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Abstract we investigate the response of winter precipitation and storm activity in the North Atlantic—
European—Mediterranean region (NAEM) to the Indian Ocean Dipole (IOD) from 1979 to 2024. We observe a
positive NAO-like pattern over NAEM, which appears in December and shifts eastward through February. IOD
further modulates precipitation by inducing changes in total precipitation, event frequency, and wet spell
duration. The strength of the observed teleconnection is primarily significant in December. Additionally, we
observe a reduction in cyclone activity in December over the East Atlantic and Western Mediterranean. These
changes in cyclone track density are primarily driven by variations in the Eady Growth Rate, which are linked to
enhanced vertical wind shear associated with a strengthened meridional temperature gradient over the NAEM.
The results underscore a significant remote impact of the IOD on early winter hydro-climate variability over the
NAEM region, offering a potential value for improving sub-seasonal to seasonal prediction.

Plain Language Summary We investigate how the variability in the Indian Ocean Sea Surface
Temperature in autumn, known as the Indian Ocean Dipole (IOD), influences the precipitation regime and storm
activity in the North Atlantic, Europe, and Mediterranean regions during the winter season. Our results indicate
that IOD variability triggers December shifts in atmospheric pressure over these regions and alters precipitation
patterns, influencing the frequency and intensity of precipitation events. The strongest impacts are observed at
mid-latitudes, with storm activity decreasing over the Eastern Atlantic and Western Mediterranean. These storm
changes are tied to stronger temperature contrasts between the north and south part of the domain, which
produce significant changes in the vertical wind shear. Our study further supports the idea that Indian Ocean
variability may influence the early winter weather in Europe and the Mediterranean—an important insight for
improving sub-seasonal to seasonal forecasts.

1. Introduction

Understanding precipitation variability and storm activity in the North Atlantic-European—Mediterranean
(hereafter NAEM) region is important due to their profound impacts on water resources, infrastructure, and
societal resilience (e.g., Khodayar et al., 2025; Seager et al., 2020). This region experiences significant climatic
fluctuations, with extreme precipitation and storm events often leading to windstorms, flooding, economic dis-
ruptions, and ecological consequences (Lionello et al., 2006; Little et al., 2023; Neu et al., 2012). Large-scale
climate drivers, particularly Sea Surface Temperature (SST) anomalies, shape atmospheric circulation patterns
in the North Atlantic and European region through stratospheric and tropospheric pathways (e.g., Bronni-
mann, 2007; Cagnazzo & Manzini, 2009; Jiménez-Esteve & Domeisen, 2018; Saife et al., 2005, and many others)
that may influence precipitation distribution and storm development over NAEM (e.g., Terray & Bador, 2025).
Understanding remote tropical SST influences on NAEM storm patterns is, therefore, key for improving sub-
seasonal to seasonal precipitation forecasts (Manrique-Sufién et al., 2023; Robertson et al., 2018; White
et al., 2022).
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Among these drivers, the Indian Ocean has gained increasing attention for its role in modulating mid-latitude
climate variability through atmospheric teleconnections (Abid et al., 2020, 2021, 2023; Berkovic & Hochman,
2025; Hochman & Gildor, 2025; Hochman et al., 2024; Raganato et al., 2025). Indian Ocean SST variations can
shift large-scale weather patterns, modify jet stream dynamics, and influence the trajectories of the storms,
potentially increasing extreme weather events in the NAEM region (Hardiman et al., 2020; Terray &
Bador, 2025).

The Indian Ocean Dipole (IOD) is an asymmetric pattern of SST between the western and eastern tropical Indian
Ocean (Saji et al., 1999). It typically develops from June to August and peaks from September to November (e.g.,
Wang et al., 2024). This phenomenon can occur independently or as a response to the El Nifio-Southern
Oscillation (ENSO; e.g., Ashok et al., 2003; Liu et al., 2014; Yang et al., 2015).

IOD has been shown to promote rainfall and flooding (and corresponding landslides and malaria outbreaks) in
East Africa as well as drought in Indonesia and southeastern Australia (Wang et al., 2024 and references therein).
Saji and Yamagata (2003) detected the influence of the IOD on temperature and precipitation patterns in Europe,
northeast Asia, North and South America, and South Africa. Cai et al. (2011) and Weller and Cai (2013)
emphasized the significance of the IOD in influencing precipitation variability in Australia.

Nevertheless, several studies have analyzed the links between Tropical Indian Ocean SST and mid-latitude
climate variability (e.g., Bader & Latif, 2005). For example, a linear statistical-dynamic method revealed a
significant sensitivity of the North Atlantic Oscillation (NAO) to Indian Ocean SST variability (Baker
et al., 2019). Recent studies have shown that the pre-conditioning of the IOD in autumn modulates the heating
anomalies in the western-central Indian Ocean in early winter, particularly in December, which induces per-
turbations to the subtropical jet over South Asia (Abid et al., 2023). These jet fluctuations initiate an upper-level
wavenumber-3 pattern that travels across the Pacific and projects in phase onto the North Atlantic Oscillation in
the NAEM (Abid et al., 2021, 2023; Joshi et al., 2021). More recently, Raganato et al. (2025) have explored
teleconnections driven by the autumn IOD in 1981-2019, both independently and with ENSO, finding that the
IOD leads its influence on the North Atlantic-European circulation in early winter through a positive-NAO-like
signal, while in late winter, that is, February, the upper-level circulation anomalies are primarily linked to ENSO.
This occurs through a positive feedback mechanism involving synoptic transients during early winter. Addi-
tionally, positive IOD preconditioning promotes a north-south precipitation dipole over Europe, characterized by
increased rainfall in northern Europe and drier conditions in southern regions, particularly Spain and the Med-
iterranean basin. This pattern is accompanied by above-normal warm temperature anomalies across central and
northern Europe, aligning with the positive NAO phase during early winter. These outcomes support the analysis
of Hardiman et al. (2020), which have shown that the anomalous positive IOD event in 2019/20 led to a positive
NAO, with a northward shift in the jet latitude, a slight increase in its strength, and anomalously high precipitation
over the UK and northern Europe.

Here, we investigate the long-term response of the precipitation regime and regional storm activity over the North
Atlantic—European—Mediterranean (NAEM) region to Indian Ocean SST variability during the boreal winter for
the entire satellite era period (1979-2025). To identify the underlying drivers of these changes, we use the Eady
Growth Rate as a diagnostic of environmental baroclinicity, highlighting its role in modulating large-scale at-
mospheric circulation in December in association with IOD activity. By isolating the effects of the IOD from
those of ENSO, we aim to disentangle the physical mechanisms linking Indian Ocean SST anomalies to observed
circulation changes and surface impacts across NAEM. Ultimately, this analysis supports the importance of
improving the knowledge of tropical-extratropical interactions and their relevance for sub-seasonal to seasonal
predictability in the region.

2. Data and Methods
2.1. Data

We used 2D winter (December—February) fields from January 1979 to February 2025 at 0.25° resolution from the
European Centre for Medium-Range Weather Forecasts' ERAS5 reanalysis (Hersbach et al., 2020, 2023). The
research region covers the area between 40°W and 55°E and 20°N-70°N. The variables considered in the analysis
are hourly precipitation (in mm), monthly Mean Sea Level Pressure (MSLP, in hPa), surface air and sea surface
temperature (in K), zonal and meridional wind speed (in m s7!) and potential temperature (in K) at 500 and
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850 hPa. All the fields have been detrended using a least-squares fit, and the monthly anomalies have been
considered.

To better characterize the impacts of IOD on precipitation patterns over NAEM, we used a subset of climate
extreme indices developed by the Climdex project (https://www.climdex.org/, last accessed 3 February 2025).
Specifically, we analyzed monthly total precipitation on wet days (prectot, with wet days defined as those with
>1 mm of rain), the number of wet days per month (nwet), the Simple Daily Intensity Index (SDII, calculated as
prectot divided by nwet), the number of heavy precipitation days per month (R10mm, days with >10 mm of rain),
and the Consecutive Wet Day index (CWD), representing the longest stretch of consecutive wet days per month.

2.2. Quantifying Storm Activity in the North Atlantic-European-Mediterranean Region

Storm activity is quantified using cyclone track density. The domain is divided into 2° grid cells, with each
cyclone counted once per cell, regardless of how long it remains there, that is, over 6 hr. This resolution improves
track visualization while minimizing noise in higher-resolution data (e.g., Reale et al., 2021).

Cyclones are identified using an objective procedure detailed in Lionello et al. (2002) and Reale and Lionello
(2013), applied to ERAS MSLP fields at a 6-hourly temporal resolution and a 0.25° grid spacing (Hersbach
et al., 2020). The method detects minima at time ¢ in the MSLP field by tracing the steepest paths leading to each
minimum. Cyclone tracks are then reconstructed by linking the minimum locations across successive time steps

(t)s .o t,).

This approach yields a list of cyclone tracks with their longitude and latitude positions over time, as well as key
system characteristics, including minimum MSLP, Depth, Laplacian, and Size (Reale & Lionello, 2013). The
algorithm has been broadly applied in intercomparison studies of cyclone activity in the NAEM region based on
single and multi-tracking schemes (Flaounas et al., 2018, 2023; Kotsias et al., 2023; Lionello & Giorgi, 2007;
Lionello et al., 2002, 2016, 2019; Neu et al., 2012; Reale & Lionello, 2013; Reale et al., 2021; Ulbrich
et al., 2013).

Finally, to detect the factors influencing storm activity, we assessed the environmental baroclinicity by using the
Eady Growth Rate (EGR), calculated between 500 and 850 hPa as defined by Hoskins and Valdes (1990):

EGR = af (du/dz) N~ Y]

With a equal to 0.31 (Lindzen & Farrell, 1980), f the Coriolis parameter (in s7Y), ouloz vertical wind shear
(in s7Y), and N the Brunt-Vaisala frequency (in s7h.

2.3. Quantifying the Response of Storm Activity to Variations in the IOD

The impact of the IOD is quantified using a linear regression approach, which relates a standardized monthly
index to a physical field, for example, MSLP (Raganato et al., 2025). Specifically, the IOD is defined with the
Dipole Mode Index (DMI) as the SST difference between the western (10°N-10°S, 50°E-70°E) and eastern
(10°S-0°, 90°E-110°E) Indian Ocean (Saji et al., 1999). To monitor the state of ENSO phases, we used the
NINO-3.4 SST index calculated over the region spanning 5°S—5°N and 170°W-120°W (Capotondi et al., 2015;
Kug et al., 2009). To understand the sole autumn IOD impact on winter precipitation and storm activity over
NAEM, we removed ENSO influences from IOD via the following equation:

iod_RES(f) = I0D(r) — b*NINO-3.4() )

The coefficient b is determined using least-squares linear regression. In this formulation, iod_RES is uncorrelated
with NINO-3.4. Although the IOD develops during the autumn season, both indices are computed for October,
when the IOD reaches its peak intensity and also a peak in its relationship with ENSO (Abid et al., 2023;
Hochman & Gildor, 2025; Marchant et al., 2007; Raganato et al., 2025). IOD and NINO-3.4 time series are, in
fact, strongly correlated (Figure S1 in Supporting Information S1, correlation value = 0.63; statistically signif-
icant at p < 0.05). At the same time, a correlation value of 0.77 is noted between IOD and iod_RES (Figure S1 in
Supporting Information S1), which shows SST variability in the Indian Ocean can also be explained independent
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Figure 1. Regression map of DJF (a), December (b), January (c), and February (d) MSLP anomalies (in hPa) onto the
corresponding 1979-2024 iod_RES index. Stippling denotes statistical significance of the slope with p < 0.05 according to a
t-test.

of ENSO, consistent with Raganato et al. (2025), where the importance of the preconditioning of the autumn
iod_RES for early winter NAO was highlighted, focusing on neutral ENSO conditions.

3. Results
3.1. Linking IOD Variability With Surface Circulation and Precipitation Characteristics

Figure 1 shows the regression maps of the DJF and December, January, and February MSLP against the
1979-2024 iod_RES index. During DJF, in response to the IOD, the NAEM region exhibits a dipole pattern in the
MSLP (Hardiman et al., 2020; Figure 1a), with the strongest response, on a monthly scale occurring in December
with a robust and statistically significant NAO-like pattern (Figure 1b, Raganato et al., 2025). On the other hand,
this dipole in January (c) and February (d) progressively shifts eastward, from the central Atlantic to Scandinavia
and the Western Mediterranean by February. At the same time, the strength of the teleconnection significantly
weakens, becoming not significant over most of the domain. The negative component in the dipole extends
beyond 70°N: however, for sake of consistency with the cyclone tracks climatology (built till 70°N) we limited
the visualization of the dipole to the area shown in Figure 1. Abid et al. (2021) attributed the observed dipole
structure to a Rossby wave triggered by a convection dipole over the Indian Ocean, which propagates across
North America and projects onto the Euro-Atlantic sector. Notably, when the same analysis is applied to NINO-
3.4_RES, that is, the ENSO index with IOD effects removed, the MSLP response is opposite in sign but not
significant (Figure S2 in Supporting Information S1). The only exception is observed in November (not shown),
when ENSO has been shown to influence the Euro-Atlantic circulation via a NAO-like pattern (King et al., 2018).

Figure 2 shows the seasonal DJF and the December—February regression maps for Total precipitation (prectot,
a—d), number of wet days (nwet, e-h), Simple Daily Intensity Index (SDII, i-1), number of rainy days with more
than 10 mm of rain (R10mm, m—p), and Consecutive Wet Days (CWD, g-t) against the iod_RES index. In DJF
(Figure 2a), prectot, nwet, SDII, and CWD mirror the patterns in the MSLP pressure observed in Figure la,
with December leading the response to the IOD (Figure 2b). This response is again a dipole pattern that initially
centers over the North Atlantic and gradually shifts eastward. Increased precipitation, more frequent, intense,
and long-lasting rainy events, occur between 50°N-60°N and 40°W-0°W, while the opposite signal prevails
over the Atlantic (30°N—40°N) and the Western-Central Mediterranean. Again, as observed before for MSLP,
by January and February, the response of the precipitation regime to IOD is weaker and largely insignificant,
except in areas such as the UK, Northern Europe, and Scandinavia.

3.2. Linking IOD Variability With Cyclone Activity

Figures 3a-3d presents the DJF and December—February cyclone track density regression maps against the
iod_RES index. In DJF, the spatial pattern exhibits some resemblance to the MSLP anomalies observed in
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Figure 2. Regression map of prectot (a—d, in mm month™!), nwet (e~h, number of days month™!), SDII (i-1, mm number of wet day for month™!), R10mm (m—p, number
of days with precipitation greater than 10 mm month™") and CWD (g—t, maximum number of consecutive wet days month™") onto the corresponding 1979-2024
iod_RES in DJF (a, e, i, m, q), December (b, f, j, n, r), January (c, g, k, o, s) and February (d, h, 1, p, t). Stippling denotes statistical significance of the slope with p < 0.05
according to a t-test.
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Figure 3. Regression map of density tracks anomalies (number of tracks for 2°; a—d) and EGR between 500 and 850 hPa (in
day_l; e-h), in DJF (a, e), December (b, f), January (c, g) and February (d, h) onto the corresponding 1979-2024 iod_RES.
Stippling denotes statistical significance of the slope with p < 0.05 according to a r-test.

Figure la and the precipitation changes observed in Figure 2a. A significant decrease in cyclone activity in
response to the IOD is observed on a seasonal scale at mid-latitudes (between 30°N and 45°N) over the Eastern
Atlantic and Western Mediterranean, whereas an increase is noted between Greenland and Iceland. Again, as
observed before for MSLP and precipitation regime, December is the month leading the response to IOD in DJF
with a decrease in the density of tracks over most of the Eastern Atlantic and Western Mediterranean (Figure 3b).
While this pattern gradually shifts northward toward 70°N and eastward, extending into Scandinavia and the
Mediterranean, a weakening of the strength of the response is observed over the domain. Notably, in January,
reduced storm activity remains present over part of Western Africa, while an increase is observed around Iceland
(Figure 3c).

It is worthwhile to note that the increase in precipitation observed between 50°N—-60°N and 40°W-0°W in
December (Figure 2b) fits spatially with a modest and not significant increase in the density of tracks (Figure 3b).
The explanation for that can be traced back to additional mechanics that can amplify the precipitation associated
with cyclones although in presence of limited changes in track density. The analysis of total column vertically-
integrated moisture convergence flux (not shown here) has revealed that the precipitation increase is associated
with a significantly increased moisture convergence flux between S0°N—-60°N and 40°W-0°W. This signal re-
flects the relationship between cyclonic circulation and moisture transport, where cyclones enhance moisture
transport through the low levels of the atmosphere (e.g., Reale & Lionello, 2013; Coll-Hidalgo et al., 2024, and
references therein) even in the absence of significant changes in the density of tracks.

Changes in storm activity over the NAEM region, observed in DJF and December, align closely with variations in
baroclinicity across much of the domain (Figures 3e and 3f). In DJF and December, the EGR response to the IOD
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January (c, g) and February (d, h) onto the corresponding 1979-2024 iod_RES. Stippling denotes statistical significance of
the slope with p < 0.05 according to a t-test.

mirrors the MSLP and storm track density patterns (Figures 1 and 3), showing a pronounced north—south
structure. Notably, it increases over the northern Atlantic (50°N-60°N) while a significant decrease is
observed across southern NAEM, the Mediterranean, the Middle East, and the Anatolian Peninsula. Moreover,
EGR increases in January close to Iceland.

As shown in Equation 1, changes in the baroclinicity can be driven by changes in the vertical wind shear or
vertical stratification measured by N (e.g., D’Andrea et al., 2024). Both factors are shown in Figures 4a—4h.
Again, in DJF and December, the increase (or decrease) in EGR corresponds to an increase (or decrease) in
vertical wind shear, which is prevalent in relation to the changes in vertical stability. The only exception is the
change in EGR observed in January near Iceland, which spatially aligns with the previously noted changes in
cyclone activity (Figure 3c) and can be attributed to pronounced variations in vertical stability (Figure 4g).

The changes in EGR and vertical wind shear largely align with the strengthening of the meridional gradient of
surface temperature and sea surface temperature in DJF and December, as shown in Figures S3 and S4a—S4d in
Supporting Information S1. Specifically, significant warming is observed over most of the Atlantic Ocean and
Western and Northern Europe. At the same time, cooling is evident over the northern Atlantic above 50°N and
much of the Middle East.

4. Conclusions

This study highlights the significant influence of the Indian Ocean Dipole (IOD) variability on the early winter
hydro-climate regime in the North Atlantic-European—Mediterranean region (NAEM; Hardiman et al., 2020;
Raganato et al., 2025). Moreover, the IOD here emerges as a key tropical driver of mid-latitude variability, with
impacts that extend into the North Atlantic and Mediterranean storm tracks. In fact, the observed north—-south
dipole in cyclone activity suggests a robust teleconnection pattern in which autumn IOD preconditioning
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affects the early winter months, mainly December, where a statistically significant link is noted and linked to
baroclinicity and vertical shear shifts, consistent with changes in the meridional temperature gradient.

Our results emphasize the growing importance of understanding tropical-extratropical teleconnections in sub-
seasonal to seasonal forecasts of NAEM (Karpechko et al., 2024; Molteni et al., 2015, and references therein;
Molteni & Brookshaw, 2023). As the Indian Ocean emerges as a key modulator of early winter variability over the
North Atlantic-European—Mediterranean region, the ability to anticipate its impacts on storm activity and pre-
cipitation becomes increasingly relevant for both climate science and decision-making. These findings offer
valuable insights for improving the representation of tropical forcing in seasonal forecast systems and may inform
efforts to enhance preparedness for weather-related risks in sensitive regions such as the Mediterranean basin. As
climate change continues to reshape the background state of both the Indian Ocean and midlatitude circulation,
further research is essential to assess the non-stationarity and potential intensification or disruption of the IOD—
NAEM link (e.g., Abram et al., 2020; Fereday et al., 2025; Hardiman et al., 2020; Hochman & Gildor, 2025;
Sabatani & Gualdi, 2025). Integrating such knowledge into forecasting frameworks holds promise for advancing
actionable early warning capabilities across the Euro-Mediterranean sector.
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Service (C3S) Climate Data Store (CDS) (Hersbach et al., 2023).
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