
ARTICLE OPEN

Predictability of Indian Ocean precipitation and its North
Atlantic teleconnections during early winter
Muhammad Adnan Abid 1,2✉, Fred Kucharski1,2, Franco Molteni3 and Mansour Almazroui2,4

The Tropical Western-Central Indian Ocean (WCIO) precipitation anomalies play an important role in modulating the anomalous
climate conditions in the North Atlantic and European (NAE) region during the early boreal winter (November–December; ND)
season. In this study, we analyzed the forcing mechanism and predictability for the early winter tropical WCIO precipitation
anomalies and its teleconnections to the North Atlantic region. The two main forcing mechanisms emerging are the autumn Indian
Ocean Dipole (IOD) and a direct atmospheric teleconnection from El Niño-Southern Oscillation (ENSO). Since the autumn IOD is
partially forced by ENSO, their independent contributions are also investigated. We found the IOD dominates over the ENSO
contribution. The ECMWF-SEAS5 seasonal re-forecast reproduces these forcing mechanisms well and shows a substantial prediction
skill for early winter WCIO precipitation. Moreover, the North Atlantic response to the positive WCIO phase projects spatially onto
the positive North Atlantic Oscillation (NAO) phase through atmospheric teleconnections and leads to warming in central and
western Europe. This teleconnection is reproduced by ECMWF-SEAS5, but with weaker amplitude. Moreover, a significant prediction
skill for the NAO as well as for the central and western European temperature anomalies is noted, which is mostly induced by the
Indian Ocean precipitation anomalies during early winter.
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INTRODUCTION
Understanding the mechanism for the North Atlantic Oscillation
(NAO)1 predictability that modulates and favors the extreme
climatic conditions in the North Atlantic European (NAE) region is
important. In recent decades, the warming in the Indian Ocean
favors frequent positive NAO2–5 conditions, which leads to mild
winters over the NAE region6, particularly during early winter
(November–December) when the Indian Ocean (IO) teleconnec-
tion dominates over the direct teleconnection from El Niño-
Southern Oscillation (ENSO)7,8.
Tropical Indian Ocean (TIO) interacts with the other oceanic

basins through atmospheric and oceanic pathways9–12. There are
two main modes of variability in the Indian Ocean, one is the
Indian Ocean Basin Mode (IOBM) and the other is the Indian
Ocean dipole (IOD). Both modes modulate the global climate
variability on different timescales13–16 and show strong season-
ality. The IOBM is forced by the El Niño-Southern Oscillation
(ENSO) and peaks in boreal spring following an ENSO event,
whereas the IOD peaks and shows maximum variability in boreal
autumn10. The IOD is defined as the see-saw of the Sea Surface
Temperatures (SSTs) anomalies between the western and the
southeastern Indian Ocean17. ENSO, through an atmospheric
bridge, also strongly interacts with the IOD mode18. ENSO
influences IOD due to an anomalous walker circulation, which
induces a low-level easterly flow that shallows the thermocline
over the eastern TIO which, in turn, strengthens the warm pool
over the western Indian Ocean during a warm ENSO event,
favoring the positive IOD phase. The ENSO-IOD relationship peaks
during the boreal autumn season16, but still about half of IOD
variability can exist independently. Recently, a very strong IOD
event developed during boreal autumn and early winter of 2019/
20, favoring the positive NAO phase during boreal winter that led

to extreme warm and wet climatic conditions over the North
Atlantic and European (NAE) region6 and drought-like conditions
that led to the extreme fires during the Australian summer season
in the southern hemisphere19. In general, Indian Ocean precipita-
tion anomalies induced by SST anomalies in the Indian Ocean and
ENSO region are important tropical sources for the eastward
propagating wave from the Indian Ocean leading to anomalous
atmospheric circulation anomalies in the NAE region7,8,20. Several
studies investigated the IOD predictability21,22, but limited
information is available about the prediction skill of the
precipitation anomalies in the Indian Ocean. In the current study,
we used ECMWF-SEAS5 re-forecast data23 to investigate the
prediction skill of the Indian Ocean precipitation anomalies as well
as for the NAE circulation anomalies in early boreal winter.
The importance of Indian Ocean induced NAE circulation

anomalies during the boreal winter season has been recognised
as an important source of predictability in coupled Ocean-
Atmosphere models on sub-seasonal to seasonal timescales24–29.
A considerable effort has been made to diagnose the Indian
Ocean teleconnections in coupled models24,26, but how well the
models are capable in predicting the precipitation anomalies in
the Indian Ocean during the boreal early winter season is not well
documented, which is thus investigated in the current study. In
the NAE region, NAO modulates the atmospheric circulation
anomalies and the surface anomalous conditions during boreal
winter30. However, the NAO prediction skill is limited during
boreal winter (December-February) compared to the Pacific North
American (PNA) skill, mainly due to a weaker ENSO teleconnec-
tion31–35. Nonetheless, there is some moderate predictability for
the NAO36 forced by the tropical oceans37, transmitted through
tropospheric7,38–41 and stratospheric pathways42–47. An interesting
aspect of the NAO prediction skill is that its actual prediction skill
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is larger than the potential predictability estimated from the
model ensembles, which leads to the signal-to-noise paradox48.
This could partly be related to the substantial variations in the
tropical ENSO teleconnections to the NAO from early to late
winter7,39,40, where in early winter the tropical Indian Ocean
mediates the ENSO teleconnection, resulting in a complex
interference of signals, where in-phase ENSO and Indian Ocean
forcing tends to enhance the variability of the circulation
anomalies in the NAE region7,8.
Therefore, in the current study, we assessed the predictability of

the tropical Indian Ocean precipitation anomalies and its
teleconnections to the North Atlantic and European (NAE) region
during early winter using observational and ECMWF-SEAS5
seasonal re-forecast dataset for the period 1981–2019.

RESULTS
Tropical Indian Ocean variability during late fall to early
winter
The tropical western-central Indian Ocean precipitation anomalies
are well connected with ENSO7,25,49 during early (ND) winter. To
analyze the precipitation anomalies in this region, we define an
area-averaged precipitation anomaly index over the IO region
[40:90°E; 10°S:10°N], referred hereinafter as the Tropical Western-
Central Indian Ocean (WCIO) index. Figure 1a, b show the
contemporaneous WCIO precipitation index correlation with
global precipitation and SSTs, respectively. Apart from the large
local Indian Ocean positive correlations (about 0.6), also large
positive correlations appear in the central-eastern equatorial
Pacific, which resemble ENSO-related anomalies. ENSO may
impact WCIO precipitation in two ways: A direct early winter
atmospheric bridge and through autumn IOD SST perturbations12.
Indeed, the IOD-Niño3.4 link peaks in the boreal autumn in
observations, which is also represented well in the ECMWF-SEAS5
(Supplementary Fig. 1). The ECMWF-SEAS5 re-forecast also
reproduces the observed WCIO precipitation and SST co-
variances quite well during early winter (Fig. 1c, d).
To test the hypothesis of a dual ENSO and IOD forcing further, in

Fig. 2a, scatterplots of the observed early winter (ND) WCIO

precipitation with the contemporaneous Niño3.4, and with
October IOD indices are shown. There is a clear positive and
statistically significant relationship noted between the WCIO index
and the contemporaneous Niño3.4 index (black circles) as well as
with October IOD (red triangles) with correlations of 0.53 and 0.71,
respectively (statistically significant at 95% confidence level).
Based on the regression coefficients, the precipitation anomalies
in the western IO are more sensitive (slope in scatter plot) to the
pre-conditioning of the autumn (October) IOD (0.92 mm/day/K)
compared to the contemporary Niño3.4 (0.43 mm/day/K), which is
almost double for IOD compared to ENSO. It confirms that ENSO
directly impacts the WCIO precipitation through an atmospheric
bridge, but also indirectly through the autumn IOD conditions.
Moreover, this result also suggests that IOD could impact the
WCIO precipitation independently from ENSO. The ECMWF-SEAS5
reproduces these relationships reasonably well, with stronger
correlations, but with less sensitivity, regarding the October IOD-
WCIO precipitation relationship (Fig. 2b).
Next, we estimated the lead-lag correlation of bi-monthly

overlapping seasons of the WCIO precipitation anomalies with the
October IOD index and early winter (ND) Niño3.4 SSTs index. In
order to establish the independent responses of IOD and ENSO to
the WCIO precipitation, we have removed statistically the impact
of early winter (ND) Niño3.4 SSTs from the global SSTs and re-
calculated the residual IOD index for October using the partial
regression49,50 (see “methods”). The resulting index will refer as
partial IOD (PIOD)noNiño34. Similarly, we removed the October IOD
SSTs influence from global SSTs to re-estimate the residual early
winter (ND) Niño3.4 index, referred to as (PNiño34)noIOD in the
following. Figure 3a shows the correlation of IOD and (PIOD)no-
Niño34 with WCIO precipitation for bi-monthly overlapping seasons
October-November (ON) to February-March (FM). Overall, there is
no significant change noted for the (PIOD)noNiño34 index (black
solid lines with circles) compared to the full IOD (red solid lines
with stars) relationship with WCIO precipitation. However, the
situation is different, for the (PNiño34)noIOD index used instead of
the full Niño3.4 index (Fig. 3b). In this case the (PNiño34)noIOD,
correlation with WCIO drops considerably to statistically insignif-
icant values (black solid lines with circles) compared to full Niño3.4

Fig. 1 Western-Central Indian Ocean (WCIO) precipitation anomalies relationship with precipitation and SSTs. a Correlation of the
western-central Indian Ocean (WCIO) precipitation anomalies with the global Precipitation during early winter (November-December; ND); (b)
same as of (a) but with the global Sea Surface Temperature (SST) anomalies; (c, d). same as of (a, b) but for the ECMWF-SEAS5 dataset.
Stippling denotes statistical significance at 95% confidence level.
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(red solid lines with stars). This indicates that IOD is the key
mechanism linking ENSO to WCIO precipitation, but also suggests
that the IOD may impact WCIO precipitation independently of
ENSO. If both ENSO and IOD interfere constructively, then the
WCIO precipitation shows the strongest response. Also, the
ECMWF-SEAS5 re-forecast shows a similar behavior as of observa-
tions, where strongest impact is noted with constructive
interference of ENSO and IOD (dashed lines in Fig. 3). However,
the drop in correlations for (PIOD)noNiño34 is larger compared to the
(PNiño34)noIOD in the model compared to observations. The large
drop in Pure IOD relationship in ECMWF-SEAS5 compared to
observations is likely because of model biases in simulating the
IOD spatial structure and its relation to precipitation anomalies in
the Indian Ocean, where the zonal maxima of the IOD is shifted to
the eastern IO (Supplementary Fig. 2c, d) compared to the
observations (Supplementary Fig. 2a, b).

Tropical Indian Ocean teleconnections to the NAE region
In order to analyze the NAE circulation anomalies mediated
through Indian Ocean heating anomalies, we regress the 200-hPa
geopotential height (Z200), Mean Sea Level Pressure (MSLP), 850-
hPa temperature anomalies and Surface Air Temperature (SAT)
onto the standardized WCIO precipitation anomalies index during
early winter. The response to a positive WCIO precipitation index
projects spatially onto the positive NAO phase in the North
Atlantic region (Fig. 4a, b) and the related temperature advection
leads to a substantial warming in the European continent51 (Fig.
4c), which also appears in the Surface Air Temperature (SAT)
regression maps over the NAE, with a significant response over the
western European region (Fig. 4d). The ECMWF-SEAS5 re-forecast
reproduces the NAO pattern (Fig. 4e, f) and the low-level warming
well (Fig. 4g), but with reduced magnitudes compared to
observations. Moreover, the anomalous increase in the surface
temperatures over the western European region is also well

Fig. 3 Role of constructive interference of IOD and ENSO in WCIO precipitation anomalies. a Observed October IOD index (based on SST)
lag Correlation Coefficient (CC) with the western-central Indian Ocean (WCIO) precipitation anomalies in 2-months overlapping season for the
period 1981–2019 (red solid line with star). Same but with linearly independent October-IOD (PIOD)noNiño34 are shown in black solid line (with
circle); Corresponding lines for ECMWF-SEAS5 are shown in dashed lines; (b) Same as panel (a), except using ND (November-December)
Niño3.4 SST index (red solid and dashed lines) and linearly independent ND-Niño34 (PNiño34)noIOD (black solid and dashed lines). Blue line
indicates the statistical significance of the CC at 95% confidence level.

Fig. 2 ENSO vs IOD relationship with WCIO precipitation anomalies. a Observed Scatter plots for the early winter (November–December;
ND) WCIO precipitation with the November–December (ND) Niño3.4 (black open circles) and October IOD (red triangles) SST based indices.
The grey shaded region corresponds to ±0.5 K SST anomalies. Correlation Coefficient (CC) of ND-WCIO precipitation index and ENSO(IOD) SST
index is 0.53 (0.71) and slope is 0.43 (0.92) mmd−1/K; (b) same as of panel (a) but for ECMWF-SEAS5, CC between ND-WCIO precipitation and
ENSO(IOD) is 0.79 (0.86) while the slope is 0.43 (0.75) mmd−1/K.
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reproduced in the model (Fig. 4h) compared to the observations
(Fig. 4d). The weaker response of the Arctic circle temperature to
the Indian Ocean in SEAS5 compared to ERA5, may be due to
differences in the sea-ice cover. Furthermore, we defined the
observed NAO index, using 200-hPa geopotential regressions (Fig.
4a), as the difference between the Azores [26:40 °N; 310:360 °E]
and Iceland [50:80 °N; 310:350 °E] (boxes highlighted in
Supplementary Fig. 3) and found a slightly higher statistically
significant (95% confidence level) Correlation Coefficient (CC) with
WCIO index (0.44) compared to the Niño34 index (0.42). Similarly,
for ECMWF-SEAS5, the CC of NAO with WCIO is 0.64, while with
Niño34 is 0.57 (both are statistically significant at 95% confidence
level), indicating a similar behavior as in observations. In order to
investigate if the modeled WCIO response in the North Atlantic
region is consistent in magnitude with the observed one, we
calculated the NAO index (boxes highlighted in Supplementary
Fig. 3) from the 200-hPa regression onto the WCIO anomalies for
each ensemble member and compared with the observations
(Supplementary Fig. 4). No ensemble member captures the
observed value, which is located at about 2 standard deviations
of the ensemble mean value. Next, we analyze the predictability of
the tropical WCIO precipitation and NAE circulation anomalies
during the early winter based on the October initial conditions.

Predictability of the Western-Central Indian Ocean and North
Atlantic circulation anomalies
The predictability of the early winter precipitation anomalies over
the tropical WCIO are assessed using the actual and the potential
predictability matrix (see “methods”). Figure 5a shows a maximum
of the actual prediction skill over the western-central Indian
Ocean, while other maxima are noted in the southeastern half of
the Indian Ocean near Java and Sumatra region, which coincides
well with the spatiotemporal pattern of the potential predictability

(Fig. 5b), indicating that the model re-forecast is well calibrated.
Figure 5c compares observed WCIO precipitation anomaly index
with the model ensemble (mean and individual members), where
the prediction skill between the model ensemble mean and GPCP
is 0.66, while with ERA5, it is 0.72. Apart from very few years, the
observation lies within the spread of the model ensemble
members. Moreover, the prediction skill remains large (0.68) after
removing ENSO, while it drops significantly (0.39) after removing
IOD.
Figure 6a shows the map of temporal anomaly correlation of

the observed 200-hPa geopotential height anomalies with the
ECMWF ensemble mean anomalies in the northern hemisphere.
Predictability typically decreases from the tropical to extratropical
regions due to the dominance of noise in extratropical
regions33,52. A significant actual prediction skill is noted southeast
of Greenland in the North Atlantic region where the skill exceeds
0.6 and represents the largest value north of 50o N, which is even
larger than the prediction skill of the PNA region. A prominent
actual prediction skill is also noted over the western and central
European continental region. Prediction skill over the PNA region
is typically attributed to ENSO teleconnections33, but the ENSO
teleconnections during early winter are relatively weak to the PNA
region53, compared to the NAE region32,39,53,54, which may result
in the higher prediction skill for the North Atlantic sector (Fig. 6a).
However, recent studies show that early winter ENSO teleconnec-
tions to NAE are mainly mediated through the Indian Ocean7,8,
and the tropical North Atlantic region40,55. This is also consistent
with the stronger teleconnection in the NAE region from the WCIO
precipitation anomalies (Fig. 4a, b). Moreover, the spatial pattern
of the potential predictability is similar to the actual prediction skill
(Fig. 6b).
We also investigated the relative strength of predictability

during early winter over NAE region using the Ratio of the

Fig. 4 Indian Ocean teleconnections to the North Atlantic European Region. a Observed Regression of the early winter
(November–December; ND) WCIO precipitation anomalies index with the early winter (ND) 200-hPa geopotential height anomalies (Units;
m) for the period 1981–2019; (b) same as of (a) but with Mean Sea Level Pressure (Units; hPa); (c) same as of (a) but for 850-hPa temperature
anomalies (Units; K); (d) same as of (a) but for the Surface Air Temperature (Units; K) (e–h) Same as (a–d) but for ECMWF-SEAS5 dataset.
Stippling denotes statistical significance at 95% confidence level. The observed (ECMWF-SEAS5) Correlation Coefficient (CC) between NAO
index and WCIO is 0.44 (0.64), while with Niño3.4 is 0.42 (0.57), statistically significant at 95% confidence level.

M.A. Abid et al.

4

npj Climate and Atmospheric Science (2023)    17 Published in partnership with CECCR at King Abdulaziz University



Predictable Component (RPC)48 matrix. In Fig. 6c, regions with RPC
greater than 1 (underconfident) indicate the occurrence of signal-
to-noise paradox, because it violates the expectation of an
overconfident model behaviour in these locations. A higher
potential predictability is noted over the western European region
compared to the actual prediction skill and thus the RPC less than
1, while southeast of Greenland a larger actual prediction skill is
noted compared to the potential predictability, and thus RPC is
larger than 1, indicating the signal-to-noise paradox. A plausible
explanation for these regions with RPC > 1 for the early winter
season (ND) is that the model response from the Indian Ocean
(Fig. 4e, f) is weaker than the observed (Fig. 4a, b). Indeed the
magnitudes of the NAO response in individual ensemble members
to Indian Ocean precipitation anomalies are inconsistent with the
observed one (Supplementary Fig. 4). Another possible factor
contributing to under-confident regions (RPC > 1) could be weak
transient eddy feedbacks in the model56.
Figure 7 shows the actual prediction skill and potential

predictability of the NAO index based on 200-hPa geopotential
height anomalies (boxes highlighted in Supplementary Fig. 3)
during early boreal winter season. NAO shows an actual prediction
skill of 0.36, whereas its potential predictability is 0.33 (both are
statistically significant at 95% confidence level), consistent with the
signal-to-noise paradox noted in Fig. 6. To show that the results do
not strongly depend on the field used for NAO definition, we also
defined the NAO index (boxes highlighted in Supplementary Fig. 3)
based on MSLP, and found that the main results do not change. The
MSLP based NAO actual prediction skill is 0.34, and due to the large
spread among the members, a low signal-to-noise ratio is noted
that results into the moderate NAO potential predictability of 0.13,

which is lower compared to that of NAO based on 200-hPa
geopotential height anomalies. After linearly removing the Indian
Ocean (WCIO) influence from 200-hPa geopotential height anoma-
lies (see methods), the actual prediction skill of the residual NAO
index (NAO_noWCIO) computed from the residual 200-hPa
geopotential height anomalies reduces to 0.13 while the potential
predictability is 0.20. Similarly, if the Niño34 index is linearly
removed, the residual NAO actual prediction skill (NAO_noNiño34)
drops to 0.24, and the potential predictability to 0.25 (Fig. 7). It
implies that NAO shows a skillful prediction due to constructive
interference between ENSO and Indian Ocean, where the Indian
Ocean dominates, consistent with earlier findings6,7,57.
The positive WCIO precipitation anomalies lead to milder early

winter temperature conditions over the European region (Fig. 4d).
Now, does the model have an ability to predict the early winter
SAT conditions? To answer this question, we investigated the
prediction skill of the Surface Air Temperature (SAT) over the NAE
region. Figure 8a, b compares the actual prediction skill of the SAT
with the potential predictability over the NAE region during the
early winter. A statistically significant actual prediction skill of the
SAT is noted over the southern U.K., and western Europe with a
maximum over France, and Germany including parts of the
Scandinavian region (Fig. 8a), which coincides overall well with the
potential predictability over the NAE region (Fig. 8b). Whilst the
western and the northwestern European region show a higher
potential predictability, mostly over the oceans, (Fig. 8b)
compared to the actual prediction skill (Fig. 8a). While SAT
predictability is largely confined to the North Atlantic Ocean
region, likely due to the large thermal inertia, also an increased
surface temperature predictability is noted in the western

Fig. 5 Prediction skill of the WCIO precipitation anomalies. a Actual Prediction skill of the early winter (November–December; ND)
precipitation anomalies over the tropical western-central Indian Ocean (WCIO) [40:90°E; 10°S:10°N] region; (b) Potential Predictability of the
WCIO precipitation anomalies. Stippling denotes statistical significance at 95% confidence level; (c) Prediction skill of the early winter (ND)
precipitation anomalies over the WCIO region with respect to ERA5(GPCP) is 0.72(0.66). Grey circles show each ensemble member for ECMWF-
SEAS5, while blue line is the SEAS5 ensemble mean, black line represents ERA5 and green dashed line is for GPCP. Light grey shading is the
ensemble mean spread based on its 1-sigma level.
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European region, as discussed above (Fig. 8c). Overall, 0.52
temperature prediction skill is noted over the western European
[0:20 °E; 45:55 °N] region. Such a prominent statistically significant
predictability is likely related to a predictability in low-level zonal
winds that may change the advection of warmer air from the
Ocean to the European continent51. Indeed, as shown in Fig. 8c,
the zonal wind at 850-hPa (Uwnd850) shows a significant
potential predictability south of the U.K. These dynamical and
thermal features in the predictability are all consistent with the
signals induced by the teleconnections from the Indian Ocean
(Fig. 4), which is providing a plausible signal for the modulation of
the prediction skill over the NAE region.

DISCUSSION
In this study we found that the tropical WCIO precipitation
anomalies modulate the NAE circulation anomalies during the
early winter in observations as well as in ECMWF-SEAS5 re-forecast
system. We found that the boreal autumn IOD pre-conditioning is
the dominating mechanism that triggers the precipitation

anomalies in the WCIO region during early winter, which are
further enhanced by the ENSO forcing through a direct atmo-
spheric bridge in early winter (Figs. 2, 3). However, a part of the
autumn IOD is forced by the developing ENSO event.
The precipitation anomalies in the Indian Ocean are skillfully

predicted in the ECMWF-SEAS5 prediction system. A statistically
significant (95% confidence level) prediction skill (0.72) is noted
for the tropical WCIO precipitation anomalies during the boreal
early winter. The spatial distribution of actual prediction skill in the
Indian Ocean resembles closely to the potential predictability,
indicating a good calibration of the precipitation forecasts for this
region. Moreover, the actual prediction skill of the WCIO
precipitation anomaly with linearly removed ENSO [i.e., WCIO_-
noENSO] drops to 0.68, while after removing IOD linearly, it drops
to 0.39, indicating that the pre-conditioning of the IOD is the
dominant mechanism to excite the early winter IO precipitation
anomalies. It also shows that the constructive interference
between ENSO and IOD enhances the prediction skill of the
WCIO precipitation anomalies. These WCIO precipitation, or
equivalently, heating anomalies are the Rossby wave sources for

Fig. 6 Predictability of the North Atlantic European circulation anomalies. a Actual prediction skill of the early winter
(November–December; ND) 200-hPa geopotential height anomalies (Z200) over the North Atlantic European (NAE) region; (b) Potential
Predictability of the 200-hPa geopotential height anomalies over NAE region; (c) Ratio of the Predictable Component (RPC), where
RPC > 1 shows under confidence behavior of the model (blue), while RPC < 1 is the overconfident behavior (red). Stippling denotes the
statistical significance at 95% confidence level.
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the Indian Ocean teleconnection to North Atlantic region during
the early winter season7,27. The positive relationship (CC; 0.44)
between the WCIO and NAO shows that a positive WCIO
precipitation anomaly favors a positive phase of NAO, that leads
to milder surface temperature conditions in the western European
region. These features are overall well reproduced by the ECMWF-
SEAS5, but with weaker amplitude. Also, a notable spatial actual
prediction skill of the atmospheric circulation anomalies appears
in the North Atlantic region southeast of Greenland as well as over
the European continent. Overall, during early winter prediction
skill of NAO is 0.36 (Fig. 7), while for the surface temperatures over
the western Europe it is 0.52 (Fig. 8a), which is dominated by the
Indian Ocean signals through its teleconnections7,8.
This study highlights the importance of the correct representa-

tion of Indian Ocean precipitation anomalies, its teleconnections
to the North Atlantic region, and the European climate in the
seasonal forecasting systems. It also shows that for the assessment
of predictability in extratropical regions, particularly for the NAE
region, the sub-seasonal changes of inter-basin teleconnections
should be considered, when choosing the target prediction
months. This is because of the dominance of the positive NAO
like response to positive Indian Ocean precipitation anomalies
identified for early winter, which co-occur with warm ENSO
conditions. In late winter, on the other hand, the response in the
NAE region is dominated by direct ENSO forcing, and resembles
more negative NAO-like condition7,8,37,39.

Fig. 7 NAO prediction skill. Prediction skill of the North Atlantic
Oscillation (NAO) index [26:40 °N; 310:360 °E - 50:80 °N; 310:350 °E]
estimated based on the 200-hPa geopotential height anomalies
during early winter (November–December; ND). The grey open circle
is the potential predictability for each member and the average of the
25 correlations is the potential predictability (blue triangle) of the
model compared with actual prediction skill (red cross). NAO means
total Skill, while NAO_noWCIO means ENSO residual signal after
removing WCIO anomalies and vice-versa for the NAO_noNiño34.

Fig. 8 Prediction skill of the temperature and winds in the North Atlantic European region. a Actual prediction skill of the early winter
(November–December; ND) Surface Air Temperature (SAT) anomalies over the North Atlantic European (NAE) region for the period
1981–2019; (b) Potential Predictability of the SAT over the NAE region for the same period. Stippling denotes statistical significance at 95%
confidence level. The Prediction skill of the SAT over the western European region [0:20 °E; 45:55 °N] is 0.52. c Same as of (b) but for 850-hPa
zonal winds (Uwnd850) anomalies. Stippling denotes statistical significance at 90% confidence level.
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METHODS
Datasets
The European Centre for Medium-Range Weather Forecasts
seasonal prediction system (ECMWF-SEAS5)19 re-forecast dataset
is based on the Integrated Forecast System (IFS) atmospheric
model coupled to the Nucleus for Oceanic Modeling of the
Ocean (NEMO) v4.5 ocean model. The atmospheric model
horizontal resolution is T319 having 91 vertical levels, with a
model top at 0.01 hPa. The coupled system includes the
Louvian-la-Neuve Sea Ice Model (LIM2) with ORCA 0.25°
resolution and a wave model at 0.5°. For each year, ERA-
Interim atmospheric initial conditions are used, while the Ocean
Reanalysis System 5 (ORAS5) was used for the ocean initializa-
tion. The land, soil and snow initializations were made based on
the forced 43r1 land surface model. A total of 25 ensemble
members are available for the period 1981–2016, with each
member starting from the first day of October, available at
1° × 1° resolution from the Copernicus Climate Change Service
portal (https://climate.copernicus.eu). Moreover, we extended
the analysis using the forecast data for the period 2017–2019
with 25-ensemble members for the similar (1st October) initial
conditions. The focus is to analyse the prediction skill of the
precipitation anomalies in the Tropical Indian Ocean and that of
North Atlantic European (NAE) circulation anomalies during the
early winter based on October Initial conditions. To eliminate the
influence of the initial conditions on the predictability, October
was excluded and the analysis is focused on the late fall to early
half of the boreal winter season (i.e., November–December; ND).
The fifth generation European Re-Analysis (ERA5)58 dataset at

higher horizontal (0.25° × 0.25°) and the vertical resolution was
adapted as proxy to the observed/reanalysis dataset to analyse
the observed teleconnections patterns and predictability. More-
over, the Global Precipitation dataset namely as the Global
Precipitation Climatology Project (GPCP) at 2.5° × 2.5° horizontal
grid spacing was also adapted as the observed precipitation
dataset, which is mainly based on the surface gauges, sounding
and satellite observations59. The observed and reanalysis dataset
were re-gridded to the 1° × 1° horizontal resolution. We noted,
the prediction skill of the WCIO precipitation anomalies is robust
irrespective of the observed and reanalysis precipitation dataset.

Methodology
Linear regression is defined as the covariance of the standardized
anomaly index to the field of interest. Furthermore, the Partial
regression analysis50 is adapted to isolate the tropical signals
statistically from each other using Eq. (1).

Xres tð Þ ¼ X tð Þ � bðx; yÞ ´ XðtÞrm (1)

In Eq. (1), b(x, y) is the regression coefficient of the forcing to be
removed (X(t)rm) from the original (X(t)) that results into the
residual Xres (t) time series statistically.
The model’s predictability is assessed through the actual and

potential predictability matrix. The actual prediction skill is defined
as the point-by-point temporal anomaly correlation between the
observation and the model ensemble mean, while Potential
Predictability is defined as the square root of the signal to the total
(signal and noise) variances also known as the theoretical limit of
the correlation skill. Signal variance is defined as the variance of
the ensemble mean anomalies, while variance of the ensemble
deviation from the ensemble mean is known as the noise
variance52,60. The ratio of the actual prediction skill to the
potential predictability defines the Ratio of the Predictable
Component (RPC)48,61. Moreover, the perfect model potential
predictability (PP) is used to examine the NAO predictability (Fig.
7), where NAO index of each member is correlated with the
ensemble mean of the N− 1 (remaining members), which is
known to be an estimation of the model’s skill to predict itself48.

This procedure is repeated for N members, and the average
correlation obtained from the N correlations using the fisher
Z-transformation defines the perfect model correlation skill for the
NAO index48.
A two-tailed t-test was used to analyze the statistical

significance of the results, while the standard deviation derived
from the inter-ensemble spread is used to analyze the significance
of the ECMWF-SEAS5 regression maps.

DATA AVAILABILITY
The ECMWF-SEAS5 seasonal re-forecast datasets as well as the fifth-generation high
resolution European reanalysis (ERA5) were provided by the Copernicus Climate
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Global Precipitation Climatology Project (GPCP) dataset was obtained from https://
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