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Abstract. The winter-long merging of the African and Atlantic jets is associated with extreme winter weather across the
Northern hemisphere. Past studies have shown that merging of the Atlantic and African jets is linked to weaker Atlantic
eddy activity and stronger tropical heating, and is strongly correlated with a negative NAO state. In this study we examine
the relation between jet merging and extreme weather, taking care to separate out the effects of the NAO and El Nino, in
order to be left with the added influence of Atlantic-African jet merging. Our analysis, considering percentile exceedance and
anomaly composites of surface temperature, surface wind and precipitation, identifies distinct weather signatures of merged
jet winters, notably affecting the Iberian Peninsula, North Africa, southern Mediterranean, southwest Greenland, and Northern
Europe. Additionally, we analyse the relationship between merged jets and shifts in cyclone track orientation contributing to
the observed extreme weather patterns over these regions. Furthermore, once we remove the NAO effect from the merged-jet
surface temperature anomaly signal, we find that winter-long jet merging coincides with anomalous warm Arctic, cold Eurasia,
and strong El Nifio conditions. This weakens the high latitude temperature gradient which affects the midlatitude baroclinicity
resulting in the weakening of eddy activity and ultimately leading to persistent jet merging. Thus the African and Atlantic jet
merging during winter appears to further align with the theoretical concept that includes a dynamical regime transition of the
jet from eddy driven to mixed eddy—thermally driven, consistent with the corresponding weakened mid-latitude eddies and

intensified tropical heating.

1 Introduction

The jet stream, which appears as a relatively narrow band of local maximum of high-speed wind with large amplitude meanders
in the upper troposphere, forms an important feature of the mean flow in the atmosphere. The variability in latitude, shape, and
strength of the jet streams have a significant influence on our weather and climate, and could potentially increase the likelihood
of a range of extreme weather events, such as cold spells, heatwaves, storms, and heavy precipitation (Screen and Simmonds,
2014). Several such extreme weather events attributed to the jet stream variability have been observed in recent decades, for
example, the extreme cold winter over Europe linked to the equatorward shift of the jet during 2009-10 (Cattiaux et al., 2010;
Harnik et al., 2014), the hot summer over Europe associated with a poleward jet shift in 2018 (Drouard et al., 2019), and the
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extended California drought during 2011-14, associated to the wavy nature of the jet (Seager et al., 2015). Hence studies on

jet streams are vital for advancing our understanding of Earth’s atmospheric dynamics and improving weather forecasts.

According to current understanding, two types of jet streams can be distinguished, based on latitudinal position and driving
mechanism: the subtropical jets and the midlatitude jets (sometimes referred to as polar front jets). The subtropical jet (STJ),
also referred to as “thermally driven jet”, is primarily driven by the advection of absolute angular momentum by the mean
meridional circulation (MMC) influenced by thermal processes over the tropics and it is concentrated around the subtropical
boundary of the Hadley cell (Schneider, 1977; Held and Hou, 1980). The midlatitude jet is correlated to the midlatitude
cyclone tracks and is located inside the Ferrel cell where the eddy momentum flux convergence (EMFC) is strongest. The
eddy momentum flux convergence by baroclinic waves is the major driving force of this “eddy-driven jet (EDJ)” (Held, 1975;
Rhines, 1975; Panetta, 1993). There are a number of numerical studies that show the merging of these two jets and also a
shift between single-jet and double-jet regimes due to variation in external thermal forcing and the midlatitude baroclinicity
(Lee and Kim, 2003; Kim and Lee, 2004; Son and Lee, 2005; Eichelberger and Hartmann, 2007; Lu et al., 2010; O’Rourke
and Vallis, 2013; Michel and Riviere, 2014). This theoretical evidence shows that changes in external conditions can lead to
significant changes in the dynamical properties of the flow, resulting in a dynamical regime transition. Given a warmer future
climate scenario, such transition could potentially occur more frequently in response to stronger thermal driving (Son and Lee,

2005, 20006).

One such transition appears to have taken place throughout the winter of 2009-2010 (hereafter referred to as the 2010 winter).
Usually, the Atlantic jet is eddy-driven and tilted meridionally, while the African jet is more of a classic STJ. The two are
climatologically separate, with a double-jet region in the eastern Atlantic basin. However during the 2010 winter the Atlantic
jet was exceptionally equatorward and merged with the African jet downstream into one zonally oriented jet with a structure
and variability similar to the characteristic of the Pacific jet (Harnik et al., 2014). Using reanalysis data Li and Wettstein (2012)
showed that the Atlantic jet is mostly eddy driven, whereas the Pacific jet is both thermally and eddy driven. Consequently,
it leads to the notion that the Atlantic jet appears to have undergone a transition from being a predominantly eddy-driven to
being a mixed eddy—thermally driven jet during 2010 winter (Harnik et al., 2014; Lachmy and Harnik, 2016). Later studies by
Lachmy and Harnik (2020) using an idealised two-layer model have also shown that the negative phase of the annular mode of

eddy-driven jet regimes is similar to a merged-jet regime.

What makes this specific 2010 winter event more interesting is that even though it has been shown that the eddy-driven jet can
exhibit persistent southward shifts within its expected range of variability, this typically only occurs on a synoptic timescale
(Lorenz and Hartmann, 2003; Eichelberger and Hartmann, 2007; Barnes and Hartmann, 2010). However, in this case, an
equatorward-shifted, zonally-oriented jet configuration was persistent over an entire season and even reemerged the following
winter. Such configuration is rare as it has only been observed once before, about 40 years prior to 2009-10, during the 1968-69

winter, and is also suggestive of a dynamical jet regime transition.
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It is to be noted that the 2010 winter was itself an interesting season as there were quite a few notable atmospheric and oceanic
anomalies like the intense and prolonged negative phase of the North Atlantic Oscillation (NAO), a positive El Nifio—Southern
Oscillation (ENSO) phase and unusually cold and extreme wet weather conditions over the Northern Hemisphere (Barnes and
Hartmann, 2010; Wang et al., 2010; Seager et al., 2010; Cattiaux et al., 2010; Vicente-Serrano et al., 2011; Moore and Renfrew,
2012; Santos et al., 2013). The abnormally high snowfall experienced during this winter in the mid-Atlantic states of the U.S.
and northwest Europe were suggested to be primarily influenced by the negative NAO and, to a lesser extent, by the added
presence of El Nifio (Seager et al., 2010). In fact, the El Nino stood out as the most intense since the winter of 1997-1998 and
ranked as the fifth most intense event since 1950 (National Climatic Data Center; “2009-2010 Cold Season”; 2010; NOAA’s
National Climatic Data Center, Asheville, NC).

In general, the positive (negative) phase of the NAO is typically linked to relatively warm (cold) temperatures over the Europe
(Hurrell, 1995). In fact, the frequency of cold event occurrence over the extratropical Northern Hemisphere during winter and
warm extremes over North Africa and Arab regions are strongly influenced by the NAO (Thompson and Wallace, 2001; Donat
et al., 2014). Meanwhile, ENSO is also known to affect both mean and extreme precipitation and temperature levels in many
parts of the Northern hemisphere(Ropelewski and Halpert, 1986; Schubert et al., 2008; Alexander et al., 2009; Kenyon and
Hegerl, 2010; Arblaster and Alexander, 2012; Donat et al., 2014). It is even shown using dynamic models that the exceptionally
severe winters in Europe during 1940-1942 were influenced by the propagation of ENSO signals from the troposphere to the
stratosphere, impacting the phases of the Arctic Oscillation (AO)(Bronnimann et al., 2004). Although the variability in winter
climate across much of the Northern Hemisphere is prominently influenced by the NAO and the ENSO phases (Hurrell, 1995;

Bronnimann et al., 2004), the added influence of jet merging on such extreme weather patterns remains unexplored.

In this study, we investigate the influence of prolonged jet merging over a month or longer on weather extremes, and examine
how this effect differs, if at all, from the impact of a strongly negative NAO and El Nifio. We aim to understand whether
the extreme weather patterns observed during jet-merging winters result solely from the combined influence of NAO and El
Niflo, or if there is an additional impact from the merged jet across the Atlantic specific to these months. Our analysis seeks to
uncover unique signals associated with the possible dynamic regime shift of Atlantic-African merged jet winters, particularly

in relation to extreme surface temperature, surface wind, and precipitation distributions across the Northern Hemisphere.

2 Data and Analysis methods

The analyses carried out in this study are all based on the daily/monthly-averaged December—February (DJF) data of wind,
precipitation, and temperature, from the ERAS reanalysis (Hersbach et al., 2023a) of the European Centre for Medium-Range
Weather Forecasts (ECMWF) at a spatial resolution of 0.25 x 0.25 from January 1950 to December 2020. We used the National
Oceanic and Atmospheric Administration (NOAA) Climate Prediction Center (CPC) NAO index (based on Jianping and Wang
(2003)) and Oceanic Nino Index (ONI) derived from the ERSST v5 analysis [Huang et al., 2017].
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The Zonal Jet Index (ZJI), which is adapted from Harnik et al. (2014), helps us to identify merged-jet time periods. In order
to calculate the ZJI, we use the zonal wind: usoo [\, ¢, ¢] at 300hPa. We first find the latitude of the jet axis ¢()), defined at
each longitude A as the latitude ¢ with maximum magnitude of uggg, and calculate the maximum absolute value of its zonal
derivative |%|. This term will have the largest magnitude at the point where the jet axis jumps from the Atlantic to the
African jet. Zonal Jet Index (ZJI) is defined by taking the absolute value of this maximum latitude change over longitude
[max(] %D], and calculating its monthly anomaly from the climatological seasonal cycle. During jet mergings the zonal

jump in jet axis latitude will disappear, hence the ZJI will have large negative values.

To study the variability in the distribution of extreme winter weather during merged-jet events we first classify the winter

months (December-February) into 5 groups as follows:

(a) Winter months with strong Atlantic-African merged jet state: lower than -2 times standard deviation of winter monthly

ZJ1. (14 winter months)

(b) Winter months with strong negative NAO phase: monthly NAO index lesser than -1 times of its standard deviation. (29

winter months)

(c) Winter months with strong negative NAO phase: monthly NAO index lesser than -1 times of its standard deviation, but

excluding strong negative ZJI months in group (a). (20 winter months)
(d) Winter months with strong El-Nino phase: monthly ONI value larger than 1. (32 winter months)

(e) Winter months with strong EI-Nino phase: monthly ONI value larger than 1, but excluding strong negative ZJI months

in group (a). (25 winter months)

For the time period to be consistent we select winter months from a period of 1959-2020 as the cyclone tracks data used
for analysis are available only over this time period. The detailed table of the exact winter months in each group and their
overlapping months are shown in the supplementary information (Table S1 and S2). From Table S2, we see that all the merged-
jet (-ZJT) winter months except one have a -NAO phase, and most of these -ZJI months coincide with a strong -NAO or El Nino

phase or even both.

We then examine the daily-mean data to identify the regions of extreme weather within each group mentioned above. We
first calculate the 95th and 5th percentiles of daily 2m temperature, 10m wind, and daily precipitation, for each grid point,
with the percentiles calculated based on all winter days in the data set. We then count the number of winter days within our
different winter groups, that exceed these thresholds (say warmer than the 95th, or colder than the 5th percentiles). Regions
where these thresholds are exceeded for 10 percent or more of the time, are then recognized as areas for which the relevant
winter group tends to increase the likelihood of the extreme weather type examined. For example, locations where the 95th
percentile temperature was exceeded more than 10% of the time imply an enhancement of warm extremes, while regions
where the temperatures are colder than the 5th percentile for 10% or more of the total winter days imply an enhancement of

cold extremes. Correspondingly, we also identify regions for which extremes are less likely to happen as those for which the
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thresholds were exceeded less than 1 percent of the total winter days. The regions of statistical significance for these percentage

of winter days are calculated using the Monte Carlo significance test.

To study the added influence of merged-jet winter signals on a monthly scale, ENSO and NAO signals are removed from
monthly anomaly composites by linearly regressing out ONI and NAO indices before conducting the analysis. This methodol-
ogy is used in many previous studies (Kim et al., 2023; Chang et al., 2007; Zhang et al., 2014; You and Furtado, 2017; Amaya,
2019). To investigate the impact and significance of synoptic scale eddies, we split the primary daily-mean datasets into shorter
and longer time scales using a basic boxcar filter with 10 days cutoff. This allows us to define eddies as the data filtered with
a 10-day high-pass filter, while the mean flow corresponds to the data filtered with a 10-day low-pass filter. Subsequently,
we compute eddy fluxes by assessing the low-pass covariances between the high-pass fields. For identifying and comparing
cyclone density we use cyclone track data based on the extratropical cyclone tracks over the Northern Hemisphere, produced
by applying a cyclone tracking algorithm (Murray and Simmonds, 1991; Pinto et al., 2005) on the ECMWF ERAS reanalysis
mean sea level pressure data (remapped to 1.125 lat-lon degrees). The algorithm is run for the Northern Hemisphere region
20°N-90°N from a time period of 1959 to 2021 at a 6-hr time interval. Detailed information about the methodology can be
found in (Murray and Simmonds, 1991; Pinto et al., 2005, 2009). It is worth noting that cyclone tracks based on (Pinto et al.,
2005) are recognized for being often longer in terms of both lifetime and track, compared to those derived from alternative

tracking methods (see Neu et al. (2013)).

3 Extreme weather distribution during merged-jet winter

As extreme weather events have been observed in connection with merged jet (-ZJI), negative NAO (-NAO), and El Nifio
winters, our initial investigation focuses on the frequency of days with extreme weather across the Northern Hemisphere
during the entire winter period. In this section, we examine the distribution of 2m surface temperature, 10m surface wind, and

precipitation across -ZJI, -NAO and El Nino winter months.
3.1 Surface Temperature

Figure 1 shows the distribution of the percentage of days that experience warm extremes (exceeds the 95 percentile of 2m
surface temperature) for each winter group described in the previous section. Here we see in Fig.1a, that the winter days with
merged jet state, have a distinctive warm day distribution that is different from the others. The stippled regions in the gradient
of red indicate the number of warm extreme days of 10 percent or more with a statistical significance of 99% while regions
in white indicate fewer warm extreme days. There are 5 regions with increased warm extreme occurrence during merged-jet
winters: Greenland, North, and South subtropical Atlantic, North Africa - Mediterranean, and central Pacific. Looking at NAO
with and without -ZJI months (Fig.1b-c) and ENSO with and without -ZJI months (Fig.1d-e) we see that the tropical Pacific and
southern subtropical Atlantic appear in the ENSO months, both with and without the -ZJI, suggesting they are an ENSO signal,
while Greenland appears in the -NAO months, though to a lesser extent when -ZJI months are removed, suggesting this is partly

a negative NAO signal, but the jet merging extends the number of extreme warm days over Greenland significantly. The warm
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extreme over subtropical North Atlantic and North Africa-Mediterranean appears dominant in the -ZJI months, suggesting they
are associated with the jet merging. We also see 2 regions of low warm extreme days - Europe and the southeastern tropical
Pacific. The tropical eastern Pacific region appears in the -NAO months, with and without -ZJI, indicating this is due to -NAO.
Note that the -NAO and EI Nino signals oppose each other during the -ZJI months with the NAO signal dominating in the
eastern tropical Pacific with anomalously few extreme warm days and El Nino dominates in the central tropical Pacific with
more extreme warm days. The reduction of extreme warm days over Europe, however, only appears predominantly in the -ZJI

groups, suggesting the stronger correlation of anomalous jet merging to less extreme warm days over Europe.

To have a better understanding of the daily surface temperature distribution for each winter, we examine box plots for specific
regions of interest highlighted in the boxes shown in Fig.1a. Figure 2a-d illustrates the box plot of area-averaged daily surface
temperatures over tropical-subtropical North Atlantic, North Africa-Mediterranean, Greenland, and Europe respectively. The
plots show climatology winters (1960-2020), El Nino winters (excluding -ZJI), -NAO winters (excluding -ZJI), and merged jet
(-ZJ1) winters. The tropical-subtropical North Atlantic region shows a shift to warmer surface temperature during merged jet
months with El Nifio contributing to the overall warm extremes more than -NAO. Over the North Africa-Mediteranian regions,
the merging contributes to the strongest extremes and a warmer region in the mean. In Greenland jet merging contributes to
many of the extremes including the most extreme warm days, as well as to the mean while in Europe clearly there are less
warm extremes and the mean temperature during jet merging is lower than during ENSO and -NAO winters. We also note that

in Greenland, merged jet winters have fewer cold extremes compared to other winters.

We next examine the relation between jet merging and the occurrence of extreme cold days (Fig.3a-c), by examining the
number of days that are colder than the Sth percentile of temperature. Here we highlight the regions greater than the 10%
threshold in gradient of dark blue - these are regions that experience a larger number of extreme cold days, and we highlighted
regions in which extreme cold days occur less than 1% in white- these are regions in which the chosen months experience
fewer extreme cold days. From Fig.3a we see that during -ZJI months the increased extreme cold days mostly occur in the
north-western European region. This pattern forms a belt stretching from the eastern US coast, extending to the Scandinavian
region, encompassing the UK and other Northern European countries, and even branching into Asia. Looking at NAO with
and without -ZJI months (Fig.3b-c) we see that the cold extremes on the western-central US are influenced by -NAO whereas
the eastern coast is influenced by the jet merging. The cooling over the tropical eastern Pacific region appears in the -NAO
months, with and without -ZJI, indicating this is primarily associated with -NAO although the jet merging extends the number

of extreme cold days slightly towards the central Pacific.

We also see that the Arctic region exhibits more pronounced cold extremes during -NAO when not accompanied by merged
jet. Negative NAO tends to induce stronger cooling in high-latitude Eurasia and the Arctic. This also indicates that -ZJI winters
have a warmer Arctic compared to -NAO when not accompanied by merged jet which raises the potential influence of Arctic
warming on merged jet formation. We also see some regions of fewer cold extremes during jet merging - North Africa,
subtropical Atlantic, western Greenland and central Pacific, which coincide with the regions of high warm extremes seen

earlier during jet merging. The distribution of cold extremes across the Northern Hemisphere is observed to be notably weak
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Figure 1. The distribution of the percentage of warm extreme days for (a) merged jet winter months (b) negative NAO winter months
(c)negative NAO winter months excluding merged jet months (d) El Nino winter months (e)El Nino winter months excluding merged jet

months. The regions stippled in black (4) represents regions significant at 99% using Monte Carlo simulation.
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Figure 2. Box plot of daily average surface temperatures for DJF Climatology (1960-2020), El Nino months (excluding -ZJI), negative
NAO months (excluding -ZJI) and merged jet months(-ZJI) over (a) the tropical-subtropical Atlantic within the region of [S°N-23°N,70°W-
15°W],(b) the North African-Mediterranean [20°N-40°N,-15°W-40°E],(c)the Greenland region [S0°N-80°N,90°W-20°W],(d)Europe [65°N-
45°N,10°W-40°E]. These regions are marked in boxes in Fig.1a. In each box plot, the red line represents the median, while the lower and
upper edges of the box represent the 25th and 75th percentiles, respectively. The whiskers stretch to the furthest data points that are not
deemed outliers, which are values that are more than 1.5 times the interquartile range away from the bottom or top of the box, and any
outliers are depicted individually with a red (+) marker symbol. The value marked in green (x) represents the average value.
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in terms of their influence by El Nifio, both with and without the -ZJI (Fig.S1a-b shown in supplementary). The box plot over
the regions of the south-eastern US and the Arctic as shown in boxes in Fig.3a are shown in Fig.3d-e. Here we see that the
south-eastern US shifts to a colder surface temperature on average during merged jet, contributing to the extremes including the
most extreme cold days. Whereas during jet merging the Arctic seems to have a warmer surface temperature and contributes

more to the warm extreme days among the climatology while -NAO contributes more to the cold extreme days.

As shown in Harnik et al. (2014) (see their Fig.11), most of the -ZJI winter months coincide with either strong El Nino or
negative NAO or even both. It is thus essential to explore whether the -ZJI operates independently of the influence of ENSO
and NAO or is intertwined with it. In order to do so, we examine composites of monthly mean surface temperature anomalies
associated with -ZJI, before and after regressing out the ENSO and NAO signals from the surface temperature detrended data
field. Figure 4a shows the monthly anomaly composite of detrended surface temperature for the -ZJI winter months, where
we see the typical tripole pattern over the Atlantic ocean often associated with the -NAO phase and warming over tropical
eastern Pacific Ocean associated with the El Nino phase. We also see anomalous warming over North Africa, Mediterranean,
Greenland, and the entire tropical Atlantic while anomalous cooling over most of Eurasia and Central US. These composite
anomalies are consistent with the results for temperature extremes shown in Fig.1a and Fig.2a. From this, we remove the ENSO
and NAO signals using linear regression analysis resulting in Fig.4b. Upon their comparison, it is evident that the anomalous
temperature distribution associated with extreme weather during the -ZJI winter persists, though at a reduced magnitude, even
after removing ENSO and NAO signals. Additionally, there emerges a noteworthy anomalous warming over the Arctic region.
This warming trend during the -ZJI winter was previously obscured by the prevailing NAO and ENSO signals, particularly
the dominant NAO signal in the Arctic, as evidenced by individual signal removal analyses (see Fig.S2a-b in supplementary
materials). Such an anomalous warming trend is known to affect midlatitude baroclinity and weaken the eddy fluxes over these
regions (Yuval and Kaspi, 2020; Chemke and Polvani, 2020). Hence this anomalous warmer Arctic and colder Eurasia could
explain the weakened eddy activity over the midlatitude during -ZJI winters as observed during 2010 winter (e.g. Harnik et al.,
2014, see their Fig.6). Combine this with the coinciding stronger tropical forcing, a merged Atlantic-African jet indeed draws
a real world picture of the external forcing pushing the large scale flow dynamical regime from an eddy-driven jet state towards
a merged jet state, as shown using idealised models in previous studies such as Son and Lee (2005) and Lachmy and Harnik
(2014, 2016). Furthermore, the warmer Arctic could be associated with the Arctic Amplification (AA) and Arctic sea-ice loss,
as several theories posit its role in modulating meridional circulation patterns by affecting midlatitude baroclinicity thereby
impacting the occurrence of extreme winter weather across the midlatitudes (Francis and Vavrus, 2012; Kim et al., 2014; Peings
et al., 2023; Cohen et al., 2014, 2021; Kinnard et al., 2011; Rantanen et al., 2022). Given that the Arctic is warming faster than
higher latitudes, and the tendency for more extreme El Nifios to happen in the future (Cai et al., 2014; Wang et al., 2019), these
findings suggests that such winter-long jet merging can occur more frequently under global warming scenarios in the future

thus motivating further investigation.
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Figure 3. The distribution of the percentage of cold extreme days for (a) merged jet winter months (b) negative NAO winter months
(c)negative NAO winter months excluding merged jet months. The regions stippled in black (4) represent regions significant at 99% using
Monte Carlo simulation. Box plot of daily average surface temperature similar to Fig.2 over (d) south-east US coast[18°N-38°N,86°W-60°W]
and (e)Arctics [70°N-90°N,180°W-180°E].These regions are marked in boxes in Fig.3a
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Figure 4. (a) Composite for anomalous detrended 2m surface temperature (K) for -ZJI winter months. (b) Same as (a) but removed the NAO

and ENSO signals using linear regression analysis.

3.2 Surface Wind

Now we analyse the surface wind extremes, similar to the previous section, by examining the percentage of days within
each winter group that experiences extreme strong wind (surpass the daily 95th percentile 10m surface wind) with respect
to climatology. In Fig.5a, we observe that extreme surface winds during -ZJI winters are primarily concentrated over the
subtropical Atlantic, Greenland, and the Eastern tropical Pacific in the southern hemisphere. The wind extremes over the
subtropical Atlantic align with the equatorward-shifted, zonally-oriented jet. Additionally, there are strong winds throughout
the Greenland region. A comparison with Fig.5b reveals that similar strong winds occur during -NAO winters, excluding -ZJI
winters, over these regions with the distinction that the frequency of such days is higher during merged jet winters. Notably,
over the subtropical Atlantic, the wind extremes are predominantly situated in the east during -NAO winters, contrasting the
more evenly distributed pattern observed during jet merging. The most notable contrast in the distribution of extreme winds
between -ZJI winter and -NAO winter is observed over the Eastern tropical Pacific in the southern hemisphere, as highlighted
in the box in Fig.5a. In this region, there is a discernible increase in the frequency of extreme strong surface winds during -ZJI
winter, a pattern not evident in -NAO winters. This difference is partly attributed to the influence of El Nifio, as similar analyses

for El Nifio winters show a much weaker but comparable pattern (refer to Fig.S3b-c supplementary for details).

The box plots of area-averaged daily mean surface wind over Greenland and the Eastern tropical Pacific region, marked in
boxes in Fig.5a, are shown in Fig.5c-d respectively. Over Greenland, there appears to be stronger wind during merged jet
months with -NAO also contributing to the extremes. Except for one very weak wind day the jet merging contributes mostly to
the strongest wind days and to the mean. Over the Eastern tropical Pacific, both the mean and median surface wind during -ZJ1
winter days surpasses those observed in -NAO (excluding -ZJI), El Nifio (excluding -ZJI), and climatology winter days. This

shift signifies a higher concentration of strong winds over this region during -ZJI winter days. Previous study by Harnik et al.
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These regions are marked in boxes in Fig.5a
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Figure 6. (a) Composite for anomalous 10m surface wind (m/s) for -ZJI winter months. (b) Same as (a) but removed the NAO and ENSO

signals using linear regression analysis.

(2014), employing back-trajectory analysis of the Atlantic subtropical jet, demonstrated a significant northward displacement
of air parcels from the equatorial eastern tropical Pacific region to the subtropics. This displacement can contribute to the
Atlantic jet, establishing the tropical Pacific as one of the sources of momentum for the formation of the merged jet. At the
same time, the observed higher concentration of strong winds over the Eastern tropical Pacific during -ZJI winter months could
also be influenced by increased storm activity over the region during jet-merging, necessitating further analysis to validate

these findings.

Now we examine the 10m surface wind anomaly composite for -ZJI winter months as shown in Fig.6a. Here we see the
presence of strong wind over the subtropical Atlantic Ocean aligning with the zonally oriented merged jet with weaker winds
on either side: towards the midlatitude and tropics. We also see the strong wind at the tropical eastern Pacific and over polar
region near Greenland. This coincides with the regions experiencing the extreme wind during the -ZJI winter shown in Fig.5a.
From this, we remove the NAO and ENSO signal resulting in the residual wind signals, shown in Fig.6b. This plot shows that
the stronger surface wind contributed from the merged jet event over the Atlantic, forms a belt stretching from the coast of
Cuba extending north-east with stronger wind towards the Iberian Peninsula. This explains the fewer surface wind extremes
towards the west of Atlantic during -NAO winter without -ZJI shown in Fig.5b. We also see that the strong wind activity over
the tropical eastern Pacific continues to exist even after removing the NAO and ENSO signal. This may indicate an anomalous
overturning circulation that gives rise to the ongoing air flows into the Atlantic jet from the subtropical Pacific (as implied
using lagrangian air parcel trajectoris in Harnik et al. (2014)), but further study of the nature of the extreme surface wind
anomalies is needed to determine the robustness and physical phenomena behind this signal. Additionally, we observe the
strong wind anomaly persisting over the polar region near Greenland which could be the result of potential shift in cyclone

tracks to Greenland and the Arctic Archipelago during -ZJI winter months.
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3.3 Precipitation

Similar to the previous analysis, we now examine the total precipitation. Figure 7a shows the frequency of days with high
precipitation (exceeding the 95th percentile daily precipitation) for -ZJI winter. Here we see that the extreme high precipitation
is concentrated over the Iberian Peninsula and the western Greenland region. The former is consistent with the previous
study (Vicente-Serrano et al., 2011) which showed the prolonged occurrence of rainy days during the winter of 2009/2010,
exhibiting an unusually high frequency across much of the Iberian Peninsula. The study delves into the notable influence of
the extreme negative winter NAO on precipitation in the western and southern areas of Iberia. Additionally, it highlights the
potential correlation between the southward displacement of the jet during the winter of 2010 and the anomalously intense
precipitation, distinguishing it from other winters characterized by a strongly negative NAO. This correlation is clearly evident
when comparing Fig.7a and Fig.7b where we see a higher frequency of extreme precipitation during -ZJI winter compared
to -NAO winter (excluding -ZJI) over regions of Iberian Peninsula and Northern Africa and regions over western Greenland.
We also looked into similar plot for El Nino winter (see Fig.S4a-b in supplementary) but no substantial contributions were
identified over these regions. Figure 7c and Fig.7d display the box plot of total daily precipitation averaged over the regions of
western Greenland and the areas covering the Iberian Peninsula and Northern Africa respectively (marked in boxes in Fig.7a).
In western Greenland, both the mean and median total precipitation are higher during -ZJI winter compared to -NAO (excluding
-ZJ1), El Nifio (excluding -ZJI), and climatology winter days. Additionally, there are notable extreme daily precipitation from
the climatology that fall within the -ZJI winter days. A more extreme pattern is observed over the Iberian Peninsula, where
the mean total precipitation during -ZJI winter is significantly higher than the average climatology and El Nifio winters, and
slightly higher than -NAO winter. Furthermore, the larger daily precipitation from the climatology fall within the -ZJI winter
days, indicating extreme precipitation during the merged jet winters. It is also interesting to note from Fig.7e, which shows
the frequency of days with low precipitation (less than 5th percentile of daily precipitation), that the low precipitation extreme
is concentrated mostly over the south of Greenland during -ZJI winter in proximity to the one of the deep-water formation
regions. Jet merging appears to result in reduced precipitation input over this region south of Greenland during winter. Now
for the precipitation composite anomaly for -ZJI winter month, we look into Fig.8a. We see that over the Atlantic Ocean, the
precipitation anomaly is higher over the subtropics aligning with the stronger wind anomaly here during -ZJI months. We also
see the stronger precipitation anomaly over the western coast of Greenland and weaker precipitation anomaly over the eastern
coast. The stronger precipitation anomaly over the tropical Pacific appears due to the higher convection over this region from
strong EINino conditions. Once we remove the NAO and ENSO signal from this the residual signal appears as shown in Fig.8b.
Here we see that the precipitation anomaly over the Iberian Peninsula still persists even though the anomaly over the western
Atlantic weakens, indicating the stronger precipitation over Iberian Peninsula during merged jet winter. We see a similar pattern
over the western coast of Greenland while over the south-eastern Greenland coast, there is a negative precipitation anomaly
signal which coincides with the region of low precipitation extreme seen earlier during jet merging. Even though we removed

the ENSO signal we see a strong precipitation anomaly over the tropical eastern Pacific region and increased precipitation over

14



https://doi.org/10.5194/egusphere-2024-2745
Preprint. Discussion started: 19 September 2024 EG U
sphere

(© Author(s) 2024. CC BY 4.0 License.

ERADS5 High Precipitation days -ZJI months

20
18
16 o
? 14 =
ks 12 s
S 103
} @
E s g
© 6 2
4 @
. 2
b N "y o
-150 -100 -50 0 50 100 150
longitude(deg)
(a)
ERAS5 High Precipitation days -NAO months (excluding -ZJI) 20
80 == F e 6%
. - S
2 60 149,
3 12s
g% 103
2 20 8 @
5 0 g
0 45
i T 2
-20 : : 0
-150 -100 -50 0 50 100 150
longitude(deg)
(b)
Western Greenland Iberian Peninsula
0.26] : T 06 ] & ;
0.24 - + : 0.55 -
0.22 - + + 0.5
02/ : £ 045 - E: .
0.18+ T I + 04 S
016+ i ! 0351 - 3
goMr % I i : £ i | !
Eo12- H : i - £ 09 3 | |
H t | 025+ i : !
0.1] E i | i ! i H
008/ i i ! ; 02y | 3
0.06 - ' T ! ! i 0.15 ! | ! ;
004f | i 5 1 0.1 ; ‘ :
wf O £ E- f vos [ ‘ | |
Py - = ] of L — 4
Clim El-Nino -NAO ZJ Clim El-Nino -NAO Al
80
= X
@ 60 14§
ke 12 s
T 40 s
103
Z, 2
52 8
w
0
-20

-150 -100 -50

0
longitude(deg)

()

Figure 7. The distribution of the percentage of high precipitation days for (a) merged jet winter months (b)negative NAO winter months
excluding merged jet months. Box plot, similar to Fig.2, of daily wind averaged over (c) western Greenland [62°N-80°N,90°W-45°W], (d)
the Iberian Peninsula[28°N-43°N,30°W-2°W] (boxes marked in Fig.7a). The distribution of the percentage of low precipitation days for (e)
merged jet winter months. The regions stippled in black (+4) represent regions significant at 99% using Monte Carlo simulation.
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Figure 8. (a) Composite for anomalous total precipitation (mm) for -ZJI winter months. (b) Same as (a) but removed the NAO and ENSO

signals using linear regression analysis.

South America. The role of wind patterns and cyclone formation during jet merging months contributing to this distribution

needs to be investigated further.

4 Cyclone track analysis

We know that cyclones represent rotating weather systems capable of causing substantial rainfall, heightened surface winds,
and destructive surges. The jet stream plays a significant role in both the initiation and intensification of cyclones and also
influences the positioning of storm tracks(Holton, 2007; Pinto et al., 2009). Therefore, it is of interest to investigate and
compare the potential impact of cyclones on regional extreme weather during -ZJI winter months. Figure 9a-c shows the
composite plot of the cyclone density anomaly during the -ZJI winters,-NAO winters (excluding -ZJI) and the difference
between them respectively with 10m surface eddy kinetic energy (EKE) anomaly in contours. The cyclone density anomaly
during the -ZJI winters shows that the cyclones have anomalously shifted southward and zonally oriented as expected due to the
merged jet formation, influencing the cyclonic activity near the Iberian Peninsula, northern Africa, and much of the western and
central Mediterranean. It is well known that the NAO influences the positioning and alignment of cyclone tracks, resulting in
a northeastern extension of storm tracks during positive NAO phases and a southward shift during negative NAO phases(Pinto
et al., 2009). This southward shift is exactly what we observe in Fig.9b for -NAO winter months, but on comparing it with
Fig.9a we see that during -ZJI months the cyclone tracks are oriented even further south compared to -NAO months. It is also
important to note that during -ZJI winter months, there is a higher cyclone density over the western regions of Greenland,
which is not common in the usual -NAO winters. This distinction is evident from Fig.9c, where an increased concentration of

cyclone is observed along the coast of Greenland and over the Atlantic at latitudes between 30°N-40°N.
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lines respectively.
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The increased (decreased) anomaly in cyclone track density coincides with the positive (negative) anomaly of surface EKE.
While both -NAO winters and -ZJI winters exhibit weaker EKE in the midlatitude Atlantic, -ZJI winters stand out with stronger
EKE, particularly over western Greenland and over the 40°N Atlantic region. This indicates that during jet merging, the usu-
ally northeast-oriented cyclone tracks over the Atlantic not only shift southward similar to -NAO winters but also extend to the
western Greenland region with the stronger eddy kinetic energy. Hence following cyclogenesis at the subtropical East Atlantic,
there appears to be notable deviation from the conventional northeastward trajectory of cyclones during jet merging. A signifi-
cant proportion of cyclones exhibit a zonal migration towards the eastern Atlantic, extending across the Mediterranean, while
certain cyclones move towards the western coast of Greenland, becoming ensnared amidst the Arctic Archipelago region. This
phenomenon elucidates the aggregation of extreme anomalies observed over western Greenland, the dry weather experienced

in northern Europe, and the heightened frequency of precipitation in the Iberian Peninsula, as discussed in the previous section.

5 Conclusions

In this study, we start by analysing how extreme weather events are distributed across the Northern Hemisphere when the
Atlantic and African jets anomalously merge during winter. We explore how the distribution of surface temperature, precip-
itation, and surface wind differs during merged-jet winter months from those observed during typical winters influenced by

strong negative NAO and El Nifio conditions.

Firstly, we have identified a distinct pattern of extreme surface temperature distribution during merged jet winters, covering the
Mediterranean, North Africa and the subtropical Atlantic regions forming a warm extreme belt at the lower latitudes. This warm
extreme belt is much weaker and poorly distributed during a typical strong -NAO winter in the absence of merged Atlantic
and African jets indicating a stronger correlation between merged jet activity and extreme temperature distribution at lower
latitudes. Additionally, over the higher latitudes warmer surface temperature extremes are observed over Greenland during
merged jet winters, while cold extremes predominates in northern Eurasian regions. We also looked into whether merged-
jet winters operate on extreme surface temperature distribution independently of, or are intertwined with, the influences of
ENSO and NAO by regressing out the NAO and ENSO signals from composite of detrended monthly anomalies of surface
temperature field to isolate the impact of jet merging on them. The results suggest that despite the frequent alignment of -
ZJI winter months with strong El Nifio and negative NAO phases, anomalous temperature distributions persist during -ZJI
winters although with slightly diminished intensity even after the removal of ENSO and NAO signals. Among this anomalous
temperature distributions, the particularly noteworthy is the emergence of anomalous warming over the Arctic, a phenomenon
previously obscured by the dominant NAO and ENSO signals. This anomalous warming trend could lead to decreased eddy
activity (eddy fluxes and eddy kinetic energy) over these regions (Yuval and Kaspi, 2020; Chemke and Polvani, 2020). It
also suggests a connection between -ZJI and Arctic Amplification, impacting atmospheric circulation patterns and potentially

influencing extreme winter weather across midlatitudes.
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In essence, during the merged-jet winters we see a distribution of surface temperature extremes along with a cumulation of
tropical heating, over both the Atlantic and Pacific(mostly due to El Nino), together with anomalous warm Arctic and cold
Eurasia which affects the midlatitude baroclinicity. This is something theorised in previous studies using idealised models that
has shown to cause dynamical regime change from an eddy-driven jet to a mixed thermally—eddy-driven jet (Son and Lee, 2005;
Lachmy and Harnik, 2014, 2016) but not documented well within the real world observations. Hence these results suggests
that the Atlantic and African jet merging over the Atlantic Ocean shows the real world observations of a dynamical regime
shift from an eddy-driven jet to a mixed thermally—eddy driven jet. Additionally, the development of warmer oceanic regions,
particularly over the subtropical Atlantic and equatorial Pacific, could contribute to sustaining the merged Atlantic-African
jet throughout the winter season thus affecting the extreme weather distribution over the Northern hemisphere. A potential
feedback mechanism could be at play, where the warmer oceanic anomaly conditions over the tropical Pacific likely contribute
to the initiation of jet merging, which leads to the warmer subtropical Atlantic anomalies that both drive and possibly maintain

the merged jet state, which needs further study.

Secondly, our analysis of surface wind extremes revealed concentrated regions of strong winds over the subtropical Atlantic,
Greenland, and the Eastern tropical Pacific during -ZJI winters, with a notable increase in frequency compared to typical -NAO
winters. A strong wind activity over the tropical eastern Pacific continues to exist even after removing the NAO and ENSO
signal which possibly indicate an anomalous overturning circulation that gives rise to the ongoing air flow into the Atlantic
jet from the subtropical Pacific during jet-merging as suggested in (Harnik et al., 2014). Furthermore, our investigation into
precipitation patterns demonstrated an increase in extreme precipitation over the Iberian Peninsula and western Greenland,
while low precipitation over south-eastern Greenland coast during -ZJI winters, which was distinct from -NAO and El Nifio

winters. This highlights the significant impact of the merged jet event on regional precipitation distribution.

Finally, this study also shows the significant role of cyclones in driving extreme weather events during jet merging which acts
as a crucial factor in their intensification, as well as in determining cyclone paths. By focusing on the -ZJI winter months, we
have observed distinct patterns in cyclone behavior compared to typical -NAO winters, with cyclones exhibiting a pronounced
southward and zonal shift due to merged jet formation. Notably, the -ZJI winter months also witness higher cyclone density
over western Greenland, an uncommon occurrence in standard -NAO winters. This deviation is further highlighted by the
stronger eddy kinetic energy observed during -ZJI winters, particularly over western Greenland and the Arctic Archipelago
region. Overall, the analysis implies a noteworthy deviation from the conventional northeastward trajectory of cyclones during
jet merging, with a significant proportion migrating towards the eastern Atlantic and extending across the Mediterranean while
certain cyclones appear to move towards the western coast of Greenland, contributing to extreme anomalies observed in the
region. These findings underscore the complex interplay between merged-jet dynamics over Atlantic and cyclonic activity,
ultimately influencing regional weather patterns and extreme events. Given the possible increase in Arctic amplification and
extreme El Nino in the future global warming scenario such persistent jet-merging due to dynamical regime shift and its asso-
ciated extreme weather events can possibly occur more frequently. Hence further research in this area is crucial for enhancing

our understanding of these phenomena and their potential implications for future climate scenarios.

19



375

380

https://doi.org/10.5194/egusphere-2024-2745
Preprint. Discussion started: 19 September 2024 G
© Author(s) 2024. CC BY 4.0 License. E U Sp here

Code and data availability. ERAS data used in this study is freely available from the Copernicus Climate Change Service (C3S) Climate
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