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Abstract. The winter-long merging of the African and Atlantic jets during 2009-2010 was associated with extreme winter

weather across the Northern hemisphere. Past studies have shown that merging of these two jets is linked to weaker Atlantic

eddy activity and stronger tropical heating, and is strongly correlated with a negative NAO state. Here, we examine the rela-

tionship between jet merging and extreme weather, taking care to separate out the effects of the NAO and El Niño, in order

to be left with the added influence of Atlantic-African jet merging. Our analysis, which examines percentile exceedance and5

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 anomalously warm Arctic, cold Eura-10

sia, and strong El Niño conditions. The resulting weaker high-latitude temperature gradient is consistent with a weakening of

eddy activity and, alongside stronger tropical heating, is thought to ultimately lead to persistent jet merging. This is consistent

with previous theoretical work suggesting that reduced midlatitude baroclinicity and stronger tropical heating result in a transi-

tion from coexisting thermally-driven subtropical and eddy-driven midlatitude jets to one with a single mixed eddy–thermally

driven jet. This provides further evidence that an Atlantic-African jet merging constitutes a dynamical regime transition of the15

Atlantic jet.

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 likelihood20

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 on25

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 subtropical30

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 baroclinicity35

(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 Rivière, 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, 2006).40

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)45

showed that 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 merged jet that is mixed eddy–thermally

driven 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.50

What makes this specific 2010 winter event especially interesting is its extreme persistence. It is known that the eddy-driven

jet can exhibit persistent southward shifts within its expected range of variability, but this typically only occurs on a synoptic

timescale (Lorenz and Hartmann, 2003; Eichelberger and Hartmann, 2007; Barnes and Hartmann, 2010). However, in the

2010 case, an equatorward-shifted, zonally-oriented jet configuration persisted over an entire season and even reemerged the

following winter. Such a configuration is rare and has only been observed once before, about 40 years prior to 2009-10, during55

the 1968-69 winter, and is also suggestive of a dynamical jet regime transition.
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Further, the 2010 winter was interesting season also in other respects, featuring a number of notable atmospheric and oceanic

anomalies including the intense and prolonged negative phase of the North Atlantic Oscillation (NAO), a positive El Niño–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,60

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 was suggested to be primarily in�uenced by the negative NAO, with additional contributions from El

Niño (Seager et al., 2010). Notably, the 2009/10 El Niño was the strongest since the winter of 1997-98 and ranked as the �fth

most intense event since 1950 (National Climatic Data Center; “2009-2010 Cold Season”; 2010; NOAA's National Climatic

Data Center, Asheville, NC).65

In general, the positive (negative) phase of the NAO is typically linked to relatively warm (cold) temperatures over Europe

(Hurrell, 1995). In fact, the frequency of cold event occurrence over the extratropical Northern Hemisphere (NH) during winter

and warm extremes over North Africa and Arab regions are strongly in�uenced 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 NH (Ropelewski and Halpert, 1986; Schubert et al., 2008; Alexander et al., 2009; Kenyon and Hegerl, 2010;70

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 in�uenced by the propagation of ENSO signals from the troposphere to the stratosphere,

impacting the phases of the Arctic Oscillation (AO)(Brönnimann et al., 2004). Although the variability in winter climate across

much of the NH is prominently in�uenced by the NAO and the ENSO phases (Hurrell, 1995; Brönnimann et al., 2004), the

added in�uence of jet merging on such extreme weather patterns remains unexplored.75

In this study, we investigate the in�uence 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 Niño. We aim to understand whether the

extreme weather patterns observed during jet-merging winters result solely from the combined in�uence of NAO and El Niño,

or if there is an additional impact from the merged jet across the Atlantic speci�c to these months. Our analysis seeks to uncover

unique signals associated with the Atlantic-African merged jet winters, particularly in relation to extreme surface temperature,80

surface wind, and precipitation distributions across the NH. This hypothesis is built on some theoretical foundations: (i) The

NAO is generally understood as a manifestation of wave–mean �ow interactions typical of an eddy-driven jet regime. (ii) When

midlatitude baroclinic instability strengthens, it leads to stronger eddies that can push an equatorward merged jet poleward and

increase its variability, making it behave more like an eddy-driven jet. (iii) A merged jet regime, on the other hand, is expected

when extratropical eddies weaken while tropical thermal forcing intensi�es. (iv) Idealized model studies suggest that a merged85

jet regime resembles the negative EOF phase of the eddy-driven jet. (v) Previous work, like Harnik et al. (2014), has shown that

anomalous tropical heating as is observed during El Niño events, can in�uence the Atlantic subtropical jet. Given all these, we

expect the merged jet regime to project strongly on a negative NAO, and to occur when there is a strongly anomalous tropical

heating, but to be different from a simple combination of both, because of a dynamical regime change of the eddy-driven
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Atlantic jet to a merged Atlantic-African jet that affects/enhances the extreme weather conditions. Our results aim to show this90

added unique signal, which is exclusive from the usual NAO, El Niño or their combined effect.

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 ERA5 reanalysis (Hersbach et al., 2023a) of the European Centre for Medium-Range

Weather Forecasts (ECMWF) at a spatial resolution of 0.25 × 0.25 from January 1950 to December 2020. We used the National95

Oceanic and Atmospheric Administration (NOAA) Climate Prediction Center (CPC) NAO index (based on Jianping and Wang

(2003)) and Oceanic Niño Index (ONI) derived from the ERSST v5 data (Huang et al., 2017).

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:u300[�; �; t ] at 300hPa. We �rst �nd the latitude of the jet axiŝ� (� ), de�ned

at each longitude� as the latitude� with maximum magnitude ofu300, and calculate the maximum absolute value of its100

zonal derivativej d�̂ ( � )
d� j. This term will have the largest magnitude at the point where the jet axis jumps from the Atlantic

to the African jet. The ZJI is then de�ned by taking the absolute value of this maximum latitude change over longitude

[max(j d�̂ ( � )
d� j)], 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 �rst classify the winter105

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

ZJI. (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)110

(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 Niño phase: monthly ONI value larger than 1. (32 winter months)

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

in group (a). (25 winter months)115

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 (negative ZJI) winter months except one have a negative NAO phase, and most of these negative ZJI months coincide with
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a strong negative NAO or El Niño phase or even both (see the values in parentheses in Table S2). The zonal wind composite at120

300 hPa of the �ve winter groups along with a short description of their differences are given in supplementary Fig.S1.

We then examine the daily-mean data to identify the regions of extreme weather within each group mentioned above. We

�rst 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). Regions125

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 the130

thresholds were exceeded less than 1 percent of the total winter days. The regions of statistical signi�cance for these percentage

of winter days are calculated using the Monte Carlo signi�cance test. The Monte Carlo simulation for the negative ZJI case is

performed by randomly selecting 11 individual winter months (D-J-Fs) and one full winter from the period 1960–2020, then

calculating the percentile exceedance as described earlier. This process is repeated 1000 times, generating a distribution at each

grid point. The 99% signi�cance level is then determined at each grid point based on this distribution. A similar approach is also135

used for the negative NAO and El Niño cases, where 26 winter months + one DJF and 29 winter months + one DJF, respectively,

are selected randomly and repeated 1000 times. This approach helps address the challenge of assessing signi�cance when the

signal is strongly in�uenced by tropical thermal forcing, which can persist throughout the winter—potentially as in 2009–10,

when the entire DJF season experienced a merged jet.

To isolate the added in�uence of merged-jet winter signals on a monthly scale, ENSO and NAO signals are removed from140

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). Given the small sample size, we also tested partial least squares (PLS) regression and found very minimal differences

between the results. To analyze the role of synoptic-scale eddies, we compute surface eddy kinetic energy (EKE) by applying

a boxcar �lter to 10m wind data. High-frequency eddies are de�ned using a 10-day high-pass �lter on the 10m wind velocity145

data and then the low-frequency EKE component is obtained by applying a 10-day low-pass �lter to the high-pass-�ltered

EKE. This approach captures EKE variations that persist longer than 10 days. For identifying and comparing cyclone density

we use cyclone track data based on the extratropical cyclone tracks over the NH, produced by applying a cyclone tracking

algorithm (Murray and Simmonds, 1991; Pinto et al., 2005) on the ECMWF ERA5 reanalysis mean sea level pressure data

(remapped to 1.125 lat-lon degrees). The algorithm is run for the NH region 20°N–90°N from a time period of 1959 to 2021 at150

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)).
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3 Extreme weather during merged-jet winter months

As extreme weather events have been observed in connection with merged jet (negative ZJI), negative NAO, and El Niño155

winters, our initial investigation focuses on the frequency of days with extreme weather across the NH during the entire winter

period. In this section, we examine the distribution of 2m surface temperature, 10m surface wind, and precipitation across

negative ZJI, negative NAO and El Niño winter months.

3.1 Surface Temperature

Figure 1 shows the spatial distribution of warm-extreme frequency (the percentage of days exceeding the 95 percentile of160

2m surface temperature) for each winter group described in the previous section. Here we see in Fig.1a, that winter months

with merged jet state have a distinctive warm day distribution that is different from the others. The stippled regions indicate

where warm-extreme frequencies are greater than 10 percent with a statistically signi�cance 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 Paci�c. Looking at negative NAO165

with and without negative ZJI months (Fig. 1b-c) and ENSO with and without negative ZJI months (Fig. 1d-e), we observe

distinct patterns. The tropical Paci�c and southern subtropical Atlantic appear in both ENSO cases, suggesting they are part

of the ENSO signal. Meanwhile, Greenland appears in the negative NAO months, though to a lesser extent when negative 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. The warm extreme over subtropical North Atlantic and North Africa-Mediterranean appears dominant170

in the negative 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 Paci�c. The tropical eastern Paci�c region appears in the negative NAO months,

with and without negative ZJI, indicating this is due to negative NAO. Note that the negative NAO and El Niño signals oppose

each other during the negative ZJI months with the NAO signal dominating in the eastern tropical Paci�c with anomalously

few extreme warm days and El Niño dominates in the central tropical Paci�c with more extreme warm days. The reduction175

of extreme warm days over Europe, however, only appears predominantly in the negative ZJI groups, suggesting the stronger

correlation of anomalous jet merging to less extreme warm days over Europe. Also note from Fig.1b-c that the white regions

over poles are signi�cant during the negative NAO indicating that the poles are less susceptible to warm extremes during

negative NAO winter months. The poles experience warmer extremes during negative ZJI compared to negative NAO months.

We did a bootstrapping analysis to support this.180

Note that previously, the Monte Carlo simulation was done w.r.t climatology. Now we do a bootstrapping by randomly selecting

20 (25) months from within negative NAO (El Niño) months excluding negative ZJI, with repetition, and calculating the

percentile exceedance. We then repeat it 1000 times, resulting in a distribution at each grid point w.r.t negative NAO (El

Niño) months and then calculate the 99% signi�cance over this distribution at each grid point for the negative ZJI percentile

exceedance plots. This result is in Fig.2a-b below, which shows Fig.1a but with the 99% signi�cance shading calculated w.r.t185

negative NAO and El Niño respectively using bootstrapping. Here we see that in Fig.2a the tropical, western European and
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polar regions are signi�cantly different from the negative NAO years and in Fig.2b we see that the stippled regions over

Greenland, Eastern Paci�c, Central Atlantic, North Africa, Mediterranean and Europe are signi�cantly different relative to El

Niño. This indicates that these regions are more/less susceptible to warm extremes during negative ZJI winter months compared

to negative NAO and El Niño.190

To have a better understanding of the daily surface temperature distribution for each winter, we examine box plots for speci�c

regions of interest highlighted in the boxes shown in Fig.1a. Figure 3a-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 distribution during climatology winter days (all winter days between 1960-2020), El Niño winter days (excluding

negative ZJI), negative NAO winter days (excluding negative ZJI), and merged jet (negative ZJI) winter days. The mean and195

median of each group are also marked, along with its 95% con�dence interval calculated using the bootstrapping analysis. This

is done by using data from each sample of boxplots to generate a sampling distribution by repeatedly taking random samples

from the known sample, with replacement, and then computing sample medians/means. We repeat it 10000 times to get 10000

bootstrap samples which gives the 10000 medians/means. Once we �nd this distribution, we can calculate the 95% con�dence

interval.200

The tropical-subtropical North Atlantic region shows a shift to warmer surface temperature during merged jet months with El

Niño contributing to the overall warm extremes more than negative 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 negative NAO winters. We also note205

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.4a-c), by examining the

number of days that are colder than the 5th percentile of temperature. Here we highlight the regions greater than the 10%

threshold in dark blue shading – these are regions that experience a larger number of extreme cold days. Regions where

extreme cold days occur less than 1% of the time are shown in white. From Fig.4a we see that during negative ZJI months210

the increased extreme cold days mostly occur in the north-western European region. This pattern forms a belt stretching from

the subtropical eastern US coast, extending to the Scandinavian region, encompassing the UK and other Northern European

countries, and even branching into Asia. Looking at negative NAO with and without negative ZJI months (Fig.4b-c) we see that

the cold extremes on the western-central US are in�uenced by negative NAO whereas the eastern coast is in�uenced by the jet

merging. The cooling over the tropical eastern Paci�c region appears in the negative NAO months, with and without negative215

ZJI, indicating this is primarily associated with negative NAO although the jet merging extends the number of extreme cold

days slightly towards the central Paci�c.

We also see that the Arctic region exhibits more pronounced cold extremes during negative NAO when not accompanied by

a merged jet. Negative NAO tends to be associated with stronger cooling in high-latitude Eurasia and the Arctic. In other
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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 Niño winter months (e)El Niño winter months excluding merged jet

months. The regions stippled in black (+ ) represents regions signi�cant at 99% using Monte Carlo simulation.
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Figure 2. The distribution of the percentage of warm extreme days for merged jet winter months (same as Fig.1a) but the regions stippled in

black (+ ) represents regions signi�cant at 99% using bootstrapping w.r.t. (a) negative NAO months (excluding negative ZJI) and (b) El Niño

months (excluding negative ZJI)

words, negative ZJI winters have a warmer Arctic compared to negative NAO alone, pointing to the potential in�uence of220

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 Paci�c, which coincide with the regions of high warm extremes seen earlier

during jet merging. The distribution of cold extremes across the NH is observed to be notably weak in terms of their in�uence

by El Niño, both with and without the negative ZJI (Fig.S2a-b shown in supplementary). The box plot over the regions of the

south-eastern US and the Arctic as shown in boxes in Fig.4a are shown in Fig.4d-e. Here we see that the south-eastern US225

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 negative NAO contributes more to the cold extreme days.

As shown in Harnik et al. (2014) (see their Fig.11), most of the negative ZJI winter months coincide with either strong El

Niño or negative NAO or even both. It is thus essential to explore whether the negative ZJI operates independently of the230
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