at 200 hPa (m); and (d, h)
geopotential height at 850 hPa (m). The left panel is for the period 1951–1980 and the right panel is for the period 1981–2010

The results suggest that the enhanced rainfall activity over the eastern AP in recent decades are associated with ENSO induced
large scale upper tropospheric circulations, which is also evident in the strengthened westerly flow (Fig. 10 b, f) over the AP. We
also performed wave flux and stream function analyses (Takaya and Nakamura 2001) at 200 hPa to trace the potential source of
activity upstream in subtropics and mid-latitudes (Fig. 11 ). This analysis also reveals out the progression path of the anomalous

Rossby wave and the climate signal at the source, in geopotential height anomalies. Figure 11  suggests that the upstream enhanced
energy results in an anomalously positive stream function in the northern AP during post-1980. Thus, the higher stream function
corresponds to the higher geopotential height, as clearly seen in our previous analysis (Fig. 10 c, g). The results also highlight the
fragile nature of correlative relationships over time. These changing relationships are a key characteristic of the climate system and
unfortunately the short-observed records that we have available pose a challenge for diagnosing this long-term variability, and
therefore, the results should be considered with these limitations in mind.

2 −1
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Fig. 11

Composite anomalies of streamfunction (x10  m s ; contours) at 200 hPa and associated wave flux (m  s , arrows) at 200 hPa (m/s)
for the two periods (a) 1950–1980; and (b) 1981–2010

Kang et al. (2015) suggested that recent shifts in the sub-tropical jet stream were associated with ENSO signals in the tropical
Pacific and the Indian Ocean. Indeed, we found statistically significant positive partial correlations (at 95% confidence level)
between the 200 hPa zonal winds and the Niño3 index during the winters of post-1980 period over the AP (Fig. 12 b), which were

not evident in the earlier period (Fig. 12 a). We also found negative partial correlations between the geopotential height at 200 hPa

and Niño3 over this region during the recent period (Fig. 13 b). Figures 12 b and 13 b suggest that the canonical El Niños (in
response to Gill-type tropical forcing, Gill 1980) introduced an anomalous trough over the AP, which facilitated relatively
enhanced propagation of transient disturbances over the region (Figs. 8 e, f and 9 b). While we found statistically significant
positive correlations at 95% confidence level between the EMI and 200 hPa zonal winds over the AP during the 1951–2010 period
(Fig. 12 c, d), we noticed a slight weakening in their magnitude during the more recent period, particularly over the northern AP.

This coincided with changes in the seasonal mean geopotential height (Fig. 13 c, d), which suggests a moderate weakening of the
positive association between EMI and APWR during the post-1980 period. Remarkably, negative partial correlations between EMI
and 200 hPa zonal winds over the Mediterranean (around 40º N) during the earlier period (Fig. 12 c) became insignificant, and

even slightly positive, in the recent period (Fig. 12 d), which is also in agreement with the partial correlations with the observed

rainfall changes across the AP (Fig. 6 c, d). These decadal changes in the impacts of ENSO and ENSO Modoki on the large-scale
circulations at 500 hPa and 850 hPa were also clear (Figures not shown), and were qualitatively similar to those at 200 hPa.

Fig. 12

Partial correlations between zonal wind at 200 hPa (ms ) and ENSO (top panel, a, b), EMI (middle panel, c, d), and IOBM (bottom
panel, e, f) for two different time periods of 1951–1980 (left column), and 1981–2010 (right column). Areas with more than 95%

−6 2 −1 2 −2
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confidence levels are presented

Fig. 13

Partial correlations between geopotential height at 200 hPa (gpm) and ENSO (top panel, a, b), EMI (middle panel, c, d), and IOBM
(bottom panel, e, f) for two different time periods 1951–1980 (left column) and 1981–2010 (right column). Areas with more than 95%
confidence levels are presented

Anomalously positive IOBM events weakened the 200 hPa zonal westerlies over the AP during the pre-1981 period (Fig. 12 e),

which commensurate with the anomalous amplification of the geopotential height (Fig. 13 e), and partial negative correlations of

the IOBMI with APWR (Fig. 6 e). The negative partial correlations of the IOBMI with the 200 hPa zonal winds over the central

Red Sea also became statistically insignificant in the recent period (Fig. 12 f). This is in agreement with the weakened positive
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partial correlations between the IOBMI and 200 hPa geopotential height over the AP during the recent period (Fig. 13 f). This
weakening was more prominent and extended even to the southern regions of the AP at 850 hPa (Figure not shown). We argue that
the weakened impact of the IOBMI on circulation in the upper level resulted in the weakening of the negative partial correlations
between the IOBMI and winter rainfall over most of the AP region in the recent period. Overall, our analysis suggests that the shift
of westerly jet stream toward the central AP acts as a waveguide for synoptic eddy activity. This favored an increase in the frequent
passages of transients, resulting in an increase in rainfall over the AP during ENSO events in recent decades.

In addition to the Indo-pacific, the North Atlantic Oscillation (NAO) is another prominent feature of atmospheric variability in the
North Atlantic/European sector and influences precipitation in most parts of the northern hemisphere during the winter season
(Hurrell 1995; Hurrell et al. 2003; Qian et al. 2000; Zanchettin et al. 2008; Dasari et al. 2018; Attada et al. 2018b). NAO has been
reported to impact the AP climate (e.g. Dogar and Sato 2018; Sandeep and Ajaymohan 2018; Saeed and Almazroui 2019). Li and
Lau (2012) argued that the possibility of occurrences of negative/positive phases of NAO in winters is associated with El Niño/La
Niña episodes, which impact on the downstream regions such as the Europe/AP. The partial correlation analysis that we carried out
suggests that the ENSO Modoki correlation distribution with the APWR does not change significantly even after linearly removal
of the NAO association (Fig. 14 ) in recent periods. These results corroborate with the findings of Donat et al. (2014), Sandep and
Ajaymohan (2018), and Saeed and Almazroui (2019). In addition, the nearby Red Sea and Mediterranean Sea are also shown to
impact the APWR. It is also noted that the AP rainfall is highly correlated with the Mediterranean SST variations and further
supports rainfall increase over the northwestern parts of AP, which is in agreement with the findings of earlier studies (Nastos
2011; Kumar et al. 2015).

Fig. 14

Partial Correlations between the Arabian Peninsula winter rainfall and ENSO (a); EMI (b); and NAO (c). Areas with more than 95%
confidence levels are presented

6. Summary
This study described changes in winter rainfall patterns over the AP during the period 1951–2010. The analysis of CRU and
observed rainfall revealed a significant increase, by more than 25–30%, in winter rainfall over the eastern AP and a significant
decrease in rainfall over the southern and northeastern AP, by 20–25%, during recent decades (1981–2010). We also revealed a
similar increase in the number of rainy days during recent decades over the central and northern Red Sea region, the eastern AP,
and northeastern parts of the AP.

We investigated the mechanisms that lead to the observed increase in winter rainfall over the AP and their possible relationship to
tropical climate drivers through a partial correlation analysis of APWR (from both CRU and observed rainfall) with the indices of
canonical and Modoki ENSOs and the IOBMI. The partial correlations of the APWR with the Niño3 index for the period 1951–
1980 (pre-1981) outlined statistically significant negative partial correlations in the southern AP and the adjoining Africa region. In
contrast, recent decades experienced a significant positive partial correlation in the Ethiopian region of Africa, adjoining southwest
Yemen, both sides of the southern Arabian Gulf, and in the central AP. The partial correlations with El Niño Modoki during pre-
1981 indicated increased rainfall over the eastern regions of the peninsula as well as in the Ethiopian region of Africa. This signal
is in general opposite to that of the canonical El Niños for the same period, except in the northeastern AP. In recent decades, the
negative partial correlations between the EMI and local winter rainfall in the central western AP practically vanished and turned
weakly positive. The extended negative partial correlations at 95% confidence level between APWR and IOBMI over the northern
AP and adjoining Arabian Gulf regions in the earlier period also weakened and turned positive in the recent period.
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We performed a correlation analysis between APWR and global SST, and other atmospheric variables, such as geopotential height
and zonal wind at 200 hPa, to investigate the relationship between AP rainfall variability and associated global teleconnections. A
regression analysis of the area-averaged APWR and wind strength at 200 hPa showed that APWR was influenced by the strength
and location of the sub-tropical jet stream over the AP. The elongated southwest to northeast trough in the westerlies suggests that
energy was transported northwards from the tropics/subtropics through the eddy activity. We identified a westward shift in the area
of positive correlations between the transient activity and APWR over the AP compared to the earlier period. We also observed a
strengthening of the winter sub-tropical jet stream from central North Africa through to the AP during post-1980.

Our results also revealed that the ENSO Modoki correlation distribution with the APWR does not change significantly even after
removal of the NAO. The roles of dynamical and thermodynamical patterns associated with various combinations of EMI and NAO
phases will be studied in our future research using observations and model simulations. It is also noteworthy to mention that the AP
rainfall is highly correlated with the Mediterranean SST variations and further supports increases rainfall over northwestern parts
of AP. We conclude from our analyses that the strengthened sub-tropical jet stream leading to the development of baroclinicity
caused more rainfall days over the northern AP region in the recent decades, in line with the findings of Sandeep and Ajayamohan
(2018) and Saeed and Almazroui (2019). A southward shift of the sub-tropical westerly jet during ENSO events due to a Gill-type
response to tropical forcing likely caused an increase in the more frequent passage of synoptic transients, and consequently an
increase in APWR, as briefly schematized in Fig. 15 .

Fig. 15

The relationship between the Arabian Peninsula (AP) winter rainfall and Indo-tropical pacific drivers (Red color explains the mean
conditions of period 1950–1980 and the black color is for the recent period 1981–2010). STJ indicates the sub-tropical westerly jet
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This is the first study to examine the relative potential impacts/association of the El Niño-Modoki, canonical El Niños on the
winter rainfall in the AP region, and catalogue the long-term changes in the associations. It has further established a potential
association/link between the IOBM and AP rainfall, another factor that likely modulates the AP climate. The recent shift in the
westerly jet over the northern AP seems to be favorable to the signal associated with the El Niño Modoki. This gives an indication
that the background changes may actually amplify the impacts from El Niño Modoki. This argument needs further assertion from
modeling experiments, which we shall carry out in the near future.
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Appendix
Partial correlation method.

The degrees of freedom decrease with the increase in predictors by removing (partial out) their impact. We can use multiple
predictors above two, as documented in various text books such as Nicholls (1989), Wilks (2011), Pedhazur (1997), and Spiegel
(1997). The method was also extensively applied, for example Saji et al. (1999); Guan et al. (2003); Ashok et al. (2007a , b , (2014;
Preethi et al. (2015)). The partial correlation coefficient R12,.3 between two variables Var1, Var2, after removing the influence of
the variable Var3, is given by.

In Eq. 1 , the term  represents the linear correlation coefficient between variables i j. The partial coefficient between two
variables Var1, Var2, after removing the influence of the variables Var3 and Var4, is obtained by

The number of degrees of freedom for seasonal partial correlations was fixed at N-3 for the first order and N‐4 for the second
order, N being the number of values in the time series.
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