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Abstract. Recent numerical modelling and theoretical work deduce that potential vorticity (PV) can turn negative in the North-
ern Hemisphere as a result of localized, convective heating embedded in vertical wind shear. It is further postulated that negative
potential vorticity (NPV) may be relevant for the large-scale circulation as it has been observed to grow upscale into elongated,
mesoscale bands when in close proximity to the jet stream, accelerating jet stream winds and degrading numerical weather
prediction skill. However, these findings are largely confined to case studies. Here, we use a climatological and composite
perspective to evaluate the occurrence of elongated bands of NPV over the North-West Atlantic and its implications for jet
stream dynamics. This research focuses on synoptic-scale bands (>1650 km) of NPV that are in close proximity (<100 km)
to the jet stream (termed NPV-jet interactions) using ERAS5 data from January 2000 — December 2021. Climatological char-
acteristics show that NPV-jet interactions occur most frequently over the coastal West Atlantic during Boreal Winter along
40°N. This latitude band has also seen an 11% increase (relative-change) in NPV-jet interactions over the 22-year time-period.
Separating NPV-jet interactions into three distinct, large-scale flow patterns using K-means clustering conceptually illustrates
the evolution of NPV features from their initial formation along the westward flank of the ridge to the eastern flank of the ridge.
The large-scale environment of NPV-jet interactions is characterized by a trough-ridge couplet adjacent to positive integrated
vapor transport (IVT) anomalies, conducive to warm-conveyor belts and mesoscale convective systems. Even when NPV is
positioned in a more adiabatic environment (far away from regions of strong IVT anomalies), robust, positive PV gradient and
wind speed anomalies exist along the jet stream. Inspecting three detailed case-studies that serve as archetypes to the three
clusters, it is shown that the presence of NPV near the jet stream adiabtically enhances wave activity flux due to NPV mutually
strengthening momentum transport and the ageostrophic flux of geopotential. The results show that the close proximity of
synoptic-scale NPV to the jet stream is conducive to the occurrence of wind speed maxima, and could be dynamically relevant

in enhancing downstream development, despite NPV’s theorized origin from sub-mesoscales.
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1 Introduction

The mid-latitude jet stream is a fast flowing current of westerly air in the upper-levels of the mid-latitude troposphere. Daily
variations of the jet stream wind speeds are influenced by transient eddies (Lorenz and Hartmann, 2003; Barnes et al., 2010).
These eddies, which can include a strong contribution from cloud diabatic heating processes, act to perturb the jet stream’s
large-scale circulation away from its base state(Woollings et al., 2016). Notably, the mechanisms involved in the interactions
between cloud processes and the large-scale circulation remains a significant source of theoretical uncertainty (Bony et al.,
2015; Ceppi et al., 2017; Baumgart and Riemer, 2019). This uncertainty is reflected in practical applications, particularly in
numerical weather prediction, where the quality and reliability of weather forecasting models can be rapidly degraded by cloud
microphysical processes interacting with the large-scale flow (Rodwell et al., 2013; Gray et al., 2014; Grams and Archambault,
2016; Grams et al., 2018; Spreitzer et al., 2019). Accordingly, it is crucial to further understand how cloud processes impact

jet stream dynamics, both for theoretical advancement and practical applications.

Large-scale cloud systems (i.e., Warm Conveyor Belts, Mesoscale Convective Systems) that develop equatorward of the jet
stream are associated with vigorous vertical heating gradients that drive divergent outflow at the tropopause (Wernli and Davies,
1997; Baumgart and Riemer, 2019; Steinfeld and Pfahl, 2019). The irrotational wind field established by large-scale cloud sys-
tems make an important contribution to the poleward advection of the outflow and subsequent wind speed enhancements along
the jet stream (Grams and Archambault, 2016; Steinfeld and Pfahl, 2019), and has been identified as a key mechanism by
which forecast errors along the jet stream manifest (Baumgart and Riemer, 2019; Berman and Torn, 2019). Using a potential
vorticity (PV) perspective, the warm and moist air that is brought to the tropopause in cloud systems associated with vigorous
diabatic heating can be visualized as an enclosed area of low, but positive PV (in the Northern Hemisphere). Several studies
have shown that diabatic processes along the equatorward side of the jet stream substantially contribute to strengthening the
PV gradient (Bukenberger et al., 2023; Wernli and Davies, 1997). Sharpening of the PV gradient can serve to kinematically
strengthen the jet stream, resulting in faster wind speeds, and the enhanced westerly propagation of Rossby waves (Harvey
et al., 2016).

The PV perspective has also been applied to smaller scales to study mesoscale and convective scale weather systems (Herten-
stein and Schubert, 1991; Braun and Houze Jr, 1996; Conzemius and Montgomery, 2009; Chagnon and Gray, 2009). At scales
where the Rossby number is large, the PV distribution within a diabatic weather system is significantly influenced by hori-
zontal heating gradients, which can lead to the generation of locally strong quasi-horizontal PV dipoles that can exceed +/- 10
PV Units (PVU) (Chagnon and Gray, 2009; Weijenborg et al., 2015). Their generation has been analogously compared to the
tilting of horizontal vorticity onto the vertical axis, resulting in a cyclonic and anticyclonic relative vorticity pair (Davies-Jones,
1984; Miiller et al., 2020). Composite studies show that quasi-horizontal PV dipoles are coherent features that form around
convective updrafts in a vertically sheared environment (Weijenborg et al., 2017; Oertel et al., 2020). Notably, the diabatically

reduced PV pole can turn negative (in the Northern hemisphere). PV impermeability theory states that vertical heating gra-
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dients cannot lead to the generation of NPV (Haynes and Mcintyre, 1990). Hence, NPV preferentially arises from localized,
horizontal heating gradients embedded in a vertically sheared environment (Harvey et al., 2020). Oertel et al. (2021) illustrate
that a strong upper-level jet and wind shear are key ingredients for elongating convectively generated NPV onto larger scales.
Vertical shear stretches convective-scale NPV onto the mesoscales, co-occurring with dilution of the initially strong magnitude
NPV towards a near-zero but still negative PV value (Oertel et al., 2020; Prince and Evans, 2022). Gray (1999) also note that
convective-scale NPV features may preferentially coalesce together, which could also aid in organizing convective-scale NPV

for elongation.

Elongated NPV features have been identi ed in observations (Harvey et al., 2020) and in a number of non-hydrostatic nu-
merical modelling simulations (Braun and Houze Jr, 1996; Rowe and Hitchman, 2016; Oertel et al., 2020). NPV is unique from
other large-scale regions of diabatically reduced PV such as large-scale negative PV anomalies (Hoskins, 1997) as NPV ha:
been linked to the occurrence of frontal rainbands (Bennetts and Hoskins, 1979; Schultz et al., 2000), sting jets (Volonté et al.,
2018) and enhanced stratosphere-troposphere exchange (Rowe and Hitchman, 2015). Additionally, since NPV has a negativ
PVU value, this implies that NPV is associated with hydrostatic, inertial or symmetric instability (Schultz et al., 2000). Oertel
et al. (2020) theorized that since mesoscale bands of NPV exhibit negative absolute vorticity (relative vorticity magnitude ex-
ceeding the Coriolis parameter) and a temporal persistence of several hours, elongated bands of NPV may likely be analogou:
to an inertial instability.

When NPV features are within large-scale negative PV anomalies like ridges, the anticyclonic relative vorticity from the
NPV has been observed to be an order of magnitude greater than the vorticity from the surrounding large-scale negative PV
anomaly (Rowe and Hitchman, 2016; Lojko et al., 2022). The vigorous anticyclonic relative vorticity associated with NPV
features is noted to be an important contributor to the enhancement of momentum transport along the jet stream (Rowe anc
Hitchman, 2016) and may be linked to the occurrence of wind speed maximum (Harvey et al., 2020; Oertel et al., 2020). Mis-
representing anticyclonic vorticity associated with mesoscale NPV in global numerical weather models can lead to the rapid
introduction of non-divergent wind errors along the jet stream (Lojko et al., 2022). Additionally, the strong horizontal shear
associated with NPV can trigger the occurrence of clear-air-turbulence along the equatorward side of the jet stream (Trier and
Sharman, 2016; Thompson and Schultz, 2021).

While the interaction of elongated bands of NPV with the jet stream can be dynamically relevant and have implications
for aviation and weather prediction, the aforementioned studies examining NPV interactions with the jet stream employ case-
study perspectives. These cases provide detailed mechanistic insights into NPV dynamics. However, a climatological and
composite analysis of NPV and its interactions with the jet stream is lacking. Such an analysis will provide insight into
common mechanisms and synoptic situations associated with elongated bands of NPV. The obtained results will serve to
climatologically identify regions that may be relevant to forecast errors and turbulence associated with NPV features. Two key

questions are proposed via the climatology and composite analysis:
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What are the climatological characteristics of elongated bands of NPV when they interact with the jet stream?

What are the typical circulation patterns and dynamical mechanisms involved when NPV interacts with the jet stream?

The proposed analysis focuses on the Western North Atlantic, a region with numerous well-documented case studies evalu-
ating NPV interactions with the jet stream (Rowe and Hitchman, 2016; Harvey et al., 2020; Lojko et al., 2022). These studies
provide a basis for comparison against the proposed composite work. The region of Eastern North America and the West At-
lantic is frequently associated with convective storms (Li et al., 2020) and warm conveyor belts (Madonna et al., 2014) which
develop in close proximity to the jet stream, and are candidate weather events for the generation of elongated NPV features
(Clarke et al., 2019; Oertel et al., 2020). Another rationale for focusing on this speci c region is that previous composite studies
have identi ed the Western North Atlantic as a mid-latitude climatological hotspot for regions of inertial instability along the
tropopause (Thompson et al., 2018).

The paper is structured such that the data and methodology is presented in Section 2. The climatological characteristics of
NPV are presented in Section 3.1. The large-scale circulation patterns during NPV-jet interactions are evaluated in Section 3.2.
Three detailed case-studies of synoptic-scale NPV that focus on the dynamics involved in NPV-jet interactions are presented
in Section 3.3. A discussion of synoptic-scale NPV is had in Section 4, with particular focus on its relevance for the large-scale
atmospheric circulation. The work is concluded in Section 5.

2 Data & Methods
2.1 Data

The ECMWEF reanalysis version 5 (ERA5; Hersbach et al., 2020) is downloaded at a grid spacing ¢f B2%m) for the

years of 2000 — 2021. The ne grid spacing and temporal resolution of ERA5 compared to other global reanalysis datasets
provides an opportunity to study elongated NPV features in a climatological framework. PV, geopotential height (Z), hori-
zontal winds and integrated vapor transport (IVT) with 6-hourly resolution are downloaded directly from the ERA5 archive.
Data is predominantly obtained at 250 hPa to focus on how NPV interacts with the mid-latitude tropopause. While it is more
common for PV analysis to be performed on isentropic levels, the isentropic level associated with the tropopause can vary
notably with respect to season (Rothlisberger et al., 2018). Using only one particular isentropic level can miss NPV features
depending on the season examined. Hence, for simplicity, a single isobaric level that is representative of the tropopause during
all seasons is selected as isobaric surfaces near the tropopause tend to vary less with height across seasons. It is also not
that elongated bands of NPV are maximized in frequency at speci c isobaric levels near the tropopause (Fig. Al). Prior to any
further climatological analysis, the latitude and longitude data are Itered to only include the Western North Atlanig (25

100 W)—(65 N, 50 W). An additional 10 buffer is kept on each side of the domain to minimize any boundary effects when
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identifying NPV features.

2.2 Methods
2.2.1 NPV-Jet Interaction Algorithm

An algorithm is designed to search for time-steps where elongated NPV features are in close proximity to the jet stream,
speci cally < 100 km to the jet stream. Henceforth, these time-steps are termed NPV-jet interactions. The algorithm is split
into three parts. First, the identi cation of elongated NPV features. Second, the identi cation of jet stream features and, last,
identi cation of instances when elongated NPV is within close proximity to the jet stream. A schematic is provided below
(Fig. 1) to give a general overview of the methodology. PV data is bilinearly interpolated tadOimprove computational

ef ciency. This interpolation has no impact on the nal results relating to the frequency of NPV-jet interactions.

The rst step in the algorithm is to identify and label all connected regions of NPV, speci cally where £¥ i€0.01 PVU.
The major axis length-scale is then calculated for each label by using the two latitude, longitude coordinate pairs that are lo-
cated furthest away from each other within the NPV label. Only the longest 2% of features are kept. This threshold corresponds
to NPV length-scales longer than 1650 km (Fig. 2a). These features are henceforth referred to as a synoptic-scale NPV features
As a sanity check, the 97th and 99th percentile are also tested; however, these thresholds do not impact conclusions made re
garding NPV-jet interaction frequency. The nal step involves obtaining and saving the coordinates of the synoptic-scale NPV

features.

For jet stream identi cation, contours where the PV eld has a value of 2 PVU are identi ed (Barnes et al., 2010). Prior to
jet stream identi cation, time-steps in which no synoptic-scale NPV features were identi ed are ltered out. Next, the PV eld
is smoothed by a 10 point Gaussian smoother to improve contour identi cation by smoothing out mesoscale PV laments.
Further ltering of contours is applied by only keeping circumpolar contours. Circumpolar contours are de ned as continuous
contours of 2 PVU that extend across the longitudinal extent of the NPV-jet interaction domain. Non-continuous contours are
likely associated with cut-off features (Hoskins, 1997) and are chosen to be removed. A small subset of times (4 time-steps)
were not able to identify continuous 2 PVU lines. These times were also Itered out from the analysis. The remaining 2 PVU
contour coordinates are saved for evaluation with respect to the identi ed synoptic-scale NPV features.

In the nal step of the algorithm, we use the coordinates from the synoptic-scale NPV feature and 2 PVU contour to nd the
minimum distance between the two features using the Haversine formula. If an NPV feature is within 100 km to the jet stream,
the event is retained. If the minimum distance between NPV and 2 PVU exceeds 100 km for a particular event, the event is

ltered out. An interaction point is also de ned, which is the coordinate of the 2 PVU contour that is in closest proximity to the

synoptic-scale NPV feature. The interaction point is used to perform the centered composites described in the latter section of



Figure 1. Schematic overview of the NPV - Jet Interaction Identi cation Procedure outlining three key steps in the algorithm design. The
images at the bottom of the schematic denote how the algorithm works on a single case. Grey shading shows individual NPV labels. Dark
dashed contours denote the perimeter of synoptic-scale NPV features. Dark, continuous contours illustrate the 2 PVU contour (jet stream).
The orange circle denotes the 'interaction-point', which is de ned as the 2 PVU contour coordinate that is in closest proximity to the synoptic-
scale NPV feature. The grey dashed box shows the domain over which NPV-jet interactions are searched for. Identi ed synoptic-scale NPV

features can lie outside of the domain as long as the interaction point itself lies within the domain.
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the methods. Sometimes, multiple synoptic-scale NPV features are detected within the 100 km threshold for a particular time-
step. In these instances, all NPV features are retained for the climatological analysis. It is also worth noting that no temporal
Itering is applied in this study. Hence, instances of consecutive time-steps with NPV-jet interactions are retained as we are not
focused on evaluating the life-time of the NPV features in this study.

To provide analogue caes for NPV-jet interactions, the algorithm is also modi ed to search for synoptic-scale NPV features
within 100 - 300 km to the 2 PVU contour. These events are speci cally referred to as NPV-jet (100-300 km) interactions. Note
that when referring to synoptic-scale NPV features that are within 100 km to the jet stream, these instances are always referrec
to as NPV-jet interactions. However, when simultaneously comparing both of these interaction distance thresholds, we will use
the terminology: NPV-jet{ 100 km) and NPV-jet (100-300km) interactions to prevent confusion.

Intotal, 21341 synoptic-scale NPV features are detected within the domain during the 22-year time-period. From those, 4983
(23%) synoptic-scale NPV features are detected within 100 km of the 2 PVU contour. Some statistics of the NPV features are
detailed in Fig. 2. Figure 2a shows a histogram of the major axis length of all NPV features detected. The vast majority of
identi ed NPV features in ERA5 have rather small length-scales. Over 80% (more tRamflidlenti ed NPV features in
ERADS are characterized by a major axis length shorter than 200 km. We also note that the synoptic-scale NPV features retainec
in this study are of much larger length-scale than the mesoscale laments observed in high-resolution numerical modelling
studies (Oertel et al., 2020; Blanchard et al., 2021). Deep convection resolving simulations result in a much noisier PV eld

compared to the smoother and coarser ERAS dataset.

For additional reference, the area sizes of all NPV features (no matter their size) are plotted in Fig. 2b. The area sizes of
NPV features largely follow the distribution of their major axis length scale (Fig. 2a). The majority (over 90%) of NPV fea-
tures detected in ERAS5 are smaller than 1 X k"’ in area size. Figure 2c¢ shows that the frequency of synoptic-scale NPV
features decreases quasi-exponentially with distance away from the jet stream. Most synoptic-scale NPV features are identi ed
in very close proximity to the jet stream (approximately 25% of synoptic-scale NPV features are detected within 100 km to
the jet stream). Of the 32144 time-steps that comprise the period of study, 14580 have a synoptic-scale NPV feature within the
domain (45% of the time). 3845 time-steps have a synoptic-scale NPV feature that is within 100 km to the jet stream (12% of
the time-steps detect an NPV-jet interaction). For reference, 3835 time-steps have a synoptic-scale NPV feature that is within
100 - 300 km to the jet stream, (approximately 25% of synoptic-scale NPV features are detected between 100-300 km to the

jet stream).

2.2.2 Composite Approach

The purpose of the centered composite approach is to identify the typical circulation patterns and kinematic processes that

occur when synoptic-scale NPV interacts with the jet stream. When computing the centered composite, the mean interaction
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Figure 2. Statistics of the identi ed NPV objects. (a) The total number of NPV objects detected in ERAS on the y-axis (logged) and the
major axis length scale (km) of each NPV object binned into intervals of 200 km. The red dashed lines show where the 98th percentile lies
for the major axis length scale. (b) is the same as (a) but with the area sifekx®) shown on the x-axis. Binning intervals are set to
0.1x1¢ km?. (c) shows the distance between each synoptic-scale NPV feature identi ed and its closest proximity to the jet stream. The red
dashed line is used to show where the 100 km threshold lies for NPV-jet interactions (horizontal line) and how many NPV-jet interactions

are identi ed within the 100 km threshold (vertical line).

point is computed from all events. Subsequently, all NPV-jet interaction events are shifted towards the mean using a latitude
weighting following Winters (2021). Only unique time-steps are included in the centered composite approach. Hence, in the

occasional circumstance that more than one NPV-jet interaction occurs at the same time, only the NPV feature that is in closest
proximity to the jet stream is used for centering on the selected time-step.

A problem that arises when computing a mean composite is that important circulation pattern features become smoothed.
For example, when computing a principal component analysis on the PV eld of all retained events, the dominant modes
of variability are characterized by ridging environments (not shown). In contrast, computing a single mean composite of all
events illustrates zonal ow. This is due to the synoptic-scale NPV features occurring in different locations along the ridge,
hence a single composite centered on the location of NPV-jet interaction leads to too much smoothing of the attendant ridge. To
mitigate this effect, K-means clustering is applied to separate events into distinct groups of circulation patterns. The K-means
clustering is informed by the latitude weighted PV eld. The size of the domain used in the clustering algorithm was@ 10
box centered on the interaction coordinate. Enlarging the domairx1%5 and 20x20 ) had no discernible impact on the
K-means clustering results. We also tested the robustness of the clusters by using other elds to organize NPV-jet interaction
time-steps such as the use of a binary PV eld (1 for stratosphere, 0 for troposphere) in which we obtained similar clustering

results.

The number of clusters selected is informed both objectively and subjectively. The Silhouette score is used as an objective
metric to determine the optimal number of clusters to use in this study. The Silhouette score metric evaluates how closely
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grouped together events are to each cluster centroid (Grazzini et al., 2020). The metric ranges from a score of -1 (poor clus-
tering) to 1 (fully separated clusters). A value of O indicates that events tend to equally resemble other cluster centroids (i.e.,
equal distance to more than one cluster). The Silhouette score is computed for 2-8 clusters. Two clusters provides the highes
Silhouette score (0.24). However, it was noted that the interaction point was located in the same region (along the western ank
of the ridge) for both of the clusters, so there was not a lot of variability in the location of NPV-jet interactions. Three, four and
ve clusters provided the next best Silhouette scores (0.18, 0.16 and 0.17 respectively). While the use of more clusters reduced
the Silhouette score (the large-scale circulation patterns became more similar between each cluster), there was more varianc
in the location of the NPV-jet interaction coordinate within the broader large-scale ridging environment. Increasing the number
of clusters to three led to an interaction point being located along the eastern ank of the ridge in one of the clusters. Increasing
the number of clusters to four and ve did not improve the variability of the interaction point location, hence three clusters was

subjectively deemed appropriate for the analysis.

As an analogue comparison against NPV-et 100 km) interaction time-steps, NPV-jet (100-300 km) interactions are
also evaluated through the centered composite and clustering framework. However, a modi cation is made to the clustering
approach. Each time-step associated with an NPV-jet (100-300 km) interaction is grouped to one of the three previously iden-
ti ed clusters. These time-steps are grouped separately from the NP¥-{EDQ km) interaction time-steps (i.e., two separate
groups of three clusters). NPV-jet (100-300 km) interaction time-steps are assigned to one of the three clusters depending or
the similarity of the PV eld during NPV-jet (100-300 km) interactions to the mean of the PV eld of one of the clusters during
NPV-jet (< 100 km) interactions (i.e., how similar is the eld of a particular time-step to the cluster centroid?). Similarity is
measured using a simple Euclidean distance metric as in Pohorsky et al. (2019). This provides clusters of similar synoptic-scale
conditions (i.e., ow analogues) that differ with respect to the distance of elongated NPV to the jet.

2.2.3 Kinematic Analysis of NPV

Several methods are used to interpret the impact of NPV on the large-scale ow. Ampli cation of the jet stream by different
components of the wind is examined by calculating PV advection by the irrotational and non-divergent wind (Archambault
etal., 2013) at 250 hPa. The partitioning of the winds into these two components is completed via Helmholtz partitioning using
the Python Packagd#&indspharm(Dawson, 2016), which utilizes spherical harmonics on the global domain. The PV advection
elds are computed for each event prior to applying the composite approach.

The wave activity ux (WAF; Takaya and Nakamura, 2001) is computed for each NPV-jet time-step to explain the relevance
of how NPV enhances kinetic energy along the jet stream. The horizontal form of WAF can quantify the propagation and energy
transport associated with horizontally propagating atmospheric waves along a single level of the atmosphere. WAF assumes
quasi-geostrophy and is often used in the evaluation of large-scale ow patterns, particularly in the study of atmospheric Rossby

waves and their downstream propagation. The WAF equation is shown below:
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U and V denote the base state wind in the zonal and meridional direction, where the base state is determined from the sea
I
sonal climatology: Boreal Winter, Spring, Summer and Autumn (DJF, MAM, JJA, SN}, which is the combination of
thej(U;V)j components, is the magnitude of the base state winds the streamfunction anomaly. Note that the anomaly is
computed from the seasonal climatological meanis computed from ERA5 wind data using the Windspharm package. The
x andy derivatives relate to longitude and latitude., xy andyy denote second derivative terms. Derivatives are computed

using spherical harmonics.

As mentioned above, two-dimensional WAF is a quasi-geostrophic and dry kinematic metric. While the generation of NPV
implies diabatic activity, once NPV grows to mesoscales, it has been observed to persist quasi-adiabatically (Oertel et al., 2020;
Lojko et al., 2022). Hence, a dry kinematic approach employed in the WAF equation is assumed to be an appropriate framework
to study how synoptic-scale NPV interacts with the jet stream. Individual components of the WAF equation can be assessed
to understand the dry, dynamical mechanism by which NPV in uences the magnitude of two-dimensional WAF. Note that
the phase velocity terms of the WAF equation are not used (Takaya and Nakamura, 2001). This is because only instantaneou
time-steps are evaluated, hence Equation 1 assumes the analysis of standing waves.

The rstterms inside the square bracket refer to momentum transport, providing information on Rossby wave propagation by
geostrophic motion. This term represents the square of the non-divergent wind terms. The second terms in the square bracket
refer to the ageostrophic ux of geopotential (Takaya and Nakamura, 2001), and serves as the source or sink for wave activity
(Orlanski and Katzfey, 1991).§X and Sy are of particular interest when focusing on the ageostrophic ux of geopotential as

these terms can be easily related to the NPV featq‘})g.and Oy represent wind shear anomalies that relate to shand y,

y
terms of the relative vorticity equation. NPV is uniquely associated with anitcyclonic vorticity maxima (Rowe and Hitchman,
2016; Lojko et al., 2022), hence it is expected that these terms will be magni ed in regions of NPV. A partitioning of the WAF

equation is performed in Section 3.3 to mechanistically illustrate how synoptic-scale NPV contributes to WAF.

One additional technique that is used involves relative vorticity inversion (Oertel and Schemm, 2021) to illustrate the cir-
culation pattern associated with a spatially con ned relative vorticity eld. NPV may not be inverted via typical PV inversion
techniques as it is dynamically unstable (Davis and Emanuel, 1991; Davis et al., 1993; Oertel and Schemm, 2021). In con-
trast, relative vorticity inversion is independent of the sign of the relative vorticity eld. The relative vorticity is equal to the
Laplacian of the streamfunction on a horizontal surface. Solving the Poisson equation, and using the streamfunction's relation
to vorticity, the non-divergent winds can be obtained along a horizontal two-dimensional surface (i.e., at 250 hPa) (Oertel and
Schemm, 2021). The inversion is computed regionally based on using a two-dimensional Green's Function approach. There
is no requirement to de ne a background ow eld and we assume zero vorticity outside of the inversion region. The two-

10
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dimensional inversion is useful in examining synoptic-scale NPV, as it appears to largely be a shallow-layer feature that resides
within the upper troposphere (Fig. Al).

The relative vorticity inversion is also used to estimate the contribution of anticyclonic vorticity associated with the NPV
feature to the non-divergent wind eld. Drawing on the theory from Harvey et al. (2020), prior to the development of a weather
system generating diabatic heating, a background PV and relative vorticity eld exists. The subsequent diabatic heating reduces
PV in the upper troposphere and horizontal heating gradients modify the relative vorticity eld. To account for this framework,
two time steps are compared: one with the synoptic-scale NPV feature present and another prior to its emergence, serving a
the base state. This comparison method follows Oertel et al. (2020), involving computing the difference between two elds
(prior to and during NPV occurrence). However, the NPV features in this study are larger and more temporally persistent
than those evaluated in Oertel et al. (2020). Signi cant advection of NPV and large-scale ow occurs between the time of the
NPV-jet interaction and the base-state. To address this, the base-state relative vorticity eld is shifted in coordinate space to
ensure the large-scale ow features overlap with each other and that the NPV feature overlaps with the base-state ridge envi-
ronment. An illustrative example of this adjustment is shown in Fig. B1, and the inversion results are presented in Section 3.3.1.

To clarify some key assumptions made during two-dimensional relative vorticity inversion and the coordinate shifting pro-
cess: First, any diabatic effects that might have induced positive PV tendencies within the region considered for the inversion
are neglected. Second, it is important to clarify that relative vorticity is not conserved by adiabatic ow. Lastly, when perform-
ing the temporal shifting in coordinate space, it is important to remember that the shape of ridges evolves over the preceding

period, which may in uence the wind estimates derived from the inversion.

3 Results
3.1 Climatology of NPV over the West Atlantic

The climatological frequency of NPV features are presented for the North American-West Atlantic region in Fig. 3. Figure 3a
shows the frequency of all NPV identi ed using ERAS regardless of size or distance to the jet stream. A meridional gradient
of NPV frequency is observed with a maximum in the sub-tropics (>12%) that decreases towards higher latitudes, where the
frequency drops below 4% northward of B0 The higher frequency of NPV at lower latitudes is also consistent with maxima

in inertial instability frequency (Thompson et al., 2018) where anticyclonic relative vorticity is of greater magnitude than the
Coriolis parameter.

Other spatial patterns, such as effects of topography, are also captured in the NPV frequency distribution. A low percentage
of NPV frequency downstream of the Rocky Mountains (M) sharply transitions into a region of higher NPV frequency
farther east until reaching a maximum over the coastal Western Atlantic (NPV frequency >9%). The comparatively higher fre-
quency of NPV over the coastal West Atlantic and Eastern North America aligns with regions of strong latent heating attributed
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to mesoscale convective systems (Liu et al., 2021), and warm Gulf Stream waters that can drive vigorous diabatic weather sys-
tems (Minobe et al., 2008). This region also coincides with climatological hotspots of warm conveyor belts (Madonna et al.,
2014)

The spatial distribution and percentage frequency of NPV changes when focusing on synoptic-scale NPV features that meet
the NPV-jet interaction criteria (Fig. 3b). NPV-jet interaction features are most frequent about the mid-latitudes, with a maxi-
mum (>1.2%) located over the coastal Western Atlantic nealN4@5 W. Generally, NPV-jet interaction features are frequent
across the coastal Western Atlantic along a latitude band & 40he location of maximum NPV-jet interaction features coin-
cides with warm-conveyor belt ascent climatologies, notably 24 hours after ascent has begun (Madonna et al., 2014; Joos et al.
2023). For comparison, the NPV-jet algorithm is modi ed to only search for synoptic-scale NPV features within 100 - 300
km of the jet stream (Fig. 3c). The frequency of synoptic-scale NPV features during NPV-jet (100-300 km) interactions still
resembles the pattern in Fig. 3b, with NPV-jet interactions maximized over the West Atlantic. However, the general frequency
pattern is shifted south and the maxima frequency is located abaatih of the maxima in Fig. 3b.

To initially motivate the link between NPV-jet interaction events and jet stream dynamics, the frequency of jet streaks is
shown in Fig. 3.In this gure, jet streaks are de ned as wind speed anomalies in excess of 40 Figure. 3d shows the
frequency of jet streaks when NPV-jet interactions are not occurring. Jet streak frequency is maximized east ofithO
maximum frequency values reaching 2% at particular grid-points. Figure 3e illustrates that when NPV-jet interactions are
present, jet streaks become much more frequent over the West Atlantic, with maxima values reaching 6%. In other words, jet
streaks become 5 times more likely to occur over the Coastal West Atlantic compared to time-steps with no NPV-jet interac-
tions detected. The maximum frequency of jet streaks is located slightly polewards (apobitfle maximum frequency of
synoptic-scale NPV features (Fig. 3b). Figure 3f shows jet streak frequency by using the 100 - 300 km threshold for NPV-jet
interactions. The overall frequency of jet streaks is displaced equatorwards, with the region of maxima being displaced by
approximately 2. The overall frequency of jet streaks also slightly decreases, with maxima values reaching 4.2%. A two sided
student t-test is also performed (not shown) at the 2% signi cance level where it is found that the reduced frequency and equa-
torward displacement of jet streaks in NPV-jet (100 - 300 km) compared to NP¥-j&q km) exhibits statistical signi cance
over much of the West Atlantic. More on the implication of these results is shown in Section 3.2.

NPV-jet interaction frequencies exhibit a pronounced seasonal cycle. DJF is associated with the most frequent NPV-jet in-
teractions (Fig. 4a) with NPV-jet interaction frequencies exceeding 2.5% over the Western Atlantic. MAM NPV-jet interaction
frequency (Fig. 4b) maxima reduce to 1.25% and shift westward towards the Eastern US coastline. JJA frequency maxima
(Fig. 4c) of 0.5% are predominantly located over continental North America. SON (Fig. 4d) NPV-jet interaction frequency
maxima exceeding 1.5% are predominantly located over the Western Atlantic. The spatial location of the JJA frequency pat-
tern suggests that JJA NPV is predominantly induced by continental convection. In contrast, the location of wintertime NPV

features over the West Atlantic is consistent with the aforementioned warm conveyor belt climatology. It is also noted that the
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