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Abstract12

Accurately determining the position of the upper-tropospheric jets on synoptic13

scales is key to understanding climate variability and regional weather patterns.14

However, the conventional Eulerian view of jets tends to overlook their meandering15

over time, focusing instead on fast and spurious streaks to the detriment of weaker16

but continuous features that shape large-scale transport. Here, we make the case17

for a Lagrangian perspective to resolve this issue, defining jets as maxima of quasi-18

horizontal transport and developing a new identification scheme called ‘JetLag.’19

Applying JetLag to the historical record (1941-2024), we show that the Lagrangian20

view recovers well-known jet features, with key added benefits; in particular, the21

new depiction of jet latitude and variability is, on average, virtually insensitive22

to parameter choice. JetLag further detects strong and weak jets alike, providing23

continuous jet axes without relying on ad hoc or climatological thresholds. Overall,24

this study offers a meaningful step toward a unified view of jets across latitudes25

and climates, achieved without a priori knowledge or sensitivity to method design26

choices.27

Introduction28

Jet streams are fundamental organizing features of the atmospheric circulation [1], mark-29

ing the primary pathways along which synoptic scale disturbances develop and travel,30

as well as the poleward edge of the Hadley circulation that shapes climatic zones glob-31

ally. Jets develop near sharp meridional gradients of temperature and exhibit enhanced32

baroclinicity, that is, potential energy for the development of weather disturbances. The33

behavior of jets on synoptic scales is therefore intrinsically linked with the weather expe-34

rienced at the surface, including extreme weather events.35

The regional and global response of jets to global warming remains the focus of exten-36

sive research. Key topics include the poleward migration of the subtropical jet [2, 3, 4] and37

possible changes in the midlatitude jet (also referred to as eddy-driven jet or polar-front38

jet) linked to Arctic warming [5]. However, neither the causes nor magnitudes of these39
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responses are clearly established, owing to discrepancies between methods [4], between40

models [5], and between models and observations [6], as well as large internal variability41

[7].42

Some of these uncertainties may owe to counteracting drivers of change [8], but dis-43

crepancies in our understanding of the jets also arise from discrepancies in the way jet44

identification algorithms are formulated [9]. Jets are most commonly defined as maxima45

of instantaneous or time-averaged wind speed (or derivatives, see later discussion); for46

instance, the glossary of the American Meteorological Society defines jets as “relatively47

strong winds concentrated within a narrow stream [...].” Synoptic applications of this48

widely adopted Eulerian definition tend to yield a view of jets as fragmented objects that49

only manifest when they are distinct enough from some background state, and are then50

referred to as ‘jet streaks.’ Zonal mean applications of the definition inevitably smooth51

the jet over a wide range of latitudes, thus masking the effects of narrow bands of high52

winds.53

One of the key characteristics of jets is their role as mixing barriers [e.g., 10, 11, 12, 13,54

14], with implications for transport processes [15, 16, 14] that play a key role in setting55

midlatitude temperature distributions [17, 18]. In attempting to improve upon existing56

jet identification schemes, our goal is thus to develop a robust method that reflects the57

role of jets as transport barriers.58

Consequences of Eulerian Methods. We highlight several key issues that arise59

from the Eulerian view of jets. First, discrete jet streaks can be associated with ageostrophic60

disturbances [1], and while important for weather system development [19], are more di-61

rectly relevant to vertical motion and precipitation processes [20, 21] or tropopause folding62

in baroclinic regions [22] than they are to synoptic transport and horizontal mixing. In-63

deed, spurious wind maxima can differ from maxima in synoptic transport (see Fig. 1B);64

for instance, a “large-amplitude orographic wave could be recorded as a jet [...] even in65

the absence of a coherent and elongated jet stream” [23]. Conversely, regions with low66

wind speeds–though capable of supporting long-range transport–may be overlooked in67

jet diagnostics (see Fig. 1C).68

Second, unless jet streaks are continuously tracked over time, nothing precludes a jet69

from being assigned to very different locations from one time step to the next. Regions70

with dual jets or frequent wave breaking, which are of notable interest to the scientific71

community, are particularly prone to this issue. There, jets often appear as disjointed72

collections of streaks that enter and exit the phase space at nonphysical speeds. Such73

behavior is expected to affect the representation of synoptic variability in jet diagnostics,74

with important implications for mean jet characteristics [e.g., 4].75

Third, algorithms formulated to locate jet streaks within specified domains–whether76

2- or 3-dimensional–tend to rely on a variety of ad hoc parameters chosen to produce77

the desired output. For instance, a wind speed threshold commonly serves as minimum78

condition to define jets from daily or 6-hourly model output [24, 25, 23, 26, 27, 28, 2, 29].79

While strong and steady jets are easily located with this approach, weaker portions of the80

jets can be overlooked, potentially excluding those associated with blocking patterns and81

extreme events. If the phase space is truncated, jet variability is also likely misrepresented.82

In addition, the minimum wind threshold used varies across even closely related studies,83

alternatively 25.7 m s−1 [24, 25], 30 m s−1 [23, 26, 27], or 40 m s−1 [28, 2] for the84

subtropical jet. The sensitivity of the output to these changes is difficult to quantify85

because a variety of other parameters are frequently used [see 4, Table 1].86

Last, parameter choice is often based on a priori climatological knowledge. For in-87
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stance, the 30 m s−1 isotach in the upper troposphere, or the 100-400 hPa layer both88

describe volumes within which the subtropical jets are expected to be located. The use89

of such constraints greatly simplifies tracking algorithms, but it also tailors their skill to90

the current state of the climate system. Such algorithms should not be assumed to be91

suitable for the analysis of long-term changes and for comparisons across datasets [30, 4].92

In the quest to address the issues outlined above, some studies have turned to alter-93

native definitions of the jets: as zero crossings of the wind shear [31, 32], as circumpolar94

isolines of the upper tropospheric streamfunction [33], accounting for mass-flux rather95

than wind alone [34], as maxima of meridional gradient of potential temperature along96

the tropopause [4], or using integrated quantities to overcome the jets’ noisy nature [34].97

However, the issue of ad hoc parameters and sensitivities thereto remains, and the ma-98

jority of methods remain Eulerian in nature and prone to the issues discussed above.99

We propose a Lagrangian view of jets to address these issues. A key motivation to100

adopt a Lagrangian view stems from jets being regions of organized shear flow that resist101

rapid mixing with surrounding fluid. As such, jets produce coherent transport over large102

scales, effectively dividing the phase space into regions with different dynamical fates. Jets103

act as transport barriers [11, 35, 36, 37, 38, 12], that is, ”material surface[s] that [remain]104

coherent by withstanding stretching and filamentation” [12]. This conceptual view allows105

Lagrangian jets to be unsteady while maintaining their structural integrity and function106

over time. We propose an alternative Lagrangian definition of jets as transport maxima107

(see Fig. 1A) and showcase its capabilities.108

Results109

We devise a new Lagrangian algorithm called ‘JetLag’ (for LAGrangian JET) which110

defines jets as the most salient and most connected synoptic transport features in the111

upper troposphere. JetLag computes jet coordinates using the Lagrangian descriptor112

called M, which is the length of massless parcel trajectories integrated τ days both113

forward and backward in time (see Materials and Methods). For the proof of concept, we114

apply the method to the ERA5 wind field along two isentropic surfaces, 350 K and 315115

K, to locate the subtropical jet (STJ) and polar-front jet (PFJ), respectively. The choice116

of isentropic surfaces is based on the bimodal distribution of upper tropospheric jets117

[28, 39]. The assumption of isentropic motion is discussed in the Materials and Methods118

and Supplementary Materials (Figs. S3-S5).119

Performance and sensitivity of the algorithm120

We test JetLag for the STJ against two reference Eulerian definitions: 1) as a maximum121

of wind speed near the subtropical tropopause drop, and 2) as the tropopause drop itself.122

The first concept is implemented using an adaptation of Manney et al. [28] and Manney123

and Hegglin [2] and is referred to as the ‘wind-based’ method. The second is implemented124

following Maher et al. [4] and referred to as the ‘θ-based’ method. Both original methods125

are adapted to our specific needs because our goal is to compare Eulerian and Lagrangian126

concepts rather than specific methods. Both comparison algorithms define the STJ as a127

maximum of a pre-defined metric at each longitude, when applicable (see Methods), with128

a key difference: the wind-based method truncates the phase space by defining jets only129

above a pre-determined minimum wind speed threshold (40 m s−1), while the θ-based130

method does not.131
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Figure 1: (A) Schematic comparing the Eulerian (wind-based) and Lagrangian
(transport-based) definitions of jets around low (L) and high (H) pressure systems, with
arrows representing relative wind speeds. (B,C) Issues arising when tracking the sub-
tropical jet as Eulerian wind maxima (black dots). (B) A portion of the East Asian
subtropical jet near 65oE, 18oN is associated with transport pathways (red arrows) that
rapidly exit the jet, while nearby pathways starting 600 km north remain within the jet
over 10000 km. (C) The subtropical jet in the East Pacific during the time period 25-29
December 1959 (small black dots) exhibits a persistent 7000 km-long gap, but transport
pathways exist that bridge this gap over the same time period, implying that mass trans-
port by a relatively weak jet followed a poleward excursion up to 52oN before rejoining
the North Atlantic jet.
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The choice of integration time τ used for JetLag is based on a simple argument using132

the Rossby wave dispersion relation (see Eq. 1 in Methods), and τ is therefore a function133

of zonal wavenumber and latitude (Fig. 2C). The primary modes of variability in the jet134

correspond to wavenumbers 1-5 [40]. Larger wavenumbers are known to be less stable [41],135

but they nonetheless contribute to short-term variability. Choosing τ = 3 days allows136

us to capture wavenumbers 1-10 over latitudes 20-40°, while avoiding excessively large137

wavenumbers that yield noisy features and complicate the detection of the jet. At higher138

latitudes, Rossby wave propagation is weaker and only the largest zonal wavenumbers139

reach the polar regions [42]. For this reason, and for simplicity, we use τ = 3 days for the140

detection of the STJ and PFJ alike.141

The Lagrangian descriptor integrated for 3 days (Fig. 2A) clearly exhibits a circumpo-142

lar maximum at 350 K, which the detection algorithm identifies. Lagrangian and Eulerian143

jet axes can exhibit significant differences even in regions where strong and steady winds144

are typically found (e.g., Western Pacific in Northern Hemisphere winter, Fig. 2B).145

However, in these regions, the Lagrangian jet exhibits remarkable stability to changes146

in the Lagrangian descriptor’s integration time (Fig. 2D), consistent with Mancho et al.147

[43]: on average, changing the integration time by as much as 66% (from 3 days) changes148

the location of the Lagrangian STJ by less than 0.1 degree. In contrast, the location149

of the wind-based STJ is over fifty times more sensitive to changes in the wind speed150

threshold: a mere 25% change (from 40 m s−1) shifts the mean latitude of the STJ by151

∼2 degrees. Minimal sensitivity in the Lagrangian jet is confined to regions of Rossby152

wave breaking (indicated by gamma-shaped features in M like the one near 135°W in153

Fig. 2A, also see Mancho et al. [43]). We note that the leveling off in the sensitivity154

of the wind-based method at high wind speed thresholds in summer is an indicator of155

extreme truncation of the phase space rather than robustness of the wind-based method.156

These results highlight the versatility of our Lagrangian framework and its robustness to157

parameter choice, demonstrating that JetLag can be a reliable tool to track jets in highly158

dynamic regions.159

Jet climatology160

Spatial distributions of STJ occurrence in DJF for JetLag and the wind-based method are161

shown in Fig. 3A and B, respectively. JetLag recovers familiar features broadly matching162

waveguides predicted by Rossby wave theory [44] and identified by Eulerian methods [e.g.,163

23, 28, 27, 32]: the Asian STJ (from Northern Africa to the Western Pacific) and North164

Atlantic STJ (from North America to Western Europe), as well as the North Atlantic and165

Pacific storm tracks. Some differences are visible in the mean, as shown in Fig. 3C: in166

regions where Rossby wave breaking is common (Eastern Pacific, North Atlantic), JetLag167

is able to assign a coherent structure to the STJ more often than the wind-based method,168

as expected from Fig. 1C. Differences in the mean latitude of the frequency maximum169

also imply that synoptic transport tends to maximize poleward of the wind-based jet in170

winter. Lastly, the wind-based method’s output is affected by salient mountain ranges171

(Himalayas, Sierra Madre, Zagros Mountains), as discussed previously, while JetLag is172

not.173

The occurrence frequency and mean position of the PFJ in DJF for JetLag is shown174

in Fig. 3D. Strong zonal asymmetry is visible, most notably the tilt of the North Atlantic175

storm track. Features are in qualitative agreement with those seen in analysis of the PFJ176

on a lower tropospheric isentrope [39]. Jet occurrence exhibits a single maximum in the177
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Figure 2: (A) Lagrangian descriptor M integrated for 3 days (shading) and position
of the corresponding Lagrangian jet (black) on 2020-01-01 at 350 K. (B) Comparison
between the wind-based jet (red dots) and Lagrangian jets (solid lines) calculated for five
integration times from 2.5 to 3.5 days in 6-hour increments. (C) Integration time (in days)
for a range of wavenumbers and latitudes, corresponding to Eq. 1. (D) Sensitivity of the
mean latitude of the Northern Hemisphere subtropical jet to changes in integration time
and in the wind minimum threshold. Horizontal axes are scaled so that relative departures
from reference points (colored triangles) are equal. Error bars show±1 standard deviation
of the mean.
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North Atlantic rather than the multimodal distribution previously thought to indicate178

regime behavior [45]. This result is in agreement with recent literature highlighting the179

role of orography, rather than large-scale variability, in setting the northern peak in the180

Eulerian distribution of the PFJ [46]. This result also confirms our conceptual view of181

Lagrangian jets in Fig. 1A: the continuity of the jet axis is prioritized over intermittent182

and local acceleration in the wind field.183

Distributions in Fig. 3E-F highlight that, in the statistical sense, similarities in the184

latitudinal position of jet features across methods are not mutually exclusive with marked185

discrepancies in wind speeds. In other words, collections of features that make up the186

zonal mean may average to similar latitudes but capture different wind speeds. Since187

JetLag and the θ-based method are not constrained by the 40 m s−1 minimum wind188

speed threshold, it is not surprising that their output can capture lower wind speeds than189

the wind-based method.190

Jet variability191

Hovmöller diagrams in Fig. 4A demonstrate the superior detection power of JetLag over192

the wind-based method for wave structures; both methods capture the most salient waves,193

but JetLag is able to complete the picture with features associated with relatively weak194

winds. This is particularly true of regions of frequent Rossby wave breaking, as illustrated195

in Fig. 1C. The θ-based method (not shown) provides continuous jet axes but captures196

features with weaker meridional wind speeds, yielding less distinct (and noisier) wave197

structures.198

Time series in Fig. 4B-C highlight again that jet properties can differ vastly even when199

their zonal mean latitude is fairly consistent between methods. JetLag and the θ-based200

method exhibit a seasonal cycle with larger amplitude in the wind speed. Even in winter,201

wind speeds near Lagrangian jets are not quite as large as those near wind-based jets,202

consistent with the conceptual view in Fig. 1.203

Based on power spectra in Fig. 4D, the two Eulerian jet definitions yield more short-204

term variability in the zonal mean jet latitude than JetLag does. The difference is at-205

tributable to fast, non-physical transition between Eulerian jet streaks, which is a promi-206

nent issue in summer. Since JetLag relies on a multi-day history of the wind field to207

locate the jet, it is less subject to this issue. Short-term variability in the wind-based208

method is also influenced by regions where wind speeds fall below the detection threshold.209

JetLag further yields elevated power on decadal to multidecadal scales: for reference, the210

integrated power for periods longer than 10 years is three times larger with JetLag than211

with the wind-based method. We attribute this difference to JetLag’s global perspec-212

tive on jets, compared to the more regional focus of Eulerian methods; by following air213

parcels, the Lagrangian view captures the influence of interactions across scales including214

those bearing the structural imprint of low-frequency modes. That said, the magnitude215

of multidecadal variability remains uncertain, both because the historical record is rel-216

atively short, and because of parameter sensitivity. For instance, increasing the wind217

speed threshold of the wind-based method from 30 m s−1 to 60 m s−1 triples the in-218

tegrated power estimate for periods longer than 10 years (and nearly halves variability219

on timescales associated with El Niño Southern Oscillation, 3 to 5 years). Changing the220

degree of the polynomial used in the θ-based method also affects long-term variability.221

In comparison, JetLag is virtually insensitive to changes in its parameters.222
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Figure 3: Occurrence frequency of the STJ in DJF using (A) JetLag, (B) the wind-based
method, and (C) the difference between the two in that order (A minus B). (D) PFJ
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area. The mean position of jets appears as thick black lines (dashed and solid), and
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Discussion223

We investigated the upper tropospheric jets through the lens of synoptic-scale transport,224

with the goal of developing a generally applicable diagnostic for their position. Overall,225

our results motivate the use of an alternate definition of jets as maxima of Lagrangian226

descriptors of synoptic transport. Our algorithm, called JetLag, captures jets as con-227

tinuous, physically grounded features that exhibit the spatial and temporal coherence228

characteristic of synoptic-scale flow. The jet axes identified by JetLag are suitable for229

studies in jet-relative coordinates, wavenumber decomposition, regional trend analyses,230

etc. Given the influence of synoptic variability on the position of the jets [4], our ap-231

proach could effectively complement existing Eulerian methods that have a propensity232

to truncate the phase space and capture disconnected features with behavior sometimes233

beyond physically reasonable limits.234

Tracking coherent features, rather than eddy-related features, may also be a useful235

approach to quantify the response of jets to wave forcing: if jet waveguideability (in the236

zonal mean sense) is a consequence of wave activity rather than a precondition for it237

[47], then identifying and following coherent jet structures may offer a clearer view of238

how wave forcing influences jets (including persistent weather patterns, teleconnections239

between tropics and midlatitudes, changes in storm tracks, etc).240

By relying on only two physically grounded parameters, JetLag also addresses the241

longstanding shortcoming of the reliance on ad hoc or climatology-based parameters.242

Indeed, the Lagrangian descriptor we use provides a relatively simple and uniform de-243

scription of jets at all latitudes, with little sensitivity to its integration time. JetLag244

is therefore well suited to the study of long-term trends and their uncertainties. Even245

though model uncertainties largely contribute to uncertainties in future trends in the246

jets [6, 4, 48, 49], decreasing method uncertainty is also important since methods differ in247

their representation of jet variability and mean characteristics. Indeed, trend analyses are248

heavily influenced by the spectrum of variability in the variables of interest, and artificial249

trends can also arise from the design of methods itself [50, 51].250

In its current form, our algorithm identifies one jet axis at a time, precluding the251

explicit detection of split jet states. Of two branches, JetLag selects the one which is252

best connected to the broader pattern of zonal transport. Though the algorithm could253

be modified to detect persistent splits in the jets, a robust framework to understand such254

structures from the Lagrangian perspective is needed first. We leave these developments255

to future work, along with potential adaptations to capture recurving jet features that256

go beyond the one-latitude-per-longitude simplification used in the present approach.257

While JetLag has the desirable characteristic of being virtually insensitive to the choice258

of its parameters, the choice of isentropic surface along which it is applied yields different259

results–which we leverage to distinguish the STJ and PFJ. If the thermal structure of260

near-tropopause levels changes over time, then the choice of isentrope should also change261

to avoid artificial trends; indeed, an increasing height of the tropopause with global warm-262

ing is thought to drive shifts in the wind field in the mid- and upper troposphere [52].263

With appropriate isentropic levels, JetLag’s non-reliance upon climatology-based param-264

eters should enable comparisons of jet variability and position in vastly different model265

runs, including idealized setups, climate projections under various emissions scenarios,266

and other planetary atmospheres in general. Such model analysis is an exciting avenue267

for future work to better understand how jets will change with global warming.268
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Materials and Methods269

Lagrangian descriptor270

We use the quantity known as M [53, 54, 43] to diagnose jets as coherent maxima of271

parcel displacement. The function M is a heuristic which associates to initial conditions272

in space x∗ and time t∗ the arc length of the trajectory initiated with those conditions273

and integrated backwards and forwards in time over the interval [t∗ − τ ; t∗ + τ ]:274

M(x∗, t∗, τ) =

∫ t∗+τ

t∗−τ

√√√√ n∑
i=1

(
dxi(t)

dt

)2

dt

with x(t) trajectories of the system:275

dx

dt
= v(x, t)

x(t∗) = x∗

with v the vector field of velocity with n components. See Mancho et al. [43] for details.276

Unlike an Eulerian average of the flow field, the descriptor M does not smooth features277

and reveals sharper features as τ increases; large-scale features in M are established278

at short integration times and do not fundamentally change as the integration time is279

increased. This property is illustrated in the Supplementary Materials, both for a simple280

flow (an idealized vortex embedded in a purely zonal flow, Fig. S1) and for a real case281

(Fig. S2).282

Calculating M requires calculating parcel trajectories, which we assume travel along283

isentropic surfaces. This assumption reflects the expectation that, on the scales of interest,284

quasi-balanced dynamics dominate over diabatic effects such as latent heat release and285

cloud-radiative forcing. Indeed, particles released in the extratropical middle and upper286

troposphere are known to disperse much faster along isentropes than across them [e.g.,287

55, 56, 57]. That being said, parcels in transit may encounter a range of net heating rates288

along their trajectories, and do so in a seasonally dependent manner that is reflected289

in the M descriptor. We provide three figures and a discussion in the Supplementary290

Materials to illustrate this point and confirm that ignoring the local influence of non-291

conservative processes is not expected to systematically reshape the dominant structures292

captured by the M descriptor on planetary scales. Further, the sensitivity of the jet293

axis to non-conservative effects on smaller scales is mitigated by the 1 degree horizontal294

resolution used for trajectory integration and by the detection algorithm’s robustness to295

noise (see Jet detection algorithm); jet axes are generally only affected if non-conservative296

processes act to consistently displace local maxima of M on spatial scales close to the297

Rossby radius of deformation. Figures S3-S5 in the Supplementary Materials show the298

extent to which this assumption affects the position of the jet axis.299

Trajectories are calculated along 350 K for the STJ and 315 K for the PFJ, given jet300

occurrence frequencies in previous literature [e.g., 28, 39]. The wind field used to calculate301

trajectories is from the European Centre for Medium-Range Weather Forecasts’ ERA5302

reanalysis, provided at a 6-hourly frequency and integrated hourly with a fifth-order303

Cash-Karp Runge–Kutta scheme as in Curbelo et al. [58].304
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Setting the integration time305

The time interval [t∗ − τ ; t∗ + τ ] used to calculate M is the time period during which the306

features defined by the M function are coherent. Within jets, such features are primarily307

shaped by Rossby waves. We therefore relate τ to the intrinsic period of Rossby waves,308

written as the inverse of their intrinsic frequency:309

2τ ≡
∣∣∣∣ 1ω̂

∣∣∣∣
where the factor 2 arises from the integration interval including both forward and back-310

ward direction. The intrinsic period is related to wave properties by the dispersion311

relation:312

ω̂ = − βk

k2 + l2

where β is the Rossby parameter, k and l are the zonal and meridional wavenumbers.313

Focusing on the zonal structure of waves, we assume l2 ≪ k2 and arrive to:314

τ =

∣∣∣∣− k

2β

∣∣∣∣ (1)

The sensitivity of our method to the choice of integration time is illustrated in Fig. 2D.315

Jet detection algorithm316

Jets are defined as connected local maxima (that is, ridges) of M. A number of ap-317

proaches exist to extract ridges from 2D data, ranging from simple gradient-based and318

edge detection methods to more complex morphological operations, such as watershed319

and wavelet transforms. We choose an algorithm with a good trade-off between complex-320

ity and performance.321

The axis of the jet is defined at each longitude using a penalized forward-backward322

greedy algorithm. Using a greedy heuristic allows us to avoid defining the jet axis merely323

as the maximum ofM at each longitude; the algorithm penalizes large changes in latitude324

from one longitude to the next, so as to prioritize following continuous features rather325

than overfitting to large values of M. In order to further focus on large-scale patterns,326

the dynamic range in values of M is decreased by taking its negative natural logarithm.327

We note that minimizing − logM is equivalent to maximizing M.328

During the forward pass, the greedy algorithm steps through adjacent meridians and329

calculates updated values of − logM by adding to them a penalty as follows:330

− logM+ p× dist2

with p the penalty parameter and dist the distance between any two latitudinal positions331

for adjacent meridians. This formula is applied longitude by longitude from west to east332

(”forward”) for all latitudes, keeping track of the latitudinal positions which produce333

the smallest updated values. The algorithm then does a second pass from east to west334

(”backward”), tracing the path corresponding to the latitudes with the smallest updated335

values (and therefore, the largest and most connected values of M).336
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We provide a simple example to illustrate the process, for a matrix with three lati-337

tude bins (rows) across three longitude bins (columns). Consider the matrix of negative338

logarithmic values:339  1 5 4
2 1 2
4 5 5


The forward pass is applied to each column using the elements of the column immediately340

to its left. Starting with the first element of column 2, that is, element (1,2), and applying341

a penalty of value 1 (for the sake of example) to the elements of column 1 based on their342

distance from element (1,2), column 1 becomes:343

1 + 1× 02 = 1

2 + 1× 12 = 3

4 + 1× 22 = 8

Comparing these values with the original 2nd column:344

1 5
3 1
8 5

The minimum value of the updated column is 1 in row 1. It is added to original element345

(1,2), which becomes 6(1) to denote that this value came from row 1. Elements (2,2) and346

(3,2) are updated using the same process, and the algorithm proceeds to column 3, this347

time applying the penalty formula to the updated second column. The updated matrix348

contains the penalized values along with their row of origin from the preceding longitude349

bin:350  1 6(1) 8(2)
2 3(2) 5(2)
4 8(2) 9(2)


To find the most salient ridge, the greedy algorithm starts from the last column and351

traces backward through the matrix, following the origin of the minimum value in each352

column. In our example, element (2,3) is the minimum (5(2)) in column 3, so the ridge is353

at row 2 in column 3. Since 5(2) came from row 2, the ridge location is row 2 at column354

2. In column 2, the value at row 2 (3(2)) came from row 2 as well, so the ridge is also355

located at row 2 in column 1.356

Since this greedy algorithm is designed to extract a unique ridge, split jet states or357

synoptic situations with multiple transport pathways in general will be reduced to one358

pathway: that which is most connected to the broader pattern of zonal transport. In359

the hypothetical case where multiple pathways are equally well connected, the algorithm360

defaults to selecting the one with smaller meridional excursions.361

In order to ensure periodicity in the M ridge, the algorithm is applied five times,362

cyclically shifting its longitude coordinates to evaluate the output across five randomly363

selected longitudinal starting points. The final output is constructed by selecting, at each364

longitude, the latitude most frequently identified as ridge across the five iterations. This365

procedure guarantees that the output is periodic and therefore unaffected to the choice366

of starting longitude. In practice, this procedure rarely alters the output by more than367

a single grid cell, thanks to the algorithm’s ability to identify dominant features with368

greedy logic.369
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The value of the penalty parameter p is chosen based on the typical scale of Rossby370

waves. With a 3-day integration time, assuming maximum wind speeds of order 100m s−1,371

maximum values of M ∼ 3×104 km are expected corresponding to − logM ∼-10. Given372

the penalty formula, p needs to be chosen so that updated values of − logM at the largest373

allowed latitudinal jump become so large they are ruled out by the algorithm:374

p× dist2max ∼ 10

with distmax the largest allowed latitudinal jump between two adjacent longitudes. In-375

terpreting jumps as the crest-to-trough distance within Rossby waves, a reasonable range376

for distmax is twice the Rossby radius ∼2000-4000 km or 18-36 degrees, yielding p ∼ 0.01.377

By design, the sensitivity of the jet output to the specific value of p is small: halving378

or doubling it only changes the average output at a rate of ∼0.00001 degree per percent379

change in p. In addition, any sensitivity to p is confined to sharp features corresponding380

to wave breaking.381

We use MATLAB’s implementation of the greedy algorithm, called tfridge, which was382

developed as a signal processing tool.383

Eulerian jet metrics384

We compare the output of JetLag for the subtropical jet to two Eulerian methods in-385

spired by the JEt and Tropopause Product for Analysis and Characterization (JETPAC)386

software [28, 2], referred to as ‘wind-based’ method, and by Maher et al. [4], referred to387

as ‘θ-based’ method.388

The wind-based method is a 2D adaptation of the 3D algorithm described in Manney389

and Hegglin [2]. For comparability with JetLag, the wind-based method defines the390

subtropical jet axis at each longitude as the latitude of maximum wind speed on the 350391

K surface, with the same criteria as Manney and Hegglin [2]: that 1) the wind speed is392

greater than 40 m s−1, 2) the altitude of the dynamical tropopause (2 PVU surface) at393

the equatorward edge of the jet (defined as the 30 m s−1 isotach crossing as in Manney394

and Hegglin [2]) is greater than 13 km, and 3) the altitude of the dynamical tropopause395

decreases by at least 2 km from the equatorward to the poleward edge of the jet. We test396

the sensitivity of this method to the choice of minimum wind speed threshold (Fig. 2D).397

We choose this method as a point of comparison because using the wind field to define398

jet metrics is common practice, since climate models provide it as standard output.399

The θ-based method is implemented following Maher et al. [4]: the axis of the STJ400

is defined at each longitude as the largest local maximum in the meridional gradient401

of potential temperature (θ) along the dynamical tropopause (defined as the ±2 PVU402

surface). The meridional gradient is calculated using a Chebyshev polynomial of degree403

6 between 10o and 65o latitude. The differences with Maher et al. [4] are 1) that we use404

6-hourly data rather than daily or monthly averaged data (to match JetLag), and 2) that405

if multiple local maxima in the potential temperature gradient exist (e.g., STJ and PFJ),406

we simply retain the largest one. We choose this option because we find that applying407

the vertical wind shear criterion used to separate STJ from PFJ in Maher et al. [4] to408

instantaneous meteorological fields yields large and spurious excursions in the STJ.409
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Universitat Autònoma de Barcelona (LR, JC)587

Agencia Estatal de Investigación RYC2018-025169, PID2020-114043GB-I00, PID2021-588

122954NB-I00, CEX2020-001084-M, CNS2023-144360 (JC)589

Fundación Ramón Areces (JC)590

Fundación BBVA (JC)591

William F. Milton Fund (LR, ML)592

Harvard Solar Geoengineering Research Program (ML)593

594

Competing interests:595

Authors declare that they have no competing interests.596

597

Data and materials availability:598

The JetLag dataset is available at DOI tbd on Zenodo.599

Author contributions600

Conceptualization: LR, JC, ML601

Methodology: LR, JC602

Investigation: LR, JC603

Visualization: LR604

Writing—original draft: LR, JC605

Writing—review & editing: LR, JC, ML606

607

Manuscript under review Page 19 of 19


