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1. NURTURE Overview  

The North American Upstream Feature-Resolving and Tropopause Uncertainty Reconnaissance 

Experiment (NURTURE) is a conceptualized field campaign designed to advance knowledge of the 

processes that lead to extreme high-impact weather (HIW) events during the winter, such as severe cold air 

outbreaks, windstorms and hazardous seas, sea ice breakup, and extreme precipitation. It will be the first 

NASA airborne experiment utilizing the NASA Boeing 777 aircraft and will nominally be based in Gander, 

Newfoundland and Labrador, Canada.  The experiment is planned to take place during January and 

February  2026.  The scientific pursuits of NURTURE aim to measure: 

 

(1) The dynamical and physical processes that control upstream perturbations to the jet stream, such as 

tropopause polar vortices, dry air intrusions, turbulence, and their interactions with the jet stream, 

(2) Upper tropospheric and lower stratospheric influences on tropopause structure and jet stream dynamics, 

and 

(3) The boundary-layer processes that facilitate communication between the troposphere and surface and 

that precondition the environment for HIW events. 

 

The overarching goal of NURTURE is to quantify the impact that perturbations poleward of the jet stream 

have on jet stream variability and HIW events.  This goal will be accomplished by addressing the following 

science questions: 

 

● Science Focus 1: Tropopause Structure and Dynamics.  

o Science Question 1.1: What are the diabatic and kinematic processes governing the 

development and maintenance of Tropopause Polar Vortices (TPVs)?  

o Science Question 1.2: How does jet stream amplification occur in the presence of TPVs, 

and what are the implications for downstream HIW? 

● Science Focus 2: Diabatic Processes.  

o Science Question 2.1: How does moisture impact the diabatic processes important for 

determining the three-dimensional structure in the upper troposphere and lower 

stratosphere (UTLS) in the vicinity of TPVs and the polar jet stream?  

● Science Focus 3: Upper Troposphere and Lower Stratosphere / Boundary Layer Interactions.  

o Science Question 3.1: How do processes related to TPVs generate cold continental 

airmasses and that lead to cold air outbreaks?  

o Science Question 3.2: How do cold continental air masses evolve over maritime regions 

and feed back to UTLS structure? 

 

Answering the above science questions will address how processes that start at sub- mesoscales translate 

to synoptic and large scales, resulting in HIW events that impact regions often far from the origin of 

disturbances responsible for these events.  The study of multi-scale processes and lifecycles of important 

atmospheric features requires  the NASA 777’s long-range and substantial payload capacity, making it 

an ideal aircraft for meeting the objectives of NURTURE. The measurement strategy of NURTURE 

focuses on long-range, system-following aircraft missions that probe the upper-troposphere and lower-

stratosphere (UTLS) region to quantify its structure through kinematic, thermodynamic and constituent 

measurements, as well as the deep tropospheric measurements over maritime regions to assess evolution of 

the boundary-layer and free troposphere in response to cold air extrusions. NURTURE emphasizes the life 

cycles of mesoscale and synoptic-scale disturbances of Arctic origin, and how their juxtaposition with mid-

latitude features creates high-impact weather. It also targets measurements that are needed to reduce 

systematic process errors in numerical models within the UTLS and maritime tropospheric regions in the 

vicinity of features responsible for HIW. 
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Some of the important features and processes of interest in NURTURE are highlighted in Figure 2.  TPVs 

are one of the mesoscale features important for forming surface cyclones.  In the Arctic, these surface 

cyclones are referred to as Arctic Cyclones, and can sometimes become the largest and longest-lived surface 

cyclones on the planet. Locally, the strong winds from Arctic Cyclones can result in devastating and long-

lasting impacts in the Arctic, such as severe coastal erosion and the very rapid breakup of sea ice. TPVs, 

which are precursors to Arctic Cyclones, tend to form mostly in the Canadian Archipelago region of North 

America.  Once TPVs form, they can intensify for long periods and are characterized by the formation of a 

cold air mass directly beneath them and a dry air intrusion in the upper-troposphere.  Occasionally, TPVs 

can be influenced by larger-scale flow patterns and move equatorward, where the cold-air masses and dry-

air intrusions accompany them.  Observations indicate that TPVs can merge with the jet stream, creating a 

local region of high wind speeds that produces favorable conditions for downstream HIW events via the 

formation of extreme extratropical surface cyclones.   While it is often observed that a TPV can merge into 

the jet stream, there are also times that this does not occur.  The exact physical and dynamical processes 

that determine whether this merging will occur are not currently known. Moreover, the progression of TPVs 

to maritime regions often results in markedly increased surface fluxes of heat and moisture. The rapid 

adjustment of the troposphere in response may have large consequences for the dynamic tropopause, which 

can reside at or below 600 hPa in some cases, but the linkage between boundary layer processes and the 

lowered tropopause is relatively unexplored, as are its downstream consequences. 

 

 
Figure 2: Conceptual schematic of an idealized TPV life cycle and impacts in the Northern Hemisphere. 

TPVs commonly form in northeastern Canada and can contribute to Arctic cyclone intensification, which 

can result in a decrease in sea ice extent. TPVs can then enter the midlatitudes, leading to various impacts, 

including cold air outbreaks, rapid cyclogenesis, jet streak amplification, and downstream Rossby wave 
initiation. 
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2. Introduction 

1.1. High Impact Weather (HIW) 

High-impact weather (HIW) events are responsible for an increasing trend in the frequency of billions-

dollar disasters (USD) during the last 40 years. In particular, an average of 8.1 billion-dollar events per year 

impacted the U.S. during 1980–2022 after adjusting for inflation, with that number rising to an average of 

18.0 events when considering the most recent 5-year period, 2018–2022 (NCEI 2023). Cold season HIW 

events are often tied to surface cyclones and anticyclones (e.g., Röthlisberger et al. 2016). In particular, 

widespread wind and precipitation extremes develop near surface cyclones and their attendant frontal 

boundaries (e.g., Bosart et al. 1996; Ralph et al. 2006; Dacre et al. 2015; Moore et al. 2015, 2019, 2020; 

Pohorsky et al. 2019; Bentley et al. 2019), whereas temperature extremes are induced via the transport of 

anomalous temperatures induced by the circulations accompanying surface cyclones and anticyclones (e.g., 

Colle and Mass 1995; Westby et al. 2013; Westby and Black 2015; Grotjahn and Zhang 2017; Xie et al. 

2017; Winters et al. 2019; Biernat et al. 2021). Surface cyclogenesis and anticyclogenesis are strongly 

coupled to the state and evolution of the upper-tropospheric jet stream (e.g., Chang et al. 2002; Lehmann 

and Coumou 2015; Bosart et al. 2017; Röthlisberger et al. 2016; Winters and Attard 2022). Namely, along-

jet variations in flow speed and curvature induce ageostrophic circulations within the near-jet environment 

that support cyclogenesis and anticyclogenesis along baroclinic zones beneath the jet (e.g., Namias and 

Clapp 1949; Palmén and Newton 1969; Keyser and Shapiro 1986; Uccellini et al. 1984; Sanders and 

Hoskins 1990). Consequently, observing the multiscale processes that govern the evolution and 

intensity of upper-tropospheric jet streaks is essential for understanding the development of cold 

season HIW events. 

1.2. Ingredients to HIW 

1.2.1: Upper-Tropospheric and Lower Stratospheric Processes 

The upper troposphere and lower stratospheric (UTLS) region plays an important role in the 

evolution of weather and climate. The UTLS region contains the tropopause boundary between the 

relatively moist and less statically stable troposphere and the relatively dry, ozone rich, statically stable 

lower stratosphere. In the UTLS region, the jet streams associated with HIW events are characterized by 

strong gradients of potential vorticity (PV) along isentropic surfaces intersecting the tropopause. These PV 

gradients act as a waveguide for propagating Rossby waves (Hoskins and Ambrizzi 1993; Schwierz et al. 

2004; Martius et al. 2010) that can spawn HIW events thousands of kilometers downstream through the 

propagation of disturbance energy in the form of Rossby wave packets (Wirth et al. 2018). Rossby waves 

can propagate within the UTLS region where they are subject to the dispersive nature of waves, meaning 

they can be transmitted, absorbed, reflected, or refracted in three dimensions, contingent with their 

wavenumber and the profiles of temperature and wind near the tropopause. The tropopause structure is an 

important aspect of jet streams and storm track location and strength, and it is well correlated to Rossby 

wave amplitude and dispersion. Boljka and Birner (2022) show that the extratropical tropopause inversion 

layer, on the poleward side of the jet, is well correlated to tropopause sharpness. A sharper tropopause 
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structure promotes an intensified general circulation and an equatorward shifted jet on longer timescales 

and on shorter timescales, it can impact the evolution of individual wave features on the waveguide. 

 

While the timescale of variability in the troposphere is on the order of days, variability in the stratosphere 

generally occurs on subseasonal-to-seasonal (S2S) timescales of weeks, making the UTLS region an 

important region to resolve for successful extended range predictions. In the wintertime, stratospheric 

variability in the Northern Hemisphere polar vortex can be communicated down through the UTLS region 

and is known to have S2S timescale impacts on the midlatitude storm tracks (e.g., Gray et al. 2018; Attard 

and Lang 2019), weather regimes (e.g., Domeisen et al. 2020; Charlton-Perez et al. 2018), and extratropical 

temperature extremes (e.g., Tripathi et al. 2015; Butler et al. 2019; Matthias and Kretchmer 2020). After 

both strong and weak stratospheric vortex events, temperature and momentum anomalies persist in the 

lower stratosphere for up to 60 days where they impact the PV structure within the UTLS region and 

influence the evolution of extratropical weather systems and storm tracks. Likewise, the impacts of 

tropospheric processes can change the tropopause structure from below. Diabatic processes, like those in 

cyclones, warm conveyor belts, and atmospheric rivers, as well as radiative processes from cloud ice and 

liquid water, and water vapor are important in restructuring or reconfiguration of the tropopause-level PV 

(e.g., Harvey et al. 2020, Cavallo and Hakim 2013).   

 

Moisture biases in the lower stratosphere can lead to biases in the tropopause sharpness and structure, 

including positive biases in tropopause height, a cold bias in the lower stratosphere and a warm bias in the 

upper troposphere (e.g., Bland et al. 2021). These systematic biases act to weaken the representation of 

TPVs and the waveguide in the extratropics (Fig. 3). The observations of the extratropical wintertime UTLS 

region will serve several roles that can lead to a reduction in systematic model biases. First, observations 

of wind and temperature in the high-latitude UTLS region, in locations away from the midlatitude jet 

stream, will serve to assess the horizontal and vertical gradients that contribute to the Arctic tropopause 

sharpness and structure on the poleward side of the jet for a given stratospheric vortex state. In addition, 

the observation of water vapor, ozone, and cloud ice and water content will inform the assessment of the 

in-situ maintenance of high-latitude tropopause sharpness from thermodynamic processes. Near the 

midlatitude jet stream, observation of these same variables on the polar and midlatitude side of the jet stream 

will serve to reduce the biases in tropopause vertical and horizontal structure in the development of jet 

streaks and during waveguide amplification. More specifically. These observations will follow the 

evolution and contribution of the high-latitude UTLS structures in the development of UTLS precursors to 

high impact weather. 

1.2.2. Tropopause Polar Vortices 

Tropopause polar vortices (TPVs) are coherent sub-synoptic scale vortices of the UTLS region that are 

characterized by cold air masses underneath them near the surface.  TPVs mainly possess radii of several 

hundred to one thousand kilometers and can persist at timescales of months (Hakim 2000; Hakim and 

Canavan 2005; Cavallo and Hakim 2009, 2012; Bray and Cavallo 2022; Gordon et al. 2023). Emerging 

research suggests that cool-season TPV intensity and location vary on S2S timescales with the state of the 

stratosphere (Figure 3) however, most current knowledge of TPVs is restricted to when TPVs are isolated 

from the jet stream. Recently, TPV studies have shown that while they generally form and intensify in polar 

regions, they are associated with lower-latitude extreme cold air outbreaks (Papritz et al. 2019; Biernat et 

al. 2021; Lillo et al. 2021) and tornado outbreaks in the continental United States (Bray et al. 2021). Even 
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before TPVs exit polar regions, TPVs have been noted to play important roles in the development and 

evolution of Arctic Cyclones  (Yamagami et al. 2017; Bland et al. 2021), and very rapid reductions in Arctic 

sea ice have been noted to occur in association with Arctic cyclones (Simmonds and Rudeva 2012; Zhang 

et al. 2013; Blanchard-Wrigglesworth et al. 2022). The loss of Arctic sea ice increases the potential for 

shipping in the Arctic due to increased accessibility and shorter shipping routes (Mudryk et al. 2021; Li and 

Lynch 2023) and has also led to severe coastal erosion issues that pose the possibility of relocating coastal 

communities (Barnhart et al. 2016; Fang et al. 2018). 

  

Diabatic heating due to longwave (LW) radiative clear-sky cooling is the primary process responsible for 

strengthening TPVs (Cavallo and Hakim 2013). The direct effects of latent heating play a destructive role 

in TPV intensification. In polar regions, where TPVs and cold air masses originate, latent heating rates are 

relatively low compared to the rest of the globe due to the low saturation moisture content at cooler 

temperatures. While latent heating effects can have a significant impact on TPV intensity, the effects of 

latent heating in polar regions are much smaller than the effects of LW radiative cooling that strengthen 

TPVs, in contrast to midlatitude or tropical regions where latent heating effects are generally stronger than 

radiative cooling effects. 

  

Cavallo and Hakim (2013) found that most of the TPV intensification occurs in clear-sky conditions due to 

a locally enhanced vertical water vapor gradient in the vortex core. This gradient is locally stronger in the 

TPV core beneath the tropopause due to the downward intrusion of dry stratospheric air characterized by 

the lower tropopause inside the vortex core relative to the surrounding environment. Occasionally, if clouds 

are present in the upper troposphere, cloud-top radiative cooling further enhances TPV intensification.  The 

additional intensification from clouds also strongly depends on the phase of the clouds, where mixed-phase 

or liquid-phase clouds can increase radiative cooling rates by an order-of-magnitude above cloud tops and 

more rapidly intensify a TPV (Turner et al. 2018; Borg et al. 2020). 

  

TPVs are often noted as a precursor to surface cyclones in the midlatitudes (Uccellini et al. 1985; Sanders 

1986; Bosart et al. 1996). The conditions that provide a favorable environment for generating surface 

cyclones and their associated extreme weather are dynamically related to jet streaks.  Hakim (2000) showed 

that the intensity of tropopause-based potential vorticity (PV) anomalies is directly related to jet streak 

velocity.  Pyle et al. (2004) validated this relationship, providing multiple examples of jet streak 

intensification in the presence of tropopause-based PV anomalies confined to periods of close proximity 

between the jet streak and PV anomaly.  

 

Climatologically, the strongest jet streaks over the North Atlantic (i.e., those that exceed 100 m s–1) occur 

during December–February, reside downstream of local maxima in TPV frequency over northeastern 

Canada, and are frequently characterized by polar-subtropical jet superpositions (Fig. 10; Christenson et al. 

2017; Winters 2021). Conceptually, these strong jet streaks develop when polar-based cyclonic PV 

anomalies, such as a TPV, and tropical-based anticyclonic PV anomalies become meridionally juxtaposed 

at midlatitudes. This juxtaposition leads to a sharpening of the potential temperature gradient along the 

tropopause and an acceleration of jet wind speeds (Fig. 2). Tropical-based anticyclonic PV anomalies arise 

due to the poleward transport of low-PV, upper-tropospheric air towards midlatitudes, as well as via 

midtropospheric diabatic heating in the vicinity of strong tropical and extratropical cyclones (e.g., 

Iskenderian 1995; Morgan and Nielsen-Gammon 1998; Ahmadi-Givi et al. 2004; Grams et al. 2011; 
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Fröhlich et al. 2013; Archambault et al. 2013, 2015; Winters and Martin 2016). The interaction between 

polar-based cyclonic PV anomalies with tropical-based anticyclonic PV anomalies indicates a dynamical 

and thermodynamic environment conducive to high-impact weather. 

 

 

 
Figure 3: The TPV frequency difference between periods of strong stratospheric vortex conditions and 

weak stratospheric vortex conditions, where strong (>90%) and weak (< 10%) vortex conditions are 
calculated as the 7-day running mean of the 60˚N zonal-mean zonal wind at 10 hPa during the winter 

(DJF) 1979/80-2017/18 period in the ERA-Interim reanalysis. 

1.2.3. Jet Superpositions 

As discussed above, the formation of an anomalously strong jet streak can result from a polar-subtropical 

jet superposition . (e.g., Winters and Martin 2014, 2016, 2017; Handlos and Martin 2016, 2021; Christenson 

et al. 2017; Winters et al. 2020 a,b). The leading characteristics of a jet superposition include anomalously 

strong wind speeds that may exceed 100 m s–1, a steep, single-step pole-to-equator tropopause structure, 

and the consolidation of the pole-to-equator baroclinicity into a narrow zone of contrast in the vicinity of 

the jet. The development of enhanced baroclinicity during a jet superposition is accompanied by a vigorous 

across-jet ageostrophic circulation that lies within a vertical plane perpendicular to the jet. This ageostrophic 



9 
 

circulation provides a mechanism through which jet superpositions can directly influence HIW events. For 

example, surface cyclones that develop in association with North American jet superpositions are 

significantly stronger relative to the average cold-season cyclone, 64% of jet superpositions feature 

widespread extreme precipitation within the near-jet environment, and 68% of jet superpositions are 

accompanied by widespread extreme near-surface winds (Reiher and Winters 2024).  

 

Model representations of jet superposition dynamics are reliant on accurate depictions of the physical 

features and processes that facilitate a superposed jet, such as TPV mergers with the poleward flank of the 

jet, as well as latent heating and divergent outflow on the equatorward flank of the jet. With respect to the 

former, the superposed jet structure is dependent on an accurate representation of polar-based cyclonic PV 

anomalies poleward of the jet, such as TPVs. Such features can be misrepresented in models due to 

aforementioned errors in lower-stratospheric radiative cooling (Qu et al. 2020; Woiwode et al. 2020; Bland 

et al. 2021) that subsequently influence the tropopause slope. Gray et al. (2014) also note that forecast 

models have a tendency to relax the magnitude of the horizontal PV gradient near the tropopause. In the 

context of jet superpositions, which feature extremely sharp horizontal PV gradients, this tendency can 

impact the forecasted jet intensity, the downstream propagation of Rossby waves, and the resultant 

capability for the jet to induce downstream sensible weather impacts. Improved observations of tropopause-

based disturbances and dynamical processes that modulate the tropopause structure as part of NURTURE 

are essential for improved understanding of the formation of jet superpositions, their evolution, and their 

capability to induce high-impact weather. 

1.2.4. Cold Air Outbreaks 

Extreme cold air outbreaks (CAOs) are frequently known to cause significant economic losses and 

disruptions to travel and often lead to fatalities (Huang et al. 2021).  For instance, the severe CAO in the 

southern Great Plains of the United States in February 2021 caused over 262 deaths, with millions of 

power outages, and over $26.5B in economic damage (NOAA 2021).  This single event caused damages 

totaling more than the combined average annual cost and number of fatalities from tropical cyclones and 

severe thunderstorms in the United States. It is, therefore, of great importance to learn more about the 

processes that cause CAOs so that predictions can be made in both the short- and long-term to aid in 

decision-making and climate adaptation. 

  

The formation and air mass modification of cold air masses over continental polar regions remains an 

outstanding question. Current knowledge dates to numerous studies showing the significance of how cold 

air masses deepen through microphysical-radiative processes occurring over relatively cold surfaces often 

covered by snow or ice (e.g., Wexler 1936; Byers et al. 1951; Curry 1983; Curry 1987).  More recently, 

studies have been linking these cold air masses to cyclonic tropopause polar vortices (TPVs), which are 

often associated with extreme cold air outbreaks when a TPV moves south from the Arctic into the 

midlatitudes (Papritz et al. 2019; Biernat et al. 2021; Lillo et al. 2021; Xi et al. 2023).  The physical linkage 

between lower levels to the tropopause is illustrated in studies such as Hoskins et al. (1985) and Thorpe 

(1986), showing that a cyclonic circulation at the tropopause level balances a cold anticyclone at the surface.  

Figure 4 shows how a cold air mass at the surface can be linked to a TPV.  When TPVs strengthen, they 

are typically located in high latitudes and isolated from the jet stream (Figure 4a).  TPVs are characterized 

by a cyclonic PV anomaly near the tropopause, which is accompanied by a cold air anomaly directly 

underneath the TPV.  As the TPV strengthens, the cyclonic PV anomaly strengthens, therefore 
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strengthening the magnitude of the cold air mass at the surface (i.e., the cold pool).  The larger-scale 

atmospheric flow can interact with the smaller-scale TPV and advect the TPV and cold pool equatorward 

(Figure 4b).  As the cold pool moves equatorward, the cold anomaly strengthens substantially due to the 

fact that the further removed the cold air mass is from its origin in high latitudes, the less frequent such cold 

air masses are likely to be experienced at any given location in lower latitudes.  Additionally, cold domes 

can be advected far away from the TPV, for instance, when there is a larger-scale blocked flow pattern, or 

significant topography to enhance the equatorward advection of the cold dome.   

  

Recent systematic studies examined TPV-CAO linkages in northern Europe (Papritz et al. 2019) and North 

America (Biernat et al. 2021).  For CAOs originating in the Fram Strait, Papritz (2019) found that 29% of 

the top 100 CAOs are associated with a TPV, which increases to 40% of the top 40 CAOs. This compares 

to a 14.5% probability of a TPV within the same region for any randomly chosen day, implying a statistical 

linkage between CAOs and TPVs. Over North America, (Biernat et al. 2021) found a spatial correlation 

between the density of TPV and cold pools transported into the midlatitudes.  Roughly 32-35% of CAOs 

are linked to cold pools associated with TPVs over the northern United States, decreasing to 4-12% over 

the southern United States. Along with (Lillo et al. 2021), these three studies indicate that while a statistical 

linkage exists between TPVs and CAOs, their characteristics differ by geographic region. 

 

 
Figure 4: Idealized cross section schematic through (a) an isolated TPV in high latitudes, and (b) a TPV 

interacting with a midlatitude jet streak and associated with a cold air outbreak. 
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1.2.5.  Diabatic Heating  

Diabatic heating associated with cyclones on the warm side of the jet can have a substantial impact on both 

the amplitude and the structure of the jet.  This can come in the form of Rossby waves that can propagate 

along steep gradients in the tropopause, for which the jet stream is an example.  Perturbations to the 

waveguide related to cyclones have been shown to act as a Rossby-wave generator, mainly through the 

divergence in the upper-tropospheric wind in a region adjacent to the sloping tropopause.  Strong upper-

level divergence is largely associated with latent heat release due to condensation (e.g., Davis et al. 1993; 

Riemer et al. 2008; Riemer and Jones 2010, 2014; Quinting and Jones 2016), which is often linked to the 

diabatic processes within the warm conveyor belt (WCB; Green et al. 1966; Browning 1971; Harrold 1973; 

Carlson 1980) of extratropical cyclones.  As a result, several studies have hypothesized that Rossby wave 

forecasts are modulated by upstream diabatic processes associated with the transport of relatively warm 

and moist air poleward and upward within the WCB (e.g., Grams et al. 2011; Teubler and Riemer 2016; 

Baumgart et al. 2018; Berman and Torn 2019). 

 

Poor downstream forecasts have been traced to the representation of processes associated with latent heat 

release and hence downstream forecast variability (e.g., Grams et al. 2018; Martínez-Alvarado et al. 2016).  

These errors could be related to errors in microphysical processes (e.g., Joos and Wernli 2012), and lower-

tropospheric moisture supply (Schafler and Harnisch 2015; Berman and Torn 2019; Berman and Torn 

2022).  One way to quantify the role of WCBs on Rossby wave and jet stream forecasts is the PV tendency 

partitioning technique such as was employed by Teubler and Riemer (2016).  For instance, Baumgart et al. 

(2018) applied the PV tendency technique to an ECMWF forecast of a PV ridge, which indicated that 

tropopause-based PV anomalies had a larger contribution to PV error growth than that of upper-

tropospheric divergent outflow related to an upstream WCB.  These results describe an upstream growth 

paradigm whereby unbalanced errors in latent heating grow upscale, perturb the jet and waveguide and 

yield synoptic and planetary-scale errors as the differences act upon synoptic features and cause 

downstream differences (e.g., Zheng et al. 2007; Rodwell et al. 2013; Baumgart et al. 2019). For example, 

the aforementioned diabatic processes frequently contribute to jet superposition development (e.g., Winters 

et al. 2016; Winters et al. 2020a). Therefore, errors in the representation of these processes can influence 

the resultant superposed jet structure and its ability to induce HIW. 

3. Science Focus Areas 

 

The previous section highlights the multiscale processes that can influence the jet stream and its relationship 

to HIW. These processes telescope down from S2S variations in the lower-stratospheric polar vortex, to the 

dynamics of synoptic-scale waves, surface cyclones, and TPVs, to mesoscale circulations within the near-

jet environment, and to sensible heat and moisture fluxes within the boundary layer. Improved 

understanding of these multiscale processes, their interaction, and their influence on HIW, require detailed 

observations that illuminate the underlying dynamics at play as well as biases in their representation within 

numerical weather prediction models and long-term gridded datasets. In line with this requirement, the 

primary objective of NURTURE is to quantify the influence of perturbations poleward of the jet on 

jet stream variability and the development of HIW. Under this objective, three science focus areas for 

NURTURE are identified: (1) tropopause structure and dynamics, (2) diabatic processes, and (3) 
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UTLS/boundary layer interactions. Key science questions and hypotheses that fall under these focus areas 

are summarized in Figure 5. 

3.1. Science Focus 1: Tropopause Structure and Dynamics 

 

The equatorward transport of TPVs is a frequent precursor to the development of anomalously-strong jet 

streaks and HIW (Pyle et al. 2004; Winters 2021). Consequently, the scientific aims of NURTURE are 

to observe the evolution of TPVs prior to their merger with the jet, as well as their resultant influence 

on jet structure and dynamics. NURTURE intensive observation periods (IOPs) will specifically target 

UTLS large-scale flow conditions that favor the transport of TPVs into close proximity to the midlatitude 

jet (H1.1), and document how flow deformation induces asymmetries in the structure of TPVs throughout 

their lifecycle (H1.3). These asymmetries are expected to impact mesoscale jet dynamics and the 

development of downstream HIW once TPVs merge with the jet (H1.2). Observational analyses will be 

focused on tracking the evolution of TPVs and their characteristics in the high latitudes prior to merging 

with the midlatitude jet, and on monitoring attendant changes in jet structure and dynamics when a TPV 

enters the midlatitudes. These observations are expected to increase knowledge of the high-latitude 

tropopause and TPV dynamics and characteristics, how TPVs accelerate jet wind speeds, and how 

mesoscale jet dynamics respond to the merger of a TPV. 

3.2. Science Focus 2: Diabatic Processes 

 

Diabatic processes include radiation and its dependence on cloud and water vapor variations, surface fluxes 

of heat and moisture (discussed below), and condensational heating through a range of vertical depths that 

helps connect the boundary layer and UTLS within regions of mesoscale ascent punctuated by shallow and 

deep moist convection. A key uncertainty that accompanies TPVs, their evolution, and their interaction 

with the jet is related to UTLS moisture biases (e.g., Bland et al. 2021). Such moisture biases are 

hypothesized to have a substantial effect on radiative processes near the tropopause, which affect the 

intensity of TPVs and the dynamic tropopause structure (Fig. 3). Accordingly, NURTURE aims to observe 

the concentration of water vapor near TPVs and within the near-jet environment, investigate the 

source of water vapor in the UTLS, and examine the impact of water vapor on radiative processes 

near the tropopause. In particular, analyses will focus on tracking the concentration of water vapor in the 

UTLS near TPVs and within the near-jet environment, and comparing those concentrations against output 

from reanalysis datasets and numerical weather prediction models. It is hypothesized that moisture biases 

within the UTLS lead to errors in longwave radiative processes, which locally modulate the distribution of 

potential vorticity and the dynamic tropopause structure (H2.1). Considered together, collective errors in 

boundary layer heat and moisture fluxes (see Sec. 3.3) and longwave radiative cooling in the troposphere 

are hypothesized to lead to inaccurate representations of the deep-tropospheric ascent regions. Divergence 

above such regions exerts a strong influence on the mesoscale jet structure. Furthermore, the character of 

secondary ageostrophic circulations facilitates surface cyclogenesis within the near-jet environment (H2.2).  

Systematic UTLS water vapor errors in numerical models are hypothesized to result from inaccurate 

representations of the cycling of water from boundary layer moisture fluxes, ascent through the troposphere, 

and eventual detrainment, plus the effect of radiative cooling on weak vertical circulations. The sources of 
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these systematic errors can be quantified using short-term forecast tendencies and analysis increments in 

an ensemble data assimilation framework (e.g., Klinker and Sardeshmukh 1992; Rodwell and Palmer 2007; 

Cavallo et al. 2016; Wong et al. 2020). 

3.3. Science Focus 3: UTLS/Boundary Layer Interactions 

 

TPVs are frequently accompanied by lower-tropospheric cold pools that induce CAOs across North 

America (Biernat et al. 2021; Lillo et al. 2021). The evolution of these cold pools as they migrate towards 

midlatitudes are subject to a spectrum of dynamical and thermodynamic processes, which introduce 

challenges in forecasting their characteristics. NURTURE is designed to observe processes that generate 

and modify cold pools beneath TPVs as they translate from polar continental locations toward 

maritime areas. Once these cold pools arrive over maritime regions, they are modified substantially via 

sensible and latent heat fluxes. These modified air masses subsequently interact with synoptic-scale flow 

features, such as atmospheric rivers, that can accompany surface cyclones developing within the near-jet 

environment. Observations over land will focus on tracking the development and evolution of cold pools 

that develop beneath TPVs. It is hypothesized that longwave radiational cooling near the UTLS over polar 

continental areas lowers the tropopause height and strengthens these lower-tropospheric cold pools (H3.1). 

Once cold pools move over maritime locations, their characteristics strongly depend on their path, 

translation speed, and the intensity of sensible and latent heat fluxes from the underlying surface (H3.2). In 

extreme situations,  tropopause heights inside a mature TPV descend to near the top of the boundary layer.  

When a TPV moves over relatively warm open water, sensible heating, moist convection and latent heating 

are often initiated ahead of, and beneath, the TPV due to the decreasing atmospheric stability and 

simultaneous increase of lower-tropospheric water vapor.   Conversely, the transport of relatively dry air 

from the UTLS to the boundary layer is also hypothesized to be sensitive to the representation of the dry 

air intrusion in the subsiding air inside, and beneath, the core of the TPV. NURTURE observations 

emphasize an improved representation of the thermodynamic environment accompanying lower-

tropospheric cold pools, as well as their interaction with other flow features within the near-jet environment 

during HIW events (H3.3), connected by diabatic heating in the form of surface heat and moisture fluxes, 

condensational heating through the troposphere, and radiation. The linkage between the boundary layer and 

the UTLS is hypothesized to depend on the degree of moist static stability above the boundary layer; 

conditions of moist neutrality or instability being more favorable for a strong connection. 
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Figure 5: NURTURE science objectives. 
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4. Observations and Numerical Models 

4.1. UTLS moisture and radiative uncertainties  

Accurately representing mesoscale features in the UTLS poleward of the jet stream can be extremely 

challenging, given the relatively sparse in-situ upstream Arctic observations and limited amounts of 

moisture. This is compounded by the fact that the observations that do exist have inherent uncertainties and 

biases, which are especially pronounced at colder temperatures (Miloshevich et al. 2006; Ingleby 2017).  

For at least the past two decades, it has been well-established that atmospheric model analyses, re-analyses 

and forecasts are too moist in comparison to observations in the UTLS (Pope et al. 2001; Oikonomou and 

O’Neill 2006; Feist et al. 2007; Kunz et al. 2014; Dyroff et al. 2015; Woiwode et al. 2020) including the 

Global Forecasting System (Van Thien et al. 2010), Met Office Unified Model (Hardiman et al. 2015; Oh 

et al. 2018), and European Center for Medium Range Forecasting Integrated Forecasting System (Shepherd 

et al. 2018; Bland et al. 2021). 

  

The effects of this moisture bias are illustrated in Figure 6a (Bland et al. 2021).  A moisture bias in the 

UTLS centered around the tropopause would result in an erroneously large (small) decrease (increase) in 

water vapor with height above (below) the tropopause.  Water vapor is an efficient emitter of longwave 

radiation; the result is too much cooling in the lower stratosphere. A steeper decrease in water vapor with 

height means less net absorption in this region.  Likewise, the less steep decrease in water vapor with height 

in the upper troposphere would result in too much longwave absorption, erroneously heating the upper 

troposphere.  Together, this results in the temperature dipole structure shown in Figure 6b, with a cool 

temperature bias in the lower stratosphere and a warm temperature bias in the upper troposphere. 

  

TPVs are characterized by a warm temperature anomaly in the lower stratosphere and a cold temperature 

anomaly in the upper troposphere (Figure 6b). Cavallo and Hakim 2010, 2013 showed that there is an 

anomalous decrease (increase) of water vapor with height in the upper-tropospheric (lower-stratospheric) 

portion of TPVs that results in anomalous longwave radiative cooling (heating) in those same regions in 

comparison to a TPV’s surroundings.  This normally strengthens TPVs when they are isolated from other 

factors, such as latent heating, and can explain the sometimes-long lifetimes of TPVs.  However, too much 

moisture in the UTLS would counteract this strengthening process, reducing the rate of TPV strengthening 

in numerical models.  If a simulated TPV is too weak, or if TPVs are systematically too weak in climate 

models, this could in turn impact the strength of extreme weather such as extreme cold air outbreaks, winter 

storms, and severe thunderstorms.   

 

Recent work has suggested that operational models have deficiencies representing the tropopause structure 

in the vicinity of the jet stream.  Schäfler et al. (2020) used aircraft observations taken during the NAWDEX 

experiment to assess the European Centre for Medium-Range Weather Forecasts (ECMWF) Integrated 

Forecasting System (IFS) and the UK Met Office Unified Model.  For these flights, the models had a slow-

wind bias in the troposphere (and lower stratosphere) of −0.41 m s−1 and −0.15 m s−1, respectively, while 

the median vertical shear at and above the tropopause is underestimated by a factor of 1.5 to 5.  Similarly, 

Lavers et al. (2023) used dropsonde wind and temperature observations collected during the Atmospheric 

River Reconnaissance (AR Recon) campaign to assess the North Pacific jet stream structure in forecast 
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models.  The results show that the ECMWF IFS has a slow-wind bias of up to −1.88 m s−1 on forecast day 

4 and cannot resolve the sharp potential vorticity (PV) gradient across the jet stream and tropopause, which 

becomes worse with time.  Consequently, the reduced sharpness of the gradients near the jet would make 

it difficult for the model to accurately represent tropopause-based waves and downstream forecasts. 

4.2. Mesoscale Processes and Dynamics Sampling Strategy  

 

The scientific pursuits of NURTURE aim to systematically sample the mesoscale characteristics of features 

in regions poleward of the jet stream where conventional in-situ observations are otherwise unable to 

provide.  While TPVs themselves are generally mesoscale, it is the even smaller mesoscale atmospheric 

features within a TPV that are typically unresolved by conventional observations and models, such as vortex 

asymmetries, satellite vortex signatures, low-level jets, boundary layer structure, and narrow baroclinic 

zones that create favorable conditions for the coupling of a TPV with the surface.  Similarly, turbulence 

and mesoscale details that encapsulate the coupling process between upstream features and the larger-scale 

jet stream are highly desired in jet stream mergers.  Mesoscale processes are also of great importance when 

considering the merger of TPVs with the polar jet stream. In particular, latent heating, radiative processes, 

turbulence, and ageostrophic secondary circulations within the near-jet environment all play a role in 

modifying the dynamic tropopause structure during periods in which a TPV merges with the jet. A sampling 

strategy that bisects the jet in a “lawn mower” pattern along its axis using remote sensors and drop sondes 

during periods with a TPV merger will illuminate the character and intensity of the aforementioned 

processes, as well as their degree of spatial heterogeneity. Such characteristics are generally not captured 

at adequate temporal resolutions (< 3-6 hours) by global forecast datasets and most reanalysis and climate 

model datasets.  For diabatic heating near the jet, the important aspect to measure is how the nearby upper-

tropospheric divergent wind is impinging on the jet; therefore, the sampling strategy would involve flying 

in a circle around the main region of diabatic heating and parallel to the jet, sampling the wind and 

temperature field using remport sensors and drop sondes. 

 

Observing the lower-tropospheric boundary layer characteristics and processes is an important component 

of the NURTURE program. Remote sensors and dropsondes will provide the capability to link the upper-

tropospheric and lower-stratospheric mesoscale features and circulations such as jet streams and TPVs with 

lower tropospheric phenomena, such as low-level jets, and boundary layer circulations.  The lower 

tropospheric and boundary layer observing strategy will consist of transects from flight level in the upper- 

to middle-troposphere, beneath features of interest such as jet streams and TPVs, to characterize the 

moisture and heat transport via low-level jets, and boundary layer recovery processes in regions of cold-air 

outbreaks resulting in strong sensible and latent heat fluxes over continental and oceanic.  The flight 

transects can be oriented along low-level jet features and normal to the low-level jet axis.  In the cold-air 

outbreak regions, flight legs oriented along the low-level flow will be utilized to characterize the lower 

troposphere and boundary layer transport and circulations. 
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Figure 6: (a) Schematic illustration of the effect of the lowermost stratospheric moist bias on an idealized 
vertical profile of potential temperature, where the black line is an idealized reference profile. The blue 

line represents the profile following the effects of the anomalous radiative heating dipole resulting from a 

moist bias. The horizontal dotted lines indicate the tropopause altitudes for the respective profiles (from 
Figure 10 of Bland et al. 2021). (b) Cross-vortex section of potential temperature through an idealized 

cyclonic tropopause polar vortex (from Figure 2b of Cavallo and Hakim 2013).  Colors show anomalies, 
while contours show the mean field. The thick black contour denotes the dynamic tropopause, represented 

by the 2-PVU surface.  The color interval is 1 K, and the contour interval is 20 K. 
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4.3 Modeling needs 

UTLS uncertainties can result in detrimental impacts in both weather and climate models.  As discussed in 

Section 2.1, numerical weather models have systematic biases in UTLS water vapor and in the 

representation of the tropopause in the vicinity of jet streams.  During the formation and/or evolution of 

HIW events, numerical weather models can still feature drastic reductions in forecast skill.  This is 

illustrated here in the case of extratropical storm Ciara, which occurred in February 2020.  This case will 

be discussed in further detail in Section 4.3.3, as it had significant impacts in the United States, North 

Atlantic, and Europe. A strengthening of Ciara occurred as it approached Europe in association with the 

formation of a “superjet”, or region of particularly strong jet stream winds in the North Atlantic on 7 

February 2020.  The formation of this “superjet” occurred as a result of a superposition between the polar 

and subtropical jets, as well as a TPV.  Numerical weather models struggled to forecast this superposition 

event, which is apparent in the large decrease in 5-day plus forecast skill for this event (Figure 7). 

  

In numerical climate models, temperature is particularly sensitive to water vapor in the UTLS region, and 

due to the relatively long radiative time scales in the UTLS, water vapor in this region can have a substantial 

impact on surface temperatures and global climate (e.g., Forster and Shine 2002; Solomon et al. 2010; 

Dessler et al. 2013; Wang et al. 2017).  Water vapor in the UTLS acts as a positive climate feedback, where 

increases in water vapor further increase global surface temperatures (Graversen and Wang 2009; Dessler 

et al. 2013; Nowack et al. 2023).  The vertical structure of atmospheric warming leads to negative climate 

feedback at lower latitudes and positive climate feedback at higher latitudes, depending on how much 

warming occurs in the upper-troposphere (e.g, Manabe and Wetherald 1975; Bintanja et al. 2012; Pithan 

and Mauritsen 2014).  Furthermore, gradients in radiatively important greenhouse gasses such as ozone and 

water vapor are very high across the tropopause, and their representation in models depends on an accurate 

representation of the tropopause structure (e.g., Randel et al. 2007; Gettelman et al. 2011).   While the 

sources of stratospheric water vapor are an active area of research currently, some likely sources include 

tropopause-overshooting convection and the meridional isentropic transport of air from the tropical upper 

troposphere to the extratropical lower stratosphere (Tinney and Homeyer 2023).   Therefore, additional 

observations of water vapor in the UTLS are crucial in order to understand these processes better and to 

alleviate the barriers of using numerical models for such studies. 

The predictability of high-impact weather is thought to be closely related to the characteristics of the jet 

stream and the PV anomalies associated with the Rossby waves propagating along it. A study by Rodwell 

et al. (2013) revealed a common precursor for the worst 100 poor forecasts or busts over Europe over a 

decade period of time. Six days prior, a distinctive Rossby wave pattern emerged, featuring a pronounced 

trough over the Rockies and a downstream ridge transporting warm, moist air from the southern USA to 

the eastern region. The authors suggested that diabatic processes in mesoscale weather systems over the 

USA contribute to reduced predictability in these cases, potentially stemming from systematic 

misrepresentations of the key processes in forecast models that travel along the jet stream. Analogously in 

higher latitudes, the mesoscale PV anomalies associated with TPVs in the UTLS and related diabatic 

processes may have a strong influence over the downstream predictability of high-impact weather 

phenomena.  The longwave radiative cooling maximum that occurs just below the tropopause, associated 

with the rapid change in water vapor may act to reinforce TPVs enhancing local PV maxima (Chagnon et 

al., 2013, Cavallo and Hakim, 2012), perturbing the jet stream triggering Rossby wave packets that 
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propagate rapidly downstream. The TPVs and their associated mesoscale PV anomalies and jet streaks can 

spawn high-impact weather events through baroclinic interactions with the lower troposphere including 

boundary layer processes.  The degree to which the mesoscale characteristics of TPVs influence high-

impact weather predictability is relatively unexplored, and observations of the TPVs and their interactions 

with baroclinic and diabatic processes are needed to address the predictability characteristics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Northern Hemisphere anomaly correlation coefficients (ACCs) at forecast lead times of (a) 120 

hours and (b) 210 hours from the GFS (black), ECMWF (red), CMC (green), FNC (blue), and UKMET 
(orange) global models in February 2020.  Lower (higher) ACCs represent relatively poor (good) forecast 

skill.  Skillful forecasts contain ACC values above ~0.6.  A “superjet” formed on 7 February 2020, and the 
period surrounding this time is highlighted in the blue box. The red arrows point to the times of the lowest 

forecast skill. 
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5. Experimental Design 

5.1. Geophysical measurements needed to address the science 

questions 

 

In order to address the science questions, NURTURE will utilize the broad capabilities of the NASA 777 

aircraft. Table 1 below maps the science questions to specific geophysical variables needed to meet the 

objectives.  

 

 

Geophysical 
Variables 

Tropopause Structure and 
Dynamics 

Diabatic 
Processes 

Boundary Layer Processes 

 SQ1.1 SQ1.2 SQ2.1 SQ3.1 SQ3.2 

Temperature Profile x x  x x 

Humidity Profile x x x x x 

3-D Winds x x  x x 

Ozone (profile) x x    

Cloud top Height x x x x x 

Cloud top phase x x x x x 

Cloud top temperature x x x x x 

Cloud depth x x x x x 

Cloud/Precip profile x x x x x 

Doppler velocity in cloud 
for environmental vertical 

velocity 

x x x   

Short-wave radiation x x x   

Long-wave radiation x x x   

PBL height    x x 

Turbulence at flight 
level 

x x   x 

SST, surface winds 
over water 

   x x 

 

Table 1: Geophysical variables that need to be observed to address the science questions and hypotheses 

as listed in Figure 5.  
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5.2. Sampling Strategy 

5.2.1. Deployment location 

The NASA 777 is anticipated to have a range of  5500 – 7700 nautical miles (10186 – 14260 km), depending 

on the exact payload.  In determining the location to base operations, the following criteria are considered: 

 

·       Airports with runways and facilities that can accommodate a 777 aircraft, 

·     Locations along the Eastern North American coast so that both the HIW events and their 

upstream targets are within an optimal range, 

·       Close proximity to the jet stream to maximize the sampling where the upstream targets are 

merging into the jet stream and 

·       Ideally, locations on the poleward side of the jet since the targets focus on perturbations 

poleward of the jet stream. 

 

Given the above criteria, the base of operations will nominally be Gander, Newfoundland and Labrador, 

Canada, or a similar location.  For the purposes of this discussion below, we will reference Gander as the 

hypothetical base of operations.  Gander International Airport and Canadian Forces Base (CFB) Gander 

share an airfield that contains two active asphalt runways of length 8900 ft (2713 m) and 10200 ft (3109 

m).  The airport is equipped to accommodate aircraft such as the 777 and is a common refueling stop for 

transatlantic aircraft.  Gander is also located just poleward of the climatological January-February jet 

stream, with a range encompassing most of Canada, the continental United States, the North Atlantic, and 

the western portions of Europe (Figure 8).  With this range, we expect upstream targets to be sampled as 

far as one week before a HIW event.  Furthermore, this leaves an opportunity for downstream sampling of 

the HIW events themselves. 

 

 

 

 

 

 

 

 

5.2.2. Climatology 

TPVs are mostly generated in the Canadian Archipelago region in far northern Canada (Cavallo and Hakim 

2010).  Their generation mechanism is not yet very well understood but is likely due to the splitting away 

from existing TPVs from shear and deformation in the larger-scale atmospheric flow (Bray and Cavallo 

2022).  The probability that there will be a TPV within about 1
∘ 
latitude of a given point during the winter 

ranges from over a 40 percent chance per day in the Canadian Archipelago, to around 10-20 percent per 

Figure 8: Deployment summary for 
NURTURE.  The approximate range of the 

NASA 777 aircraft is shown with the green 
circle for a home base of Gander, 

Newfoundland and Labrador, Canada.  The 

NASA 777 will be able to sample upstream 
features 3-5+ days in advance of an event, 

and will also be within range to sample the 
resulting downstream high-impact weather 

events.  The colors show the January-

February climatological mean wind at 300 

hPa from 1991 to 2020. 
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day in southeastern Canada (Figure 9a).   Thus, coastal areas of eastern Canada can expect to see one TPV 

passing directly by roughly every 5-10 days during the winter.  While the locations of TPVs mostly stay 

limited to the Arctic during the summer, their spatial distributions exhibit strong seasonal variability.  

During the winter, TPVs tend to move out of the Arctic in two primary pathways over northern Canada and 

eastern Siberia (Figure 9b).  The longest-lived TPVs (lifetimes of greater than 2 weeks) are equally likely 

to exit the Arctic through these pathways during the winter (Bray and Cavallo 2022). In the North American 

TPV pathway, TPVs generally move equatorward from the Canadian Archipelago region and into 

southeastern Canada. During the winter, the polar jet stream is stronger and Rossby Waves exhibit more 

frequent intrusions into the Arctic; thus the larger-scale atmospheric flow more readily advects TPVs out 

of the Arctic to lower latitudes.  The frequency of jet streaks exceeding 100 m s–1 greatest at locations where 

TPVs exiting the Arctic through the North American pathway intersect the jet stream, further supporting 

the notion that TPVs play an important role in the formation of anomalously strong jet streaks (Figure 9c).  

While the climatology suggests to expect about 4-8 TPVs in coastal Canada to 14 in northern Canada during 

the 6-week campaign period, an aircraft campaign could feasibly obtain enough data to meet the mission 

objectives from two TPVs and one superposition event.   

 

 

 

 

 

 

 

 

 

Figure 9: (a) Daily probability of a TPV at any given location during the winter months of December, 

January, and February (DJF).  (b) The difference in the daily probability of a TPV in the winter months 

(DJF) minus the summer months (June, July, and August; JJA).  Blue contours show the number of jet 

streaks >= 70 m s-1 during DJF.  Data are from 1979-2019 ERA5.  (c) Frequency of 100 m s-1 jet stream 

winds. Data are from ERA-interim from 1981-2010.  The location of Gander is denoted with a green star 

in panels (a) and (b).   

5.2.3. Example missions 

To further elucidate the sampling strategies for this campaign, examples of hypothetical 

deployments using past HIW events that occurred in January-February will now be discussed.  One event 

was the strongest Arctic Cyclone on record with a minimum sea-level pressure reaching 932 hPa on 24 

January 2022 in the North Atlantic near Svalbard, Norway (Blanchard-Wrigglesworth et al. 2022).  

Associated with this HIW event were record 1-hour wind speeds, reaching over 28 m s-1 on 24 January over 

the Barents Sea.  These were the region's strongest wind speeds from 1979-2022.  Perhaps most notable 

was the remarkable loss of sea ice, with a reduction of over 0.4 million km2 in the Kara and Barents Seas 

in just a 7-day period (Figure 10). Satellite altimetry indicated that the surface winds generated ocean waves 

in the Barents Sea that penetrated over 100 km into the sea ice pack with wave heights of up to 2 meters, 
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leading to the rapid breakup of the sea ice.  Soon thereafter, on 28 January, extratropical storm Malik formed 

in northern Europe, leading to seven fatalities, nearly 3,000 severe wind reports, and over 800,000 power 

outages in multiple countries, costing a total of $415 million U.S. Dollars in damages. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The primary TPV that led to the record strength of the Arctic Cyclone entered the range of Gander 

around 11 January 2022.  This primary TPV drifted around the Canadian Archipelago for the next week, 

and by 17 January (one week before this HIW event) it was located over Hudson Bay (Figures 11a,d).  A 

sample flight mission would be to transect the TPV from two different directions and sample the nearby 

smaller satellite TPVs that could potentially influence the larger parent TPV at later times.  Meanwhile, 

three days before the HIW, the Arctic Cyclone is beginning to form in association with a different, smaller 

TPV that developed in the Canadian Archipelago on 16 January.  One flight mission could be to sample 

both the downstream developing Arctic Cyclone and the upstream TPVs that became important for the 

additional intensification of the Arctic Cyclone (Figures 11b,e).  Also, the primary TPV began to approach 

the polar jet stream three days before the event.  At this stage, missions could also focus on the merger of 

Figure 10: Sea ice concentrations (colors) from passive microwave satellite radiometry 

composited over 24 January 2022.  The green circle highlights a locally reduced sea ice 
concentration region under an observationally based Arctic Cyclone reanalysis.  Gray contours 

are mean sea level pressure from the ERA5.   
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the parent TPV with the polar jet stream, occurring almost directly over Gander.  The fine temporal details 

of such a merging process have never been directly observed.  On the day of the event, missions could focus 

on observing the record-breaking Arctic Cyclone and the rapid sea ice breakup (Figures 11c,f).  Rapid sea 

ice breakups have only been previously observed by satellite measurements.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A second strategic deployment example is highlighted by sampling the upstream precursors to the 

HIW events associated with extratropical storm Ciara in February 2020.  Ciara formed in the Southern 

Great Plains of the United States on 3 February 2020 and tracked across the northeastern United States, 

Canadian Maritimes, and North Atlantic, ultimately strengthening to a 922 hPa cyclone in Europe before 

decaying on 16 February off the coast of Finland.  Ciara’s rapid intensification as it approached Europe was 

associated with a TPV that merged into the polar jet stream, creating a “superjet” in the North Atlantic on 

8-9 February with wind speeds exceeding 100 m s-1 (over 220 mph).  Concurrent with the merger of the 

TPV with the polar jet stream, there was a Northern Hemisphere forecast dropout, where 5+ day forecast 

skills dropped substantially (Recall Figure 7).  Furthermore, a stratospheric wave reflection and downward 

stratosphere-troposphere coupling event occurred during the first ten days of February.  For the purposes 

of sampling this event, the day of the event will be defined as the day that storm Ciara began to impact 

Figure 11: Hypothetical NASA 777 (thick black) flight tracks with (a)-(c) potential temperature and 
(d)-(e) wind (a),(d) 7 days, (b),(e) 1 day, and (c), (f) 0 days before a high impact weather event on 

the dynamic tropopause (colors; the color interval is 1 K in (a)-(c) and 1 m s-1 in (d)-(f)) and sea 

level pressure (black contours; contour interval 4 hPa; only values at or below 1004 hPa are shown). 

The dynamic tropopause is the 2 PVU surface, where 1 PVU = 106 K m2 kg-1 s-1.  Data are from 

ERA5 valid at (a), (d) 17 January at 00 UTC, (b), (e) 21 January at 12 UTC, and (c),(f) 24 January 

at 12 UTC 2022.  The green circles indicate the range of the NASA 777. 
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Europe on 9 February 2020.   Five days before the event, Ciara had already formed in the southern United 

States. At the same time, a mature cyclone near Gander with several upstream TPVs were observed. These 

features became important for Ciara’s continued development once it arrived in the Northern Atlantic 

(Figures 12a,d).  Thus, missions could focus on sampling the nearby cyclone as well as the upstream TPVs.  

Two days before the event, it becomes clear that there is a primary TPV moving directly toward the polar 

jet stream (Figures 12b,e).  The merging of the TPV into the jet stream takes place over about two days, in 

extremely close range to Gander, providing ample sampling opportunities (Figures 12c,f).  During these 

missions, some of the additional observations from the 777 could likely have been included in operational 

model data assimilation updates, potentially improving the forecast skill.  From 9 – 11 February 2020, storm 

Ciara strengthened to a 920 hPa cyclone in Europe, resulting in 17 fatalities, around 1.2 million power 

outages, and over $2 billion U.S. Dollars in damages. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Hypothetical NASA 777 (thick black) flight tracks (a)-(c) potential temperature and (d)-(e) wind 

(a),(d) 5 days, (b),(e) 2 days, and (c), (f) 0 days before a high impact weather event on the dynamic 

tropopause (colors; color interval is 1 K in (a)-(c) and 1 m s-1 in (d)-(f)) and sea level pressure (black 
contours; contour interval 4 hPa; only values at or  below 1004 hPa are shown). The dynamic tropopause 

is the 2 PVU surface, where 1 PVU = 106 K m2 kg-1 s-1.  Data are from ERA5 valid at (a), (d) 04 February 
at 00 UTC, (b), (e) 07 February at 12 UTC, and (c),(f) 09 February at 06 UTC 2020. The green circles 

indicate the range of the NASA 777. 
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