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Abstract

Tropopause polar vortices (TPVs) are long-lived sub-synoptic tropopause disturbances commonly found poleward of the polar jet stream. Their roles in cyclogenesis and linkages to mid-latitude weather make them relevant to the improvement of long-range weather prediction. Previous TPV studies have been based primarily on numerical models, whereas observational studies are limited. The purpose of this study is to characterize the three-dimensional composite temperature and water vapor structure of TPVs using retrieved atmospheric quantities from the Atmospheric Infrared Sounder (AIRS) and to verify these results with the TPV structure documented in previous numerical and observational studies. The composite structure of AIRS-observed TPVs averaged over a one-year period exhibits a cold (warm) temperature anomaly and a positive (negative) relative humidity anomaly in the troposphere (lower stratosphere). TPV composites also reveal dry mixing ratio anomalies throughout the troposphere and lower stratosphere, and that the percent decrease in mixing ratio is largest at the dynamic tropopause at the vortex center. This study confirms the TPV anomaly structure previously characterized in numerical models and surface-based observations. This illustrates the potential usefulness that hyperspectral atmospheric profilers on polar-orbiting satellites have in representing TPVs over the high latitudes where observational data is scarce.
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Chapter 1

Literature Review and Study Overview

	Vortices are ubiquitous features of the Arctic and Antarctic atmospheres across all spatial scales. A non-exhaustive list of examples may include the planetary-scale tropospheric polar vortex (i.e., polar jet stream) and stratospheric polar vortex (i.e., polar night jet) over each hemisphere (Waugh, Sobel, and Polvani 2017); synoptic-scale surface cyclones over the Arctic (Keegan 1958; Reed and Kunkel 1960) and Southern oceans (Taljaard 1967; Simmonds, Keay, and Lim 2003); and mesoscale polar lows (Rasmussen 2003). The scope of this thesis however concerns the numerous long-lived mesoscale-to-synoptic scale vortex structures that populate the polar tropopause, giving these vortices their namesake: tropopause polar vortices (TPVs). TPVs may be either cyclonic or anticyclonic[footnoteRef:1]. [1:  Depending on the context, the usage of the term “TPV” may either refer collectively to both cyclonic and anticyclonic TPVs, or it may refer more specifically to the cyclonic TPVs. Anticyclonic TPVs are specifically referred to as ATPVs. The impact of ATPVs will not be discussed because they are not yet as understood as cyclonic TPVs. However, research in ATPVs and their impacts are underway. ATPVs are hypothesized to have a role in atmospheric blocking.] 

Improving the predictability of TPVs are important to the research and development of numerical weather prediction (NWP) (Cavallo and Hakim 2013) and climate models. Localized tropopause disturbances such as TPVs present a challenge in numerical models because they are non-dispersive and long-lived. In addition, TPV lifetimes are typically on the order of days to weeks but can occasionally exceed a month (Hakim and Canavan 2005; Cavallo and Hakim 2010, 2013; Borg, Cavallo, and Turner 2020; Bray and Cavallo 2022; Hakim, Bosart, and Keyser 1995). For these reasons, they become computationally expensive to forecast (Hakim, Keyser, and Bosart 1996). The primary motivation for TPV research is to improve their predictability and to fill knowledge gaps in long-range weather forecasting.
Cyclonic TPVs have been important in the surface development of high-impact weather events, such as cold air outbreaks (CAOs) (Biernat, Bosart, and Keyser 2021; Lillo et al. 2021) and tornado outbreaks (Bray, Cavallo, and Bluestein 2021), in the mid-latitudes due to their association with surface cyclogenesis (Cavallo and Hakim 2012). For example, they can initiate Rossby wave packets that become subsequently responsible for downstream cyclogenesis events in the mid-latitudes (Johnson and Wang 2021; Röthlisberger, Martius, and Wernli 2018). Studies in cyclonic TPVs have been motivated by historical winter weather events such as the 1979 Presidents’ Day cyclone (Uccellini et al. 1984; Uccellini et al. 1985; Spaete, Johnson, and Schaack 1994) and the 1993 “Storm of the Century” (Uccellini et al. 1995; Huo et al. 1995; Kocin et al. 1995; Bosart et al. 1996). 
In polar regions, cyclonic TPVs are important to the climate system via air-ice-ocean interactions and are thus relevant in the context of anthropogenic climatic change. For instance, they can initiate surface cyclones directly and are often precursors and/or intensifiers to strong surface cyclones in the Arctic Ocean. The surface cyclones can in turn be responsible for sea-ice loss events during the summer season (Simmonds and Rudeva 2012; Gray et al. 2021; Screen, Simmonds, and Keay 2011).


Section 1.1: Potential vorticity and vortices on the tropopause

	Tropopause vortices are a well-known feature of both the extratropical (Hakim and Canavan (2005)) and the polar (e.g. Walsh et al. (2018), their section 4.f.) tropopause. For example, Price and Vaughan (1992) define a broader definition of cutoff lows (referred to as COLs in literature e.g. (Nieto et al. 2008; Fuenzalida, Sánchez, and Garreaud 2005; Pinheiro, Gan, and Hodges 2021)), classifying them into “subtropical type”, “polar type”, and “polar vortex type” categories (TPVs may overlap with the third category). In another example, Pyle, Keyser, and Bosart (2004) refer to long-lived vorticial structures along the tropopause as coherent tropopause disturbances (TPVs are a subset of these (Biernat, Bosart, and Keyser 2021)).
However, tropopause vortices, such as TPVs and cutoff lows, are most easily described from the context of potential vorticity (PV), which in turn derives from isentropic potential vorticity thinking (IPV-thinking (B.J. Hoskins, McIntyre, and Robertson 1985). In contrast to Rossby waves consisting of a row of alternating cyclonic and anticyclonic potential vorticity anomalies (PV-anomalies), a single PV-anomaly can be idealized as an isolated vortex (Thorpe 1986). While cutoff lows are a common example for vorticial upper-level PV-anomalies in B.J. Hoskins, McIntyre, and Robertson (1985), the IPV-thinking framework is easily extendable to TPVs.
The etymology of potential vorticity[footnoteRef:2] (PV) is somewhat complicated (C.-G. Rossby 1940; Thorpe and Volkert 1997), but it is a quantity that depends on absolute vorticity ζa = f + ζr (planetary vorticity plus relative vorticity) and the gradient of potential temperature (∇θ). The vertical component of ∇θ represents atmospheric stability. PV quantities are expressed in potential vorticity units (PVU), where 1 PVU = 1×10-6 m2 s-1 K kg-1. PV represented in height, isobaric/pressure, and isentropic coordinates are shown respectively in the following equation (B.J. Hoskins, McIntyre, and Robertson 1985): [2:  Potential vorticity (PV) hereafter will always reference Ertel’s potential vorticity (EPV) and not quasi-geostrophic potential vorticity (QGPV).] 


	
	
	(1)



In isentropic coordinates, ∇θ simplifies to static stability (∂p/∂θ) because isentropic levels have constant θ. Air parcels that are advected horizontally in an adiabatic flow will tend to translate along levels of constant θ, remaining on the same isentropic level. PV is a conserved quantity in adiabatic flows (i.e., PV cannot be created nor destroyed without diabatic forcing) and will change only in the presence of nonconservative processes such as diabatic heating and friction (Stoelinga 1996). PV on an isentropic surface is called isentropic potential vorticity (IPV).
From a vertical cross-sectional perspective, positive (negative) PV-anomalies will be associated with more (less) stable vertical temperature gradients. Diabatic heating mechanisms such as shortwave and longwave radiation and latent heating alter the vertical potential temperature profile and can thus intensify or weaken both upper-level and lower-level PV-anomalies (B.J. Hoskins, McIntyre, and Robertson 1985). The theoretical structure of upper-level, axisymmetric PV-anomalies can be viewed in Figures 1 and 2 in Thorpe (1986).
In general, mechanisms such as latent heating from clouds in the mid-troposphere will increase (decrease) lapse rates with respect to height in the lower (upper) troposphere, thus increasing (decreasing) the PV in the lower (upper) troposphere (e.g., Wirth (1995)). On the other hand, the reverse effect will occur under a clear-sky free atmosphere where radiative cooling is maximized in the mid-troposphere (e.g. Figures 2a and 4a in (Zierl and Wirth 1997)). A diabatically-driven thermally indirect circulation between the vortices’ centers and peripheries is present in both studies (Wirth 1995; Zierl and Wirth 1997).
The evolution of axisymmetric tropopause vortices in the presence of diabatic heating has been investigated in idealized numerical studies. For example, Wirth (1995) performed experiments with an idealized cold-core cyclonic cutoff low with mid-tropospheric diabatic latent heating to simulate deep convection, resulting in the weakening of the vortex from PV destruction. In another example, an idealized tropopause anticyclone is given in Zierl and Wirth (1997), where a radiatively driven diabatic heating profile with cooling (heating) in the troposphere below (stratosphere above) the tropopause results in PV creation that weakens the anticyclone. 
Further studies have been conducted on the interaction between upper-level and lower-level PV-anomalies in the presence of nonconservative mechanisms via idealized simulations (e.g., Takayabu (1991)) and numerical simulations of real-world weather events (e.g., (Stoelinga 1996; Takayabu 1991; Davis and Emanuel 1991)). 


Section 1.2: The physical atmospheric environment at high latitudes

	Over the Arctic and the Antarctic reside numerous TPVs that are bounded by the tropospheric polar vortex (e.g., Hakim and Canavan (2005)), which in turn separates them from tropopause vortices at lower latitudes (such as cutoff lows and blocking highs). Being in polar regions, TPVs experience a different physical environment than tropopause vortices over the mid-latitudes. Polar regions differ from the mid-latitudes both dynamically and thermodynamically.
Dynamically, the variation of the Coriolis parameter f with respect to latitude (the β-effect) becomes negligible at high latitudes, so vortices become favorable over Rossby waves (Hakim 2000). Moreover, vortices will tend to remain stationary when β is absent, assuming no background flow (e.g. J. McWilliams (1991)). On the other hand, β is important in the mid-latitudes. Not only do Rossby waves become common synoptic features, but vortices are also no longer stationary. When β is present, cyclonic vortices propagate to the northwest (southwest) in the Northern (Southern) Hemisphere (also assuming no background flow) (e.g. (C. Rossby 1948; Adem 1956; Reznik and Dewar 1994; Hakim 2000)). The westward component of the translational velocity of a vortex also increases with vortex size (e.g. J.C. McWilliams and Flierl (1979)). Lower-latitude cyclonic vortices have been recorded to exhibit this behavior after accounting for background flow (Hakim 2000).
However, when β is neglected in polar regions, the presence of “synoptic scale” topographies (i.e., the Greenland and East Antarctica ice sheets) can introduce local PV gradients since ζa/h is constant, where h is the depth of the atmospheric column[footnoteRef:3] (C.-G. Rossby 1940; B.J. Hoskins, McIntyre, and Robertson 1985). As long as the topography has a length scale larger than that of the cyclonic vortices, the vortices propagate to the “local northwest (southwest)” in which “north” (“south”) is oriented in the direction of the topographic gradient in the geographic Northern (Southern) hemisphere (Carnevale et al. 1988) (this assumes the absence of background flow). This might be one possible reason why cyclonic TPVs on average travel from the geographic southwest to the northeast over Greenland (Borg, Cavallo, and Turner 2020), or from “local southeast” to “local northwest” from a topographic perspective. [3:  Topographic Rossby waves would apply in this case but will not be discussed.] 

	There are also thermodynamic characteristics that are unique to the polar regions and that are highly interconnected with one another. These include the seasonal cycle of solar radiation, the effects of snow and sea-ice on surface albedo, and the vertical distribution and phase of arctic clouds. Arctic clouds have been an important topic of study because of challenges of their representation in models (e.g., (De Boer et al. 2012; Pithan, Medeiros, and Mauritsen 2014; Tjernström, Sedlar, and Shupe 2008)). 
There are numerous studies of the impact of arctic clouds on the surface radiation budget (e.g., (J.A. Curry et al. 1996; J. Curry, Schramm, and Ebert 1993; Shupe and Intrieri 2004)), but they are important throughout the vertical extent of the troposphere as well. Clouds containing liquid water are common in the Arctic (e.g., (Shupe et al. 2011; Cesana et al. 2012)), and have a higher impact on atmospheric radiation than ice-only clouds, which have little effect by comparison (Shupe and Intrieri 2004; Stramler, Del Genio, and Rossow 2011; Turner, Shupe, and Zwink 2018). Longwave radiative cooling in the proximity of the cloud top of liquid-only and mixed phase clouds are the largest contributors to the vertical heating profile in the Arctic. In instances in which there are two cloud layers and at least one is liquid-bearing, the uppermost liquid-bearing cloud layer is the primary contributor of cloud-top radiative cooling (Turner, Shupe, and Zwink 2018). Many of these mechanisms become important in how TPVs are maintained and how they evolve over time (Cavallo and Hakim 2013, 2012), which is discussed in the next section.
	

Section 1.3: Tropopause polar vortices in the Arctic

For this point onward TPVs will reference only cyclonic TPVs rather than cyclonic TPVs and ATPVs collectively. The same applies when referencing vortices in general unless otherwise noted.
IPV-thinking is a useful tool in analyzing tropopause disturbances (e.g. (Uccellini et al. 1984; Uccellini et al. 1985; Kew, Sprenger, and Davies 2010; B. Hoskins and Berrisford 1988)), but it has the disadvantage of requiring multiple isentropic surfaces. An alternative approach by Morgan and Nielsen-Gammon (1998) uses a surface of constant PV in which potential temperature is a conserved quantity. Surfaces of constant PV can be used to define a dynamic tropopause, where values ranging from 1–3.5 PVU have previously been used (Spaete, Johnson, and Schaack 1994; Hoerling, Schaack, and Lenzen 1991; Morgan and Nielsen-Gammon 1998).
The 2 PVU surface currently defines the dynamic tropopause and is used to identify TPVs along the tropopause. On a dynamic tropopause map, a TPV will have local minimum of potential temperature surrounded by closed isentropes. The largest closed isentrope around the TPV defines the separation of the TPV from the background flow. A TPV’s amplitude (expressed in K) is the difference between the values of the θ minimum and last closed θ isentrope (Cavallo and Hakim 2012, 2010, 2009).
In Hakim and Canavan (2005), tropopause vortices in the Arctic have been a subject of study because of their separation from the polar and subtropical jet streams. This subset of vortices was desirable because it enabled direct comparisons between real-world vortices and vortices in idealized simulations. Arctic vortices on the tropopause have been enacted to satisfy the requirements having lifetimes of at least 48 hours, and spending 60% of their lifetime north of the 65˚N latitude circle (Hakim and Canavan 2005). It is at around 48–72-hours in which the amplitude and radii of the vortices do not change as much with respect to time (Figure 5a, b, & d in Hakim and Canavan (2005)). These requirements have been used in subsequent studies of TPVs.
There are a number of studies that investigate the mechanisms that influence changes in TPV intensity, as TPVs in the absence of any forcing will simply be translated by the background flow. TPV intensity change is expressed as PV tendency. The equation in height coordinates in the Lagrangian format is displayed below. F is the surface friction vector and is neglected (the second term is effectively zero) because TPVs are along the tropopause (Cavallo and Hakim 2013):

	
	
	(2)



Potential temperature tendency (the material derivative of θ) can be decomposed into separate constituent diabatic processes. Longwave radiation (LW), shortwave radiation (SW), and latent heating (LH) make up the bulk of the overall potential temperature tendency, while other processes such as convection, boundary layer effects, and entrainment have a negligible effect and are generally neglected (Cavallo and Hakim 2009, 2010, 2012, 2013):

	
	
	(3)



The intensity and evolution of TPVs are influenced by local factors rather than by larger circulation patterns in their surrounding environment (Cavallo and Hakim 2009). Local factors may include whether a TPV is over land or water, whether it is polar day or polar night at the TPV’s location, and the distribution of ice, liquid, and/or mixed phase clouds within the TPV. One example is a case study of a long-lived TPV by Cavallo and Hakim (2009), where the TPV strengthens over Siberia as a result of cloud-top radiative cooling being the dominant θ tendency. The TPV weakens over Hudson Bay and eastern Canada as the locality introduces moisture, and the magnitude of latent heating becomes comparable to that of radiation.
Overall, LW radiation is the primary driver for PV creation and TPV intensification. Composites of Canadian TPVs as anomalies to a 2-year background climatology show a warm (cold) temperature anomaly above (below) the lowered tropopause at the TPV core (Cavallo and Hakim 2010). Water vapor also plays an important role in LW cooling within a TPV. TPV composites exhibit a negative (positive) relative humidity anomaly above (below) the vortex-centered tropopause (Cavallo and Hakim 2010) (e.g., Figures 9a, 9d, 14a-d). Anomalously dry air over the lowered tropopause of the TPV increases the vertical water vapor gradient with respect to height across the tropopause at the TPV core. This increases LW cooling at the tropopause and contributes to TPV intensification and maintenance (Cavallo and Hakim 2013).
The destructive effect of SW radiation on PV has a much lower magnitude than the PV-generating effect of LW radiation. SW radiation slightly reduces TPV intensification in the presence of LW cooling alone but has a larger abating effect when cloud effects are included. Ozone is an absorber of SW radiation, but the effect of increased ozone concentration above the tropopause at the TPV core does not show to have much effect on TPV intensification (Cavallo and Hakim 2013). Ozone concentrations in the upper troposphere and lower stratosphere are much lower than in the middle and upper stratosphere, even within a TPV, and thus the radiative impact of ozone is minimal.
Longwave radiative cooling in the clear-sky atmosphere is the primary contributor to TPV intensification. However, the presence of clouds and cloud-top radiative cooling can further increase cooling rates and PV creation in the vicinity of the tropopause. In addition, while latent heating has a destructive effect of PV in the troposphere, its effects are small in comparison to LW radiative forcings (Cavallo and Hakim 2013). Overall, LW radiation is a key ingredient to TPV intensification and maintenance, and TPVs will weaken without it (Cavallo and Hakim 2012).
Ongoing studies of TPVs and their structure and evolution have begun to include an observational component to verify model studies. While an early TPV case study utilized observations from radiosonde data over Coral Harbour, Nunavut, Canada and imagery from the Moderate Resolution Imaging Spectroradiometer (MODIS) (Figures 5 and 6 from Cavallo and Hakim (2009)), the initial characterization of TPVs (Cavallo and Hakim 2013, 2012, 2010, 2009) as well as subsequent TPV studies (e.g., (Biernat, Bosart, and Keyser 2021; Johnson and Wang 2021; Lillo et al. 2021; Papritz et al. 2019; Bray and Cavallo 2022; Bray, Cavallo, and Bluestein 2021)) have primarily relied on idealized models, forecast models, and/or reanalysis data.
The first in-depth observational study of TPVs was conducted by Borg, Cavallo, and Turner (2020). This study utilizes the ShupeTurner (ST) retrieval algorithm (Shupe et al. 2015) which in turn uses surface-based radar, lidar, radiometry, and interferometry observations from the Summit Station on Greenland (the specific instruments used can be seen in Table 1 of Shupe et al. (2015)). In this study, observed TPVs whose paths intersect the Summit Station were considered. TPV cloud properties were investigated in case studies (Figures 4, 5, and 7 in Borg, Cavallo, and Turner (2020)), and time-height composites of clear-sky LW heating rates for intensifying and weakening TPVs (Figures 10 and 11 in Borg, Cavallo, and Turner (2020)). These composites were further decomposed into water vapor contributions and temperature contributions to the PV budget, where water vapor (temperature) contributions were the dominant clear-sky LW forcing in strengthening (weakening) TPV cases (Borg, Cavallo, and Turner 2020). The general TPV composite structure was also consistent with that in Cavallo and Hakim (2010), except for the absence of a positive relative humidity anomaly below the tropopause in the TPV core (Figure 9 from Borg, Cavallo, and Turner (2020)).



Section 1.4: Study overview 

The observation network in the polar regions has remained sparse in comparison to lower latitudes by nature of their remoteness from human habitation. While TPVs can be observed directly using radiosonde data, such occurrences are infrequent due to TPVs being sub-synoptic features in constant motion that must be further intercepted by fixed stations. In recent decades, polar-orbiting satellites have become integral to Earth-observation systems in the high latitudes, greatly increasing the coverage and data availability from these regions. Atmospheric profilers aboard polar-orbiting satellites are thus potentially powerful tools for observing the three-dimensional structure and variability of the atmospheric state of TPVs.
This study utilizes the AIRS/AMSU Version 7 Level 2 Product (Thrastarson et al. 2020), the most recently updated AIRS/AMSU L2 product developed by the Jet Propulsion Laboratory (Thrastarson et al. 2021). This dataset is derived from infrared and microwave spectra collected by the Atmospheric Infrared Sounder (AIRS) and Advanced Microwave Sounding Unit (ASMU) instruments aboard the low-orbit polar-orbiting Aqua satellite (Thrastarson et al. 2021; Aumann et al. 2003; Aumann and Pagano 1994). This product is also ideal for TPV research due to its robustness in penetrating through cloudy environments (Joel Susskind et al. 2006; Joel Susskind, Barnet, and Blaisdell 2003).
The purpose of this study is to add to the growing body of observational TPV research, and is conducted in the context of past model studies (Cavallo and Hakim 2013, 2010) and observational studies (Borg, Cavallo, and Turner 2020). While Borg, Cavallo, and Turner (2020) addresses both the spatial structure and temporal evolution of TPVs, this study takes advantage of the three-dimensionality of the AIRS/AMSU V7 L2 data product and Aqua’s frequent coverage of polar regions where TPVs reside, and thus emphasis is placed on the composite spatial structure of TPVs. 
TPVs in the North and South Polar geographic regions are investigated over a one-year period from September 2015 through August 2016. The structure of TPVs will be represented by the spatial distribution of temperature, moisture, and ozone variables within satellite-observed TPVs. TPV structure will also be compared between the spring (MAM), summer (JJA), autumn (SON), and winter (DJF) seasons. This study addresses the following questions and hypotheses:


Question: Is the overall composite structure of TPVs characterized in numerical model studies reproducible using AIRS/AMSU-derived observations?

Hypothesis: There will be no notable difference in the overall structure of the temperature nor the humidity profiles other than a difference in magnitude.


Question: Is the overall composite structure of TPVs characterized from ground-based observations at Summit Station, Greenland consistent with TPVs characterized from AIRS/AMSU-derived observations?

Hypothesis: There will be no notable difference in the overall temperature structure other than a difference in magnitude. There are expected to be qualitative differences in the relative humidity profiles of TPVs between this study and a previous study conducted by Borg, Cavallo, and Turner (2020). TPVs over Greenland lack the anomalously high relative humidities in the lower troposphere that are present in TPVs over the Canadian Arctic, presumably due to the altitude of the local geography (Borg, Cavallo, and Turner 2020; Cavallo and Hakim 2010). Most AIRS/AMSU Arctic observations will be over low topography because most of the Arctic region is topographically low. The average Northern Hemisphere TPV in this study will therefore reflect a relative humidity profile of TPVs over low altitudes, such as those over the Canadian Arctic, rather than a relative humidity profile of TPVs over high altitudes, such as those over Greenland.


Question: Are there detectable differences in composite structure between TPVs of the Northern and Southern Hemispheres based on AIRS/AMSU-derived observations?

Hypothesis: There are expected to be measurable differences in the composite temperature profiles of TPVs between the Northern and Southern Hemispheres. The maximum amplitude and maximum θ anomaly distributions of TPV populations in the Northern and Southern Hemispheres have been shown to be statistically different across all seasons albeit being similarly shaped (Gordon, Cavallo, and Novak 2022), so TPV temperature profiles are expected to differ between hemispheres in this study. There will be no measurable difference in the overall structure of mixing ratio[footnoteRef:4]. Since humidity profiles of Southern Hemisphere TPVs have yet to be fully characterized, a null hypothesis for differences in mixing ratio is assumed. [4:  Temperature and relative humidity will be examined when comparing this study to previous studies, as these were the variables examined in previous studies. For comparisons between TPVs in the Northern and Southern Hemispheres, mixing ratio will be used instead of relative humidity to make quantitative comparisons of TPV structure between hemispheres. This is because temperature and mixing ratio have corresponding observational errors in the AIRS/AMSU L2 product, whereas relative humidity does not.] 



	This study is divided into four chapters. Chapter 1 consists of this literature review, which has surveyed select topics relevant to TPVs, including the PV framework, general tropopause vortices, high-latitude dynamic and thermodynamic environments, arctic clouds, and TPV structure and mechanisms of evolution. Chapter 2 covers the TPV tracking algorithm utilized in this study, the collocation of tracked TPVs with coincident AIRS/AMSU observations, and the compositing methods for the collection of observed TPV cases. Chapter 3 reports the resultant TPV composites from AIRS/AMSU data. Chapter 4 compares these results with previous composite studies and discusses the structural variability between seasons and hemispheres. Chapter 4 also discusses the limitations of this study’s methodology and results which must be considered during interpretation. 


Chapter 2

Methods

The AIRS/AMSU Version 7 Level 2 Standard Product is the principal observational dataset utilized in this study to characterize the three-dimensional spatial structure of TPVs. The Atmospheric Infrared Sounder (AIRS) and the Atmospheric Microwave Sounding Unit (AMSU) are atmospheric profilers aboard the Aqua polar-orbiting satellite (Aumann et al. 2003). Both instruments were jointly utilized by the Jet Propulsion Laboratory (JPL) to develop the AIRS/AMSU V7 L2 products (Thrastarson et al. 2021), which utilizes the most recent version of the AIRS science team AIRS/AMSU retrieval algorithm (J Susskind et al. 2020). 
As the Aqua satellite orbits, the AIRS and AMSU instruments take individual atmospheric profiles in a row from left to right (across-track) relative to the direction of the satellite trajectory (along-track) before continuing to the next row (Figure 2.0.1). The satellite data swath is almost continuous (except for data outages), but the AIRS/AMSU L2 product is organized into segments called granules. There are 240 granules for each 24-hour period, with each granule spanning 6 minutes (Figure 2.0.2) (Thrastarson et al. 2020; Thrastarson et al. 2021).


[image: Diagram
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Figure 2.0.1: Schematic of AIRS data collection. AIRS swaths are depicted in the top-left. Each AIRS/AMSU profile (9 AIRS footprints + 1 AMSU footprint) is displayed on the top-right. A single row of an across-track scan is depicted in the center image. © 2003 IEEE; Figure 1 from (Aumann et al. 2003)
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Figure 2.0.2: Granule maps for 1 January 2016. Displayed are the ascending nodes (top-left); descending nodes (top-right); North Polar view (bottom-left); and South Polar view (bottom-right). Each granule is given a number from 1–240 every 24 hours. Credit: NASA/JPL-Caltech

 Granule data are arranged in a rectangular array consisting of 45 atmospheric profiles per column in the along-track direction and 30 atmospheric profiles per row in the across-track direction, for a total of 1350 atmospheric profiles per granule. The spatial resolution of the data product is given by the distance between the atmospheric profiles. Profiles are approximately 45-50 km apart in the along-track direction. In the across-track direction, distances between profiles range from 45-50 km at the nadir of Aqua and increase to slightly above 100 km between profiles toward the lateral edges of the AIRS granules. Each granule also has dimensions of approximately 2250 km by 1650 km in the along-track and across-track directions respectively[footnoteRef:5]. (Thrastarson et al. 2020; Thrastarson et al. 2021). [5:  Further information can be found at https://airs.jpl.nasa.gov/data/about-the-data/granules/.] 

	The primary challenge in observing features such as TPVs via a polar-orbiting satellite is the process of geolocating TPVs to incidental satellite overpasses. This process consists of using reanalysis data to locate an appropriate TPV at a given timestep (day and hour) and seeking the corresponding granule(s) at that date which intercepts the TPV. This can be done manually for single TPV cases. However, manual coordination of TPVs to satellite overpasses becomes unwieldly for large sample sizes, necessitating automated methods.


Section 2.1: Tropopause polar vortex tracking

The geolocation of TPVs and the tracking of their trajectories was performed using the TPVTrack Version 1.0[footnoteRef:6] software developed by Szapiro and Cavallo (2018) on the ERA5 High-Resolution hourly reanalysis dataset by the European Centre for Medium-Range Weather Forecasts (ECMWF) (Hersbach et al. 2020). TPV tracking was conducted on an ERA5 2 PVU single level at a 0.25˚-by-0.25˚ longitude-latitude resolution, with the potential temperature and the u- and v-wind components taken as the input variables. TPVTrack was developed prior to the release of ERA5 and had been tested with ERA Interim (Szapiro and Cavallo 2018; Dee et al. 2011), although testing with ERA5 is ongoing. One software setting was modified from its default value to account for the higher spatial and temporal solution of ERA5 with respect to ERA Interim[footnoteRef:7]. [6:  The GitHub page can be found at https://github.com/nickszap/tpvTrack. Default software settings can be found under my_settings.py.]  [7:  Another observational TPV study (Borg et al., 2020) was the first to implement TPVTrack on ERA5, where (after consulting with the developer) the parameter segRestrictPerc (see footnote 6) was modified from 10 (default) to 5. All other settings retained their default values. This study assumes this same parameter change utilized in Borg et al. (2020). ] 

A one-year observed period from 1 September 2015, through 31 August 2016 was selected for this study. This period covers the twelve most recent full months before the AMSU had degraded to a point in which JPL deemed it no longer useable on September 24th, 2016[footnoteRef:8] (Thrastarson et al. 2021; Thrastarson et al. 2020). While a period over multiple years could have been analyzed, this study was limited to a single year due to computational and time limitations. Tracking, however, was conducted over a two-year period from 2015 through 2016. This was done so that TPV tracks whose lifetimes span beyond the starting or ending points of the observation period would be detected[footnoteRef:9].  [8:  The AIRS/AMSU product covers from 30 August 2002 through 24 September 2016. A separate AIRS-only product covers from 30 August 2002 to the present.]  [9:  Only the portions of their lifetimes residing within the bookends of the observation period were included.] 

At each hourly timestep, TPVTrack identifies 2-PVU potential temperature minima using a watershed segmentation image processing technique (Szapiro and Cavallo 2018). This segmentation method identifies candidates for TPVs at each timestep; these entities are referred to as “basins” (owing to the context of the watershed segmentation method) and occupy a 2-dimensional geographic extent over latitude-longitude grid cells. Each basin is associated with a basin “center”, which is the longitude and latitude of the potential temperature minimum in each basin. Basins have further attributes including “area”, (calculated by summing the areas of each grid cell occupied by a given basin), “amplitude” (the difference in potential temperature between the center and the edge of the basin), and “equivalent radius” (calculated by taking the square root of the area divided by π for each feature). TPVTrack then tracks the horizontal motion of the basins and their associated centers over the course of the basin’s lifetime[footnoteRef:10]. The trajectory of each basin center over the course of the basin’s lifetime is referred to as a “track”. [10:  The watershed segmentation and correspondence algorithms of the TPVTrack software will not be discussed further as they are beyond the scope of this study.] 

The identified tracks of the TPVTrack output were then postprocessed to include only those that meet the criteria for TPV identification: having lifetimes of at least 48 hours and spending at least 60% of their lifetime poleward of the respective 65˚ North and South parallels as per precedent (Hakim and Canavan 2005). Tracks that did not meet these criteria were excluded from this study. These specifications were implemented to approximate features that are sufficiently separated from the polar jet stream. All tracks and associated basins that satisfied these criteria were considered TPVs.


Section 2.2: Collocation of tracking basins to satellite swaths

This process discussed in this section utilized the Environmental Systems Research Institute (ESRI) ArcGIS Desktop 10.8.1 software (Esri 2011) on multiple Microsoft Windßows operating system desktop computers that were run simultaneously over several days[footnoteRef:11]. TPVTrack basin output was postprocessed to many NetCDF files, one file for each hourly timestep. These files were then imported to GIS software as raster data. The TPV basins at each timestep were then converted from raster data to polygon features. Each step was conducted iteratively. The TPV centers from the tracking output were imported separately into the GIS software as point features. For the corresponding satellite geolocation data, the longitudes and latitudes of the AIRS/AMSU profiles from each granule were imported as point features before being collectively converted into a polygon feature representing the AIRS/AMSU granule (Figure 2.2). This was also conducted iteratively. [11:  For this reason, this method is (in hindsight) not recommended for collocating TPVs with satellite overpasses.] 


Table 2.2: AIRS/AMSU granules are represented by granule numbers 1–240 for each calendar date. Only a subset are shown here (left column). Each granule represents six minutes of data collection. The start time of each granule is shown (center column). The end time of each granule would be the start time of the subsequent granule. To make AIRS/AMSU granules compatible with ERA5 hourly data, each granule was associated to its nearest whole hour in UTC (right column).

	Granule Number
	Granule Start Time (UTC) (hh:mm:ss)
	Nearest ERA5 hourly timestep (UTC)

	240
	23:59:22
	00

	1
	00:05:22
	00

	2
	00:11:22
	00

	3
	00:17:22
	00

	4
	00:23:22
	00

	5
	00:29:22
	01

	6
	00:35:22
	01

	7
	00:41:22
	01

	8
	00:47:22
	01

	9
	00:53:22
	01

	10
	00:59:22
	01

	20
	01:59:22
	02

	30
	02:59:22
	03

	60
	03:59:22
	06

	120
	11:59:22
	12
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Figure 2.2: TPVTrack output for a single timestep on 12 April 2012 (Note that this is outside the study period). TPV basins (centers) are represented by dark pink/light green shapes (cyan circles). Basins associated with tracks not meeting TPV criteria (Hakim and Canavan 2005) have been filtered out in this illustration. All qualifying TPV basins and centers output from TPVTrack are shown here regardless of amplitude or equivalent radius. The rectangles represent AIRS granules. The two highlighted TPVs residing completely within the AIRS swath are highlighted. These TPVs would be provisionally included as TPV samples unless further restrictions are implemented (e.g., minimum amplitude, minimum equivalent radius). The AIRS granules intersecting the highlighted TPVs are also highlighted. Illustration was created using ESRI ArcMap 10.8.1

TPV output data is reported at the same longitude-latitude resolution (0.25˚-by-0.25˚) and timestep (hourly) as ERA5. To acquire TPV cases, TPVTrack output basins at each hourly timestep were geographically and temporally superimposed over any AIRS granules  30 minutes of that timestep, i.e., granules after 1130 UTC and before 1230 UTC would correspond with the 12 UTC timestep (Figure 2.2, Table 2.2).
Only TPV basins that resided entirely within the geographic domain of a given AIRS overpass were included as satellite-observed cases for this study (Figure 2.2). Those that partially overlapped the overpass were excluded. TPVs spanning two consecutive granules but remained within the lateral boundaries of the satellite overpass were included unless the two granules were assigned to different timesteps. For example, one granule that temporally spans approximately 12:24–12:30 is assigned to the 12 UTC timestep, while the next granule that temporally spans from 12:30–12:36 is assigned to the 13 UTC timestep (see Table 2.2). 
Section 2.3: Case selection

	Once a database of satellite-observed TPV samples had been compiled, TPV cases were further subset by amplitude and equivalent radius. Since the vertical and horizontal resolutions for the AIRS/AMSU V7 L2 Product are ~1 km and ~50 km, respectively (Thrastarson et al. 2020), smaller and/or weaker TPVs may not be sufficiently resolved by AIRS/AMSU. Therefore, TPVs were selected by the following criteria:

1) TPV cases with a minimum amplitude of 10 K were selected as a conservative approximation for 1 km in the vertical direction, assuming a dry adiabatic lapse rate of 9.8 K/km. 
2) Selected TPV cases also had a minimum equivalent radius of 200 km. While this value is arbitrary, it was chosen so that the horizontal structure within the TPV can be easily viewable in granule data by the human eye.

The geographic distributions of TPVs over each hemisphere are given in Figures 2.3.1 and 2.3.2, and corresponding sample sizes are given in Tables 2.3.1 and 2.3.2. Distributions of amplitude and equivalent radius are given in Figures 2.3.3 and 2.3.4. Note that TPV samples are highly dependent on one another, as it was not uncommon for the same TPV to be observed under the Aqua satellite in two or more consecutive orbits. However, there is expected to be at least as many independent samples as there are unique tracks (Tables 2.3.1 and 2.3.2). 


Table 2.3.1: Sample sizes and unique tracks in the Northern Hemisphere for all TPVs output by TPVTrack (top row) and TPVs observed completely within an AIRS/AMSU swath (bottom row). Samples are dependent due to temporal autocorrelation. The effective sample size in each category is expected to be between the number of unique tracks and the number of dependent TPV samples for that category. 

	NH
	All amplitudes
All radii
	Amplitudes ≥ 10 K
Radii ≥ 200 km

	All TPVs
	90531 (samples)
838 (unique tracks)
	23451 (samples)
368 (unique tracks)

	TPVs under AIRS
	12125 (samples)
838 (unique tracks)
	2378 (samples)
272 (unique tracks)




Table 2.3.2: As in Table 2.3.1, except for the Southern Hemisphere.

	SH
	All amplitudes
All radii
	Amplitudes ≥ 10 K
Radii ≥ 200 km

	All TPVs
	97686 (samples)
981 (unique tracks)
	18767 (samples)
473 (unique tracks)

	TPVs under AIRS
	14884 (samples)
978 (unique tracks)
	2312 (samples)
345 (unique tracks)



Local maxima of TPV density in the Northern Hemisphere occur over the Canadian Archipelago, the northern coast of Greenland, and the region north of the Siberian coast. In the Southern Hemisphere, one local maximum occurs over the Ross Ice Shelf, and two more maxima occur over the East Antarctic interior along an imaginary straight line spanning from the Ronne-Filchner Ice Shelf to the Amery Ice Shelf. This is true for TPVs of all amplitudes and equivalent radii and for TPVs with amplitudes (equivalent radii) of at least 10 K (200 km).
Due to the incline of Aqua’s orbit being slightly less than 90˚ relative to the equatorial plane, coverage of TPVs under AIRS/AMSU exhibits a ring-shaped domain surrounding each pole. As a result, AIRS coverage does not perfectly collocate with TPV density maxima (Figures 2.3.1 and 2.3.2).
For the rest of this section and for the rest of Chapter 2, all TPVs mentioned will refer to only those with a minimum amplitude of 10 K and a minimum equivalent radius of 200 km. For each hemisphere, the distributions of the amplitudes and equivalent radii of TPV cases that were selected for observation by AIRS/AMSU were compared to the population of TPVs output by TPVTrack. The probability distribution functions for amplitude (Figure 2.3.5) and equivalent radius (Figure 2.3.6) between TPVs under AIRS and all TPVs output by TPVTrack were plotted and overlaid for visual comparison.
Under visual inspection, the amplitude histograms between the TPVTrack TPVs and AIRS TPVs are generally consistent with one another. This is the true for both hemispheres, although there may be few minor discrepancies for individual bins, such as the 10–12 K bin for the Southern Hemisphere (Figure 2.3.5). On the other hand, the histograms for equivalent radius visibly differ between the TPVTrack TPVs and AIRS TPVs. The Northern Hemisphere histograms have a prominent discrepancy where there are proportionally more TPVs with equivalent radii of less than 300 km for TPVs observed under AIRS/AMSU versus all TPVs from TPVTrack. Additionally, the Northern (Southern) Hemisphere histogram also exhibits slightly less (slightly more) AIRS TPVs with equivalent radii of approximately 350–600 km (approximately 400–600 km) than the TPVTrack TPVs whose equivalent radii fall within the same interval (Figure 2.3.6).
Following-up the above visual inspection, further determination of whether the TPVs under AIRS/AMSU can be considered a random sample of all TPVs output by TPVTrack was implemented using the two-sample Kolmogorov-Smirnov test between the paired distributions (Table 2.3.3). In both hemispheres, TPVs under AIRS can be considered a random sample for all TPVs with respect to amplitude, but TPVs under AIRS cannot be considered a random subset of all TPVs with respect to equivalent radius, as their corresponding distributions are significantly different at the 99% confidence interval.
Differences in equivalent radii between AIRS TPVs and a random subset with the same sample size of TPVTrack TPVs is likely due to the geographic coverage of AIRS swaths over polar regions. For example, a geographic maximum TPV density north of Greenland is apparent from the TPVTrack output. However, this maximum density region lies at the northern latitudinal extent of the AIRS swaths, so most of the basins of these large radius/high amplitude TPVs from this region are not likely to fall entirely within a given AIRS/AMSU swath (Figure 2.3.1). This may account for the large discrepancy between TPVTrack TPVs and AIRS TPVs for bins below 300 km in the Northern Hemisphere (Figure 2.3.5). Similar yet not immediately obvious geographic effects may also explain differences in bins exceeding ~350–400 km between TPVTrack TPVs and AIRS TPVs for both hemispheres (Figures 2.3.5 and 2.3.6).
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Figure 2.3.1: Geographic distribution of TPV basins in the Northern Hemisphere. TPV basins occupy several grid cells. Illustrated is the percentage of timesteps over one year that each grid spends within a TPV basin. (Top-left) All TPVs output by TPVTrack. (Top-right) As with top-left, except filtered for TPVs satisfying ≥10 K amplitude and ≥200 km equivalent radius. (Bottom-left) As with top-left, except for all AIRS/AMSU-observed TPVs only. (Bottom-right) As with top-right, except for AIRS/AMSU-observed TPVs only. These are the cases selected for this study.
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Figure 2.3.2: As with Figure 2.3.1, but for the Southern Hemisphere. 
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Figure 2.3.3: Amplitude distributions for TPVs output by TPVTrack (left column) and AIRS/AMSU-observed TPVs (right column). Amplitude distributions for TPVs of all equivalent radii (top row) and for only TPVs with equivalent radii of at least 10 K (bottom row). TPV cases with both amplitudes of ≥10 K and equivalent radii of  ≥200 km are represented by the portion of the bottom row distributions to the right of the dashed black line. Orange (blue) bars represent the Southern (Northern) Hemisphere. The bin size is 2 K. 
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Figure 2.3.4: Equivalent radius distributions for TPVs output by TPVTrack (left column) and AIRS/AMSU-observed TPVs (right column). Equivalent radius distributions for TPVs of all amplitudes (top row) and for only TPVs with amplitudes of at least 10 K (bottom row). TPV cases with both amplitudes of ≥10 K and equivalent radii of  ≥200 km are represented by the portion of the bottom row distributions to the right of the dashed black line. Orange (blue) bars represent the Southern (Northern) Hemisphere. The bin size is 20 km.
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Figure 2.3.5: Histograms for the amplitude of TPVs output by TPVTrack (bars) and AIRS/AMSU-observed TPVs (circles). Only TPVs with both amplitudes of ≥10 K and equivalent radii of ≥200 km are included (this corresponds to the portions of the bottom-row distributions in Figure 2.3.3 to the right of the respective dashed lines). The bin size is 2 km.
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Figure 2.3.6: Histograms for the equivalent radius of TPVs output by TPVTrack (bars) and AIRS/AMSU-observed TPVs (circles). Only TPVs with both amplitudes of ≥10 K and equivalent radii of  ≥200 km are included (this corresponds to the portions of the bottom-row distributions in Figure 2.3.4 to the right of the respective dashed lines). The bin size is 20 km.

Table 2.3.3: (Rows 1–2) The K-S test was performed between the amplitude distribution of TPVs under AIRS and the total distribution off amplitude of all TPVTrack TPVs. The K-S test was likewise performed for equivalent radius distributions row. (Rows 3–4) For robustness, the procedure was then repeated using a Monte Carlo approach by randomly selecting TPVs from the TPVTrack (the number of samples equal to the sample size of the TPVs under AIRS), and then performing the two-sample K-S test between the randomly selected TPVs from TPVTrack and the TPVs under AIRS. This was performed for 10000 iterations, and the average p-values are reported below (the 10000-iteration procedure was itself performed multiple times with consistent results).

	K-S test between distribution of TPVs under AIRS and:
	Sample Size
	p-value (amplitude distributions)
	p-value (equivalent radius distributions)

	Total population distribution from TPVTrack (NH)
	2378 (AIRS)
23451 (All)

	0.25
	1.0 × 10–20

	Total population distribution from TPVTrack (SH)
	2312 (AIRS)
18767 (All)
	0.011
	3.1 × 10–12

	Subsampled distribution from TPVTrack (NH)
	2378 (AIRS)
2378 (randomly selected)
	0.45–0.46 (average)
	~1 × 10–9
(average)

	Subsampled distribution from TPVTrack (SH)
	2312 (AIRS)
2312 (randomly selected)
	0.11–0.12 (average)
	~5 × 10–6
(average)




Section 2.4: Interpolation of cases to a common grid projection

	A total of 2378 TPV cases in the Northern Hemisphere and 2312 TPV cases in the Southern Hemisphere have been considered in the analysis. Data for each AIRS granule is reported on a satellite-relative 45 × 30 grid. For each hemisphere, all cases have been interpolated to a common vortex-centered grid with a grid spacing of 50 km in the x- and y- directions, with the +y direction pointing North and  x direction aligned to the geodesic perpendicular to the y-axis (i.e., false easting and false northing). The common grid extends  2000 km in each coordinate direction, resulting in a 41 × 41 grid (Figure 2.4; the common grid in projection coordinates is visible in the right panel).
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Figure 2.4: A single observed TPV on 2 June 2016 at approximately 12 UTC. Color represents temperature at 500 hPa. Colors range from 245–260 K. (Left) Each dot in the left panel represents a single AIRS/AMSU profile. (Right) Linear barycentric interpolation from AIRS/AMSU profiles to a grid on a TPV-centered oblique stereographic projection. Note that the masked values (missing dots) are propagated through interpolation. Errors of interpolated values are determined using interval propagation.

For each TPV case, interpolation of variables such as temperature from granule profiles to the vortex-centered common grid was performed using a barycentric linear spline. Since the AIRS-relative 45 × 30 grid is non-analytic, methods such as bilinear interpolation were not used. 
The AIRS/AMSU V7 L2 Product contains quality control information for each variable (Thrastarson et al. 2020). At a given pressure level, sometimes a retrieval for a given AIRS/AMSU profile fails to converge, or sometimes the location of the profile at that pressure level is below topography, which commonly occurs close to the surface and over high elevations such as Greenland and East Antarctica. Profiles for in these cases are then masked. If one or more of the profiles used to linearly interpolate to a given grid point is masked, then that interpolated point is also masked (Figure 2.4).
The AIRS/AMSU V7 L2 Product includes observation errors for some, but not all, variables. The errors of the AIRS/AMSU granule profiles were propagated to the interpolated grid points when applicable. It was assumed that the AIRS/AMSU profiles used to linearly interpolate a variable to a given grid point were close enough in proximity with one another that observation error would also vary linearly between them. With this assumption, interval arithmetic was used to propagate the errors from the profiles to the grid points, which can be referred to as interval propagation. For a variable such as T = temperature with error ΔT, it is assumed that if (T – ΔT) ≤ T ≤ (T + ΔT) for each atmospheric profile involved, then it would also hold true that (T – ΔT)interpolated ≤ Tinterpolated ≤ (T + ΔT)interpolated for each interpolated grid point. For three-dimensions, the interpolation and error propagation process was iteratively performed in two dimensions at each pressure level for each variable in each TPV case.


Section 2.5: Compositing methods

	The resulting two collections (one for each hemisphere) of TPV cases under AIRS/AMSU can each be thought of as a 4-D “cube” with coordinates i = TPV cases sorted chronologically, x = false easting, y = false northing, and p = pressure. False easting and false northing correspond to the x- and y-coordinates for a given map projection with units in “meters”, which become equivalent to actual meters if there is no distortion (scale factor k0 = 1). 
Direct composites for variables such as temperature were conducted by taking the average for each grid point on the common grid along the “i-axis”. Where applicable, error estimates for the direct composites were conducted by taking the root sum squared (RSS) of the error value for each grid point along the “i-axis”. Composites for each season (i.e., MAM, JJA, SON, DJF) were also conducted separately.
All instances where a grid point for a given TPV case is masked were simply excluded from the averages. For example, the temperature average for each grid point (x, y, p) was taken to be Taverage at (x,y,p) = Σ x(i ≠ NaN) / N(i ≠ NaN). Regarding sample size, each grid point can have a theoretical maximum of N = 2378 samples in the Northern Hemisphere (2312 samples in the Southern Hemisphere). However, this would no longer be true if that data point is missing for one or more TPV cases, so the actual number of TPV samples for each grid point would be N ≤ 2378 samples (N ≤ 2312 samples).
	Anomaly composites were conducted by first calculating the background for each case. This was done by averaging over a 15-day window (t = –7 days to t = +7 days) centered on each TPV case at t = 0 days (Figures 2.5.1 and 2.5.2) and doing so for all cases (i.e., each TPV case has a unique background). Background errors were taken to be the RSS of the variable errors over the 15 days. Anomalies were then taken by subtracting from each TPV case its corresponding background (Figure 2.5.3). Anomaly errors were computed by taking the RSS of the variable error of the TPV case and the variable error of background.
In addition to the anomalies, changes relative to the background are also studied for some variables (e.g., mixing ratio). The relative change (or percent change if multiplied by 100%) for variable x with error Δx is taken to be:

	
	
	(4)



and the relative change error is:
	
	 .
	(5)



In the following chapter, the primary focus will be on TPV anomalies and relative change, while direct composites will see very limited treatment. However, direct composite averages for TPVs can be visited in Appendix A.
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Figure 2.5.1: The background for each TPV case is calculated from the 2–3 closest Aqua overpasses (to increase coverage over the domain) in approximately 24-hour intervals from -7 days to +7 days; only -1 days to +1 days are illustrated. (Top-row) AIRS/AMSU profiles prior to the interpolation of the 2–3 successive overpasses for days -1 to +1. (Bottom row) Days -1 to +1 after linear barycentric interpolation. Color represents temperature at 500 hPa. Colors range from 245–260 K. For each day, each overpass is interpolated separately, and then the 2–3 overpasses of that day are averaged together. Likewise, for each day, errors are interval-propagated for each overpass separately in the interpolation step. Then, the root sum squared (RSS) is taken across the 2–3 successive overpasses of that day to reach the final error value for each grid point for that day. Note: TPVs observed during the ascending (descending) node of Aqua will have their backgrounds calculated using only granules from the ascending (descending) node on the other days over the 15-day window. This becomes less relevant for TPVs close to the poles (i.e., at the transition “between” the ascending and descending nodes).
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Description automatically generated]Figure 2.5.2: As with Figure 2.5.1, except only interpolated values are shown for days -7 to +7. Unlike the averaging performed in Figure 2.5.1, averaging across this 15-day window requires existing values at all timesteps (no masked values) at each grid point. This is done to keep a consistent frequency response across all case anomalies. This comes with the trade-off of reducing the number samples per grid point for the anomaly calculations. Dates here range from 26 May 2016 to 9 June 2016. Each day in this specific example contains data collected over a 1.7–3.3-hour period centered on 12 UTC.
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Figure 2.5.3: (Left) Linear barycentric interpolation to a grid of temperature values of a single TPV case on 2 June 2016 at approximately 12 UTC. Color represents temperature at 500 hPa, ranging from 245–260 K. (Center) Averaged background calculated from the 15-day window illustrated in Figure 2.5.2. (Right) Temperature anomaly at 500 hPa. Colors range from -5 K to 5 K. 



Chapter 3

Results

Chapter 3 covers the resultant TPV composites under AIRS/AMSU over the one-year observation period from 1 September 2015 to 31 August 2016. The temperature and dewpoint profiles of the TPV centers will first be reported and compared with the corresponding profiles in Cavallo and Hakim (2010). This will be followed by TPV vertical cross-sections for temperature, water vapor mass mixing ratio (referred hereinafter as simply “mixing ratio”), relative humidity, and ozone volume mixing ratio (ozone VMR). Composites will also be presented for each season separately for each variable prior to being presented for the year-long study period. While both horizontal and vertical variability of TPV structure will be illustrated, emphasis will be placed on resultant composite vertical structure. 
Two vertical grids are used in displaying variables from the AIRS/AMSU V6/V7 L2 Standard Product. All variables are available at constant pressure levels (e.g., 500 hPa). Temperature and relative humidity are available only as level quantities. Some variables such as mixing ratio and ozone VMR are given as layers between levels as the default (e.g., 400–500 hPa); the level quantities given in the product are vertical interpolations from the original layer quantities. A side effect is that level quantities sometimes exhibit strange behavior of mixing ratios close to the surface (Thrastarson et al. 2020).
Direct composite (non-anomaly) averages for TPV temperature, mixing ratio, relative humidity, and ozone VMR are not included in the results of this study because they are not the primary focus for comparison to past literature; however, they are presented in Appendix A. In this study, mixing ratio and ozone VMR anomalies will be illustrated as layer quantities. Temperature and relative humidity anomalies will be expressed in level quantities. The vertical levels used in the AIRS/AMSU product, which are also the boundaries for layers, are given on all mandatory pressure levels from 1000 hPa to 1.0 hPa, with additional levels at 600 hPa, 15 hPa, and 1.5 hPa.
Certain caveats must be noted regarding certain variables. AIRS is not sensitive to mixing ratios below ~0.015–0.02 g/kg (Thrastarson et al. 2020). This consequently results in a degradation of water vapor retrievals beginning at altitudes above the 300 hPa level, and there is no retrieval anymore once reaching 100 hPa. Moreover, mixing ratio profiles containing errors exceeding half of the mixing ratio at any layer needed to be removed prior to compositing analysis as recommended by Thrastarson et al. (2020). Mixing ratio errors exceeding half of the mixing ratio value imply that unphysical negative mixing ratios lie within the margin of error.
AIRS also loses reliability for ozone VMRs below 100 parts per billion volume (ppbv) as well as at altitudes lower than the 300 hPa level. Ozone retrievals also lose accuracy when surface skin temperatures are less than 250 K; such profiles needed to be removed before compositing. In addition, there may be biases of ozone volume mixing ratio between approximately 80–300 hPa that have yet to be characterized (Thrastarson et al. 2020).
Previous studies of composite TPV anomaly structure have been conducted in the Canadian Arctic using a forecast model (Cavallo and Hakim 2010) and ground-based remote-sensing observations in Summit Station, Greenland (Borg, Cavallo, and Turner 2020). Table 3 is displayed here for reference and summarizes the temperature and relative humidity anomalies compiled from both studies.
When conducting temperature and water vapor composites, only sample sizes of N ≥ 20 will be considered. For N < 20, errors for composite temperature and temperature anomaly begin to exceed ~0.5–0.6 K, errors for composite mixing ratio and mixing ratio anomaly begin to exceed ~0.1–0.3 g/kg, and errors for composite mixing ratio relative change begin to exceed ~5–10%, depending on season and hemisphere. The minimum sample size is also applied to composite ozone (Appendix A). For composite ozone anomaly and relative change, no minimum sample size is implemented because sample sizes for these composites are very low.


Table 3: Temperature (T) and relative humidity (RH) anomalies at the TPV center are compiled here from Figures 6b, 9a, 9d, and 14a–d from Cavallo and Hakim (2010), referred here as CH10, and Figure 9a–b from Borg, Cavallo, and Turner (2020), referred here as BTC20. Only vertical extents, and not horizontal (CH10) nor temporal (BCT20) extents, at the vortex center are listed here. The heights above ground level for the time-height composites in BCT20 were approximated to pressure levels using the elevation of Summit Station, Greenland, and geopotential height data from AIRS/AMSU (not shown).

In the Canadian Arctic forecast model TPV composites (CH10), the positive (+) and negative (–) T and RH anomalies are comparable between the annual and summer, except that the +RH maximum increases approximately twofold in the summer. The winter ±T and ±RH anomaly extrema are relatively weaker than those of the annual and summer composites. Anomaly extrema are also generally lower in altitude in the winter months.

The Summit Station TPV composite (BCT20) indicates weaker ±T anomaly extrema than those in CH10. The –RH anomaly minima between the BCT20 and CH10 annual composites are similar in magnitude; the +RH anomaly present in the CH10 composites is absent in the BCT20 composite. Both the –T and the –RH anomaly minima are higher in altitude in BCT20 than those in CH10. 

	
	Annual (BCT20)
	Annual (CH10)
	Summer (CH10)
	Winter (CH10)

	+T Anomaly
	~ +3 K at
~250 hPa
	+5.5 K
at 250 hPa
	+6.5 K at
200 hPa
	+2.5 K at
300 hPa

	–T Anomaly
	slightly <–2 K
at ~500 hPa
	–8.5 K at
700 hPa
	< –8 K between
~500–850 hPa
	–6 K to –7 K at
~675–1000 hPa

	–RH Anomaly
	~ –25% between
~200–250 hPa
	< –25% at
375 hPa
	< –27% between
~275–350 hPa
	< –18% near
~400–450 hPa

	+RH Anomaly
	Absent
	+12–15% at
800 hPa
	+24–27% near
~750–800 hPa
	+3–6% around
~800 hPa





Section 3.1: Vortex-centered and background temperature and dewpoint profiles

	The composite temperature and dewpoint profiles from AIRS/AMSU of the TPV vortex centers are presented separately for each season (i.e., MAM, JJA, SON, DJF) in the Northern (Figure 3.1.1) and Southern (Figure 3.1.2) Hemispheres over the one-year study period. Dewpoints were calculated from the AIRS/AMSU saturation mixing ratios using Equation 10 from Bolton (1980). Temperature and dewpoint profiles from Figure 7 in Cavallo and Hakim (2010) are also superimposed in Figure 3.1.1 for comparison.
The TPV-centered AIRS/AMSU temperature profiles are generally consistent with Cavallo and Hakim (2010) for the summer season and from the 400 hPa level and upwards for the spring and fall seasons, with differences of no more than 1–2 K. AIRS/AMSU temperature vortex-center profiles are comparatively warmer elsewhere, except for the winter season in which they are comparatively colder for altitudes at and above the 500 hPa level.
The comparison of background temperature profiles under AIRS/AMSU are generally either consistent with or slightly cooler than those in Cavallo and Hakim (2010) for the spring, fall, and from the 400 hPa level downwards in the winter. The largest differences occur in the summer at nearly all levels and in the winter at altitudes above the 400 hPa level.
	Comparisons between the vortex-centered dewpoint profiles of AIRS/AMSU and Cavallo and Hakim (2010) are consistent in the summer at the 500 hPa level and below, as well as 400–500 hPa in the wintertime. Elsewhere, the AIRS/AMSU TPV-center composite profiles have generally higher dewpoints than those in Cavallo and Hakim (2010) at altitudes below the 300 hPa or 400 hPa level.
	The AIRS/AMSU composite background dewpoint profiles generally have slightly lower dewpoints than those in Cavallo and Hakim (2010) with up to a ~5 K difference, with exceptions at altitudes below the 500 hPa level in the autumn and above the 200 hPa level in the winter. No comparison can be made for the summer background dewpoint profile. The background dewpoint profiles agree the most in the winter season and the least in the spring season.
	Southern Hemisphere TPV-centered and background profiles are shown in Figure 3.1.2. Temperatures and dewpoints for the TPV centers and backgrounds are generally lower than that of the Northern Hemisphere throughout the entire profile. Differences between hemispheres are generally greatest in the lower (upper) atmosphere in the summer (spring). Differences are smallest between hemispheres in the lower (upper) atmosphere in the winter (autumn).
	Total composites of AIRS/AMSU temperature and dewpoint profiles for TPV centers and the background are given in Figure 3.1.3, with superimposed profiles adapted from Figure 6a in Cavallo and Hakim (2010) for the Northern Hemisphere. Samples between seasons are not equally distributed, resulting in some seasons being more heavily weighted than others (this will be treated further in later sections). 
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Figure 3.1.1: Skew-T log-p diagrams for composite profiles for the center of the TPV (solid) and the background (dashed) for each season in the Northern Hemisphere. Semi-transparent lines are adapted from Figure 7 in Cavallo and Hakim (2010). Superimposed opaque lines represent the TPVs in this study under under AIRS/AMSU. Only pressure levels at 150, 200, 250, 300, 400, 500, 600, 700, and 850 hPa are included. Data points with sample sizes of less than 20 were not plotted. Note that this results in some gaps in the AIRS/AMSU profiles, including the summer background dewpoint profile being entirely absent.
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Figure 3.1.2: Skew-T log-p diagrams for composite profiles under AIRS/AMSU for the center of the TPV (solid) and the background (dashed) for each season in the Southern Hemisphere. Only pressure levels at 150, 200, 250, 300, 400, 500, 600, 700, and 850 hPa are included. Data points with sample sizes of less than 20 were not plotted, resulting in gaps, particularly for the background profiles.
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Figure 3.1.3: Skew-T log-p diagrams for composite profiles under AIRS/AMSU averaged over the 1-year-long study period for the center of the TPV (solid) and the background (dashed). Semi-transparent lines are adapted from Figure 6a in Cavallo and Hakim (2010). Only pressure levels at 150, 200, 250, 300, 400, 500, 600, 700, and 850 hPa are included. Data points with sample sizes of less than 20 are not plotted. 


Section 3.2: Temperature anomalies

Temperature anomalies from a 15-day mean background for each season and hemisphere are shown in Figure 3.2.1. TPV temperature anomalies have the characteristic “dipole” with a cold (warm) anomaly in the troposphere (stratosphere). In the Northern Hemisphere, the magnitudes of the warm temperature anomalies are greatest in the summer, followed by autumn, spring, then winter (Figures 3.2.1 and 3.2.7).
The cold anomaly magnitudes follow the same pattern, except autumn and spring have approximately the same magnitudes. The maximum warm temperature anomaly resides at the 250 hPa level for summer, autumn, and winter, and closer to 300 hPa in the spring. The minimum cold temperature anomalies reside at the 600 hPa level for the summer and autumn seasons. For spring, the level of the cold anomaly minimum is not distinguishable between the 700, 850, and 950 hPa pressure levels, as their errors overlap. The winter cold anomaly minimum is also not discernible between the 600 hPa and 700 hPa levels; there is insufficient information at altitudes below the 700 hPa level in the winter. The temperature anomalies cross 0 K near the 400 hPa level for all seasons.
In the Southern Hemisphere, the magnitudes of the warm temperature anomalies lie between +3 K and +4 K for all seasons (Figures 3.2.1(b) and 3.2.7). The warm temperature anomaly maximum resides at the 250 hPa for the autumn, winter, and spring, and closer to 300 hPa in the summer. The vertical profiles of the cold temperature anomalies with sample sizes of N ≥ 10 indicate increasingly cold anomalies toward the surface for all seasons except autumn; however, the cold anomalies between the 600 hPa and 700 hPa levels are not distinguishable from one another in the summer and autumn seasons. The lowest temperature anomalies are found in the spring season.
Temperature anomaly sample sizes per x–y–pressure-level grid point are not distributed evenly between seasons. In the Northern Hemisphere, there are fewer samples in the winter than the other seasons (Figure 3.2.2(a)). In the Southern Hemisphere, there are fewer samples in the winter and spring than the summer and autumn (Figure 3.2.2(b)). Temperature anomaly errors increase rapidly when approaching the surface, beginning at ~700–850 hPa in the Northern Hemisphere (Figure 3.2.3(a)) and ~600–700 hPa in the Southern Hemisphere (Figure 3.2.3(b)). The greatest discernibility (i.e., largest occurrence of non-overlapping error bars) between the TPV temperature and the background temperature are collocated with the temperature anomaly extrema in both hemispheres (Figure 3.2.4).
The temperature anomaly composites for the full year-long study period in the Northern and Southern Hemispheres are shown in Figure 3.3.5 with corresponding sample size in Figure 3.3.6. It is noted that the sample sizes for each grid point are not evenly distributed between seasons for both hemispheres (Figure 3.2.2). The spring, summer, and autumn seasons contribute more to the Northern Hemisphere TPV composite than the winter season; likewise, the summer and autumn seasons of the Southern Hemisphere TPV contribute more than the winter and spring seasons. Overall, temperature anomalies in Northern Hemisphere TPVs have larger magnitudes than Southern Hemisphere TPVs (Figure 3.2.5 and Figure 3.2.7). The range of TPV temperature anomaly extrema in the Northern Hemisphere are also larger between seasons than those of the Southern Hemisphere.
The negative temperature anomaly minima of Northern Hemisphere TPVs under AIRS/AMSU are generally lesser in magnitude than those in Cavallo and Hakim (2010) for the respective annual, winter, and summer composites; and greater in magnitude than those in Borg, Cavallo, and Turner (2020) for the annual composite. The warm anomaly maximum of the Northern Hemisphere TPV composite is approximately equal to that in Cavallo and Hakim (2010) and of greater magnitude than that in Borg, Cavallo, and Turner (2020) for the annual composite; the warm anomaly maxima for the summer and winter seasons are of greater magnitude than those in Cavallo and Hakim (2010).
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Figure 3.2.1: Composite temperature anomaly cross-sections by season for TPVs in (a) the Northern Hemisphere and (b) the Southern Hemisphere under AIRS/AMSU. The left half of each seasonal panel is oriented along a geodesic of the ellipsoid (and not along latitude lines), converging to the west-to-east direction at the origin. The geodesic in right half of each panel simplifies to the south-to-north direction (along longitude lines). Anomalies are with respect to a 15-day mean background. Data points with less than 20 samples are excluded. The grey solid line indicates the thermal tropopause median; the long (short) dashed grey lines indicate the thermal tropopause interquartile range (minima and maxima).
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Figure 3.2.1 (continued)
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Figure 3.2.2: Sample size for each x–y–pressure-level grid point corresponding to (a) the Northern Hemisphere and (b) the Southern Hemisphere TPV temperature anomalies in Figure 3.2.1. Note that areas where N < 20 are masked in Figures 3.2.1, 3.2.3, and 3.2.4. The grey solid line indicates the thermal tropopause median; the long (short) dashed grey lines indicate the thermal tropopause interquartile range (minima and maxima).
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Figure 3.2.2 (continued)
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Figure 3.2.3: Cross-sections of (a) Northern Hemisphere and (b) Southern Hemisphere TPV composite temperature anomaly errors for each x–y–pressure-level grid point corresponding to the anomalies in Figure 3.2.1. Data points with less than 20 samples are excluded. The grey solid line indicates the thermal tropopause median; the long (short) dashed grey lines indicate the thermal tropopause interquartile range (minima and maxima).
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Figure 3.2.3 (continued)
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Figure 3.2.4: For each case at each valid grid point, there is a value and error for the TPV case (e.g., T ± ΔT) and a 15-day mean background value with the error taken as the RSS of the errors over the 15-day background (e.g., Tbackground ± ΔTbackground). Shown here is the percentage of to (a) the Northern Hemisphere and (b) the Southern Hemisphere temperature anomaly samples at each grid point (i.e., fraction of Figure 3.2.2) where T ± ΔT and Tbackground ± ΔTbackground are disjointed, that is, the instances in which the temperature error bars at a given grid point between the TPV case and the background do not overlap. Data points with less than 20 samples are excluded. The grey solid line indicates the thermal tropopause median; the long (short) dashed grey lines indicate the thermal tropopause interquartile range (minima and maxima).
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Figure 3.2.4 (continued)
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Figure 3.2.5: Composite temperature anomaly vertical cross-sections for the for TPVs under AIRS/AMSU averaged over the 1-year-long study period, separated by hemisphere. Each sample contributing to the composite temperature anomaly is weighted equally (i.e., seasons are not necessarily weighted equally; see Figure 3.2.2). Data points with less than 20 samples are excluded. The grey solid line indicates the thermal tropopause median; the long (short) dashed grey lines indicate the thermal tropopause interquartile range (minima and maxima).
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Figure 3.2.6: Sample size for each x–y–pressure-level grid point corresponding to Figure 3.2.5 over the 1-year-long study period. Note that areas where N < 20 are masked in Figure 3.2.5. The grey solid line indicates the thermal tropopause median; the long (short) dashed grey lines indicate the thermal tropopause interquartile range (minima and maxima).
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Figure 3.2.7: Composite temperature anomaly profiles of the TPV vortex center in the Northern (blue) and Southern (orange) Hemispheres separated by season. These profiles are equivalent to the vertical profiles along x = y = 0 km of Figure 3.2.1. Error bars correspond to the vertical of x = y = 0 km from Figure 3.2.3. Levels with less than 20 samples are excluded.


Section 3.3: Water vapor mass mixing ratio anomalies and relative change

TPVs exhibit a “monopole” pattern of dry mixing ratio anomalies. The minima of the negative mixing ratio anomalies occur at altitudes below 400 hPa (Figures 3.3.1 and 3.3.10). However, the mixing ratio anomalies of the layers starting from the 400–500 hPa layer to the surface (or at least where data is available) become non-discernible from one another in both hemispheres (Figure 3.3.10). 
The distributions of TPV samples are highly skewed between seasons in both hemispheres. In the Northern Hemisphere, samples are heavily skewed to the spring season and very sparse during the summer (Figure 3.3.2(a)). In the Southern Hemisphere, samples are heavily skewed to the autumn season, and are almost completely absent in the winter season (Figure 3.3.2(b)). In both hemispheres, the mixing ratio anomaly errors increase with decreasing sample sizes (Figure 3.3.3) and increase when approaching the surface.
The discernibility of the corresponding mixing ratios between TPV cases and the background are generally greatest from 250–400 hPa (Figure 3.3.4) and are not collocated with the negative mixing ratio anomaly minima in Figures 3.3.1. However, they are approximately collocated with the regions where the mixing ratio relative change are most negative (Figure 3.3.5), as well as where the relative change errors are lowest (Figure 3.3.6).
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Figure 3.3.1: Composite water vapor mass mixing ratio anomaly cross-sections by season for TPVs in (a) the Northern Hemisphere and (b) the Southern Hemisphere under AIRS/AMSU. West-to-east and south-to-north directions are the same as described for the temperature anomalies in Figure 3.2.1. Anomalies are with respect to a 15-day mean background. Data cells with less than 20 samples are excluded. The grey solid line indicates the thermal tropopause median; the long (short) dashed grey lines indicate the thermal tropopause interquartile range (minima and maxima).
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Figure 3.3.1 (continued)
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Figure 3.3.2: Sample size for each x–y–pressure-layer grid cell corresponding to (a) the Northern Hemisphere and (b) the Southern Hemisphere TPV mixing ratio anomalies in Figure 3.3.1. Sample sizes are identical for mixing ratio relative change. Note that areas where N < 20 are masked in Figures 3.3.1, 3.3.3, 3.2.4, 3.3.5, and 3.3.6. The grey solid line indicates the thermal tropopause median; the long (short) dashed grey lines indicate the thermal tropopause interquartile range (minima and maxima).
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Figure 3.3.2 (continued)
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Figure 3.3.3: Cross-sections of (a) the Northern Hemisphere and (b) the Southern Hemisphere TPV water vapor mass mixing ratio anomaly errors for each x–y–pressure-layer grid cell corresponding to the anomaly values in Figure 3.3.1. Data cells with less than 20 samples are excluded. The grey solid line indicates the thermal tropopause median; the long (short) dashed grey lines indicate the thermal tropopause interquartile range (minima and maxima).
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Figure 3.3.3 (continued)
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Figure 3.3.4: Percentage (i.e., fraction of Figure 3.3.2) of (a) Northern Hemisphere and (b) Southern Hemisphere TPV mixing ratio anomaly samples at each grid point where the mixing ratios between TPV cases and their corresponding 15-day backgrounds are discernible (i.e., non-overlapping error bars). Data cells with less than 20 samples are excluded. The grey solid line indicates the thermal tropopause median; the long (short) dashed grey lines indicate the thermal tropopause interquartile range (minima and maxima).



  (b)
[image: Graphical user interface, application

Description automatically generated]

Figure 3.3.4 (continued)
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Figure 3.3.5: Composite water vapor mass mixing ratio relative change cross-sections by season for TPVs in (a) the Northern Hemisphere and (b) the Southern Hemisphere under AIRS/AMSU. Changes are expressed as a percentage relative to the 15-day background. Data cells with less than 20 samples are excluded. The grey solid line indicates the thermal tropopause median; the long (short) dashed grey lines indicate the thermal tropopause interquartile range (minima and maxima).
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Figure 3.3.5 (continued)
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Figure 3.3.6: Cross-sections of (a) the Northern Hemisphere and (b) the Southern Hemisphere TPV mixing ratio relative change errors for each x–y–pressure-layer grid cell corresponding to the relative change values in Figure 3.3.5. Data cells with less than 20 samples are excluded. The grey solid line indicates the thermal tropopause median; the long (short) dashed grey lines indicate the thermal tropopause interquartile range (minima and maxima).
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Figure 3.3.6 (continued)
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Figure 3.3.7: Composite water vapor mass mixing ratio anomaly cross-sections for TPVs under AIRS/AMSU averaged over the 1-year-long study period, separated by hemisphere. Each contributing sample is weighted equally (i.e., seasons are not weighted equally due to different sample sizes between seasons).  Data cells with less than 20 samples are excluded. The grey solid line indicates the thermal tropopause median; the long (short) dashed grey lines indicate the thermal tropopause interquartile range (minima and maxima).
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Figure 3.3.8: As in Figure 3.3.7, but for relative percent change.
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Figure 3.3.9: Sample size for each x–y–pressure-layer grid cell corresponding to Figures 3.3.7 and 3.3.8 over the 1-year-long study period. Note that areas where N < 20 are masked in Figures 3.3.7 and 3.3.8. The grey solid line indicates the thermal tropopause median; the long (short) dashed grey lines indicate the thermal tropopause interquartile range (minima and maxima).

Mixing ratio relative change from the 15-day background (Figure 3.3.5) and associated errors (Figure 3.3.6) are also considered. The sample sizes for mixing ratio relative change are identical to the sample sizes for mixing ratio anomalies. The most negative percent change for mixing ratio is found in the 300–400 hPa layer for TPVs in the Northern Hemisphere (Figure 3.3.11) in the autumn, winter, and spring seasons (the summer season is unavailable), and in the Southern Hemisphere in the autumn season (the winter and spring seasons are unavailable). Neighboring layers between 150 hPa and 400 hPa for the Southern Hemisphere summer season are not distinguishable. However, the error bars of 300–400 hPa layer do not overlap with those of the 200–250 hPa layer, placing the most negative percent change somewhere between 250 hPa and 400 hPa.
Mixing ratio anomaly and relative change comparisons between the Northern and Southern Hemispheres are available for only the autumn season (Figures 3.3.10 and 3.3.11). Both the anomaly and relative change for mixing ratio are discernibly more negative for Northern Hemisphere TPVs than for Southern Hemisphere TPVs.
The total year-long composites for mixing ratio anomalies and relative change are illustrated respectively in Figures 3.3.7 and 3.3.8, with corresponding sample size in Figure 3.3.9. However, they are heavily weighted toward the spring (autumn) in the Northern (Southern) Hemisphere, with the summer (winter) seasons having almost no contribution to the year-long composites. Since Figures 3.3.7 and 3.3.8 do not indicate an equivalent comparison between Northern and Southern Hemisphere TPVs, no conclusions are made here for the total composites.
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Figure 3.3.10: Composite water vapor mass mixing ratio anomaly profiles of the TPV vortex center in the Northern (blue) and Southern (orange) Hemispheres separated by season. These profiles are equivalent to the vertical profiles along x = y = 0 km of Figure 3.3.1. Error bars correspond to the vertical of x = y = 0 km from Figures 3.3.3. Layers with less than 20 samples are excluded. This results in the absence of some layers in the profiles, or even the absence of an entire profile in some cases.
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Figure 3.3.11: As in Figure 3.3.10, but for relative percent change.


Section 3.4: Relative humidity anomalies

Temperature and relative humidity variables are reported only as level quantities in the AIRS/AMSU V7 L2 Standard Product. The relative humidity values in the AIRS/AMSU product use the calculation for saturation water vapor pressure in Equation 10 from Murphy and Koop (2005) (Thrastarson et al. 2020). No error values for relative humidity are given in the product. Calculating errors were not attempted in this study because the sources of error in empirical equations are complex and difficult to quantify (Murphy and Koop 2005).
Relative humidity anomalies for the Northern and Southern Hemispheres are given in Figure 3.4.1. Sample sizes of relative humidity anomalies across seasons (Figure 3.4.2) mirror the same seasonal distributions as those for mixing ratios in the previous section (Figure 3.3.2).
The relative humidity anomaly “dipole” pattern is usually present in both hemispheres, although the signal from the stratospheric negative relative humidity anomaly dominates the pattern. The tropospheric positive relative humidity anomalies (where available) generally become obscured due to sampling noise and/or the absence of data in both hemispheres except for the Northern Hemisphere spring (Figure 3.4.1(a)), which has the largest sample sizes close to the surface (Figure 3.4.2(a)). TPVs in the Northern Hemisphere spring season are characterized with increasingly positive relative humidity anomalies when approaching the surface, exceeding +20% at and below the 850 hPa level. 
Negative relative humidity anomalies generally range between ~ –30% to just above 
–40% (~ –25% to just under –35%) for TPVs in the Northern (Southern) Hemisphere. They are generally positioned at the 250 hPa or 300 hPa levels. TPVs in the Northern Hemisphere under AIRS/AMSU have a larger magnitude of negative anomalies than those in Cavallo and Hakim (2010) and Borg, Cavallo, and Turner (2020) when comparing with the year-long composite (Figure 3.4.3). The summer and winter TPVs in the Northern Hemisphere also have a larger magnitude of negative relative humidity anomalies than those in Cavallo and Hakim (2010). Note that the year-long composites for relative humidity have the same caveats regarding seasonal sample distribution as those for mixing ratio anomaly and relative change in the previous section (Figures 3.3.7 and 3.3.8). Corresponding sample size for the year-long composite (Figure 3.4.3) is shown in Figure 3.4.4, which mirrors the sample sizes for mixing ratio in Figure 3.3.9.
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Figure 3.4.1: Composite relative humidity anomaly cross-sections by season for TPVs in (a) the Northern Hemisphere and (b) the Southern Hemisphere under AIRS/AMSU. Anomalies are with respect to a 15-day mean background. The grey solid line indicates the thermal tropopause median; the long (short) dashed grey lines indicate the thermal tropopause interquartile range (minima and maxima).
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Figure 3.4.1 (continued)
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Figure 3.4.2: Sample size for each x–y–pressure-level grid point corresponding to (a) the Northern Hemisphere and (b) the Southern Hemisphere TPV relative humidity anomalies in Figure 3.4.1. The grey solid line indicates the thermal tropopause median; the long (short) dashed grey lines indicate the thermal tropopause interquartile range (minima and maxima).
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Figure 3.4.2 (continued)
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Figure 3.4.3: Composite relative humidity anomaly cross-sections for TPVs under AIRS/AMSU averaged over the 1-year-long study period, separated by hemisphere. Each contributing sample is weighted equally (i.e., seasons are not weighted equally due to different sample sizes between seasons). The grey solid line indicates the thermal tropopause median; the long (short) dashed grey lines indicate the thermal tropopause interquartile range (minima and maxima).
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Figure 3.4.4: Sample size for each x–y–pressure-level grid point corresponding to Figure 3.4.3 over the 1-year-long study period. Note that areas where N < 20 are masked in Figure 3.4.3. The grey solid line indicates the thermal tropopause median; the long (short) dashed grey lines indicate the thermal tropopause interquartile range (minima and maxima).


Section 3.5: Ozone volume mixing ratio anomalies and relative change in the Northern Hemisphere

	The ozone VMR anomalies, relative change, and sample sizes for Northern Hemisphere TPVs are shown in Figures 3.5.1, 3.5.2, and 3.5.3. Errors are not available for ozone VMR in the AIRS/AMSU L2 product, but ozone profiles have a general percent error of 15% at 70–250 hPa (Thrastarson et al. 2020). Southern Hemispheric TPVs by season are not treated in this study due to the lack of data.
Ozone VMR becomes prone to sampling error at all layers in all seasons. The sample sizes for individual seasons are very small (usually less than N = 10) (Figure 3.5.3) and data becomes absent in the winter. The other three seasons exhibit positive ozone anomalies (Figure 3.5.1) and relative change (Figure 3.5.2) in the layers below the 100 hPa level. Small negative ozone relative changes are visible in the summer and autumn seasons.
Year-long ozone VMR anomaly and relative change composites are illustrated respectively in Figures 3.5.4 and 3.5.5; however only the spring, summer, and autumn seasons have a non-negligible contribution to the total Northern Hemisphere composites. Corresponding sample size is shown in Figure 3.5.6. A possible ozone VMR “dipole” is visible in both the anomaly and relative change composites, however the negative ozone relative change is less apparent in the latter. Negative ozone anomalies and relative change in the mid-stratosphere are negligible or absent in the spring season but appear to become increasingly negative over the summer and fall. There is the caveat of very small sample sizes for individual seasons and the absence of data for the winter season. The ozone VMR anomaly and relative change are most negative in the layers between 7 hPa and 30 hPa.
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Figure 3.5.1: Composite ozone volume mixing ratio anomaly cross-sections by season for TPVs in the Northern Hemisphere under AIRS/AMSU. Anomalies are with respect to a 15-day mean background. Because of small sample size (see Figure 3.5.3), all data cells are shown, including those with sample sizes of N < 20. The grey solid line indicates the thermal tropopause median; the long (short) dashed grey lines indicate the thermal tropopause interquartile range (minima and maxima).
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Figure 3.5.2: As in Figure 3.5.1, but for relative percent change.
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Figure 3.5.3: Sample size for each x–y–pressure-layer grid cell corresponding to both the Northern Hemisphere TPV ozone volume mixing ratio anomalies and relative change in Figures 3.5.1 and 3.5.2, respectively. Note the small sample sizes. The grey solid line indicates the thermal tropopause median; the long (short) dashed grey lines indicate the thermal tropopause interquartile range (minima and maxima).
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Figure 3.5.4: Composite ozone volume mixing ratio anomaly cross-sections for TPVs under AIRS/AMSU averaged over the 1-year-long study period for both hemispheres. The Southern Hemisphere is also shown to illustrate a lack of data over that hemisphere. Each contributing sample is weighted equally (i.e., seasons are not weighted equally due to different sample sizes between seasons).  Because of small sample size (see Figure 3.5.5), all data cells are shown, including those with sample sizes of N < 20. The grey solid line indicates the thermal tropopause median; the long (short) dashed grey lines indicate the thermal tropopause interquartile range (minima and maxima).
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Figure 3.5.5: As in Figure 3.5.4, but for relative percent change.
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Figure 3.5.6: Sample size for each x–y–pressure-layer grid cell corresponding to Figures 3.5.4 and 3.5.5 over the 1-year-long study period. The grey solid line indicates the thermal tropopause median; the long (short) dashed grey lines indicate the thermal tropopause interquartile range (minima and maxima).



Chapter 4

Discussion

The first two hypotheses treated in this study involve the comparison of this study’s overall TPV composite anomaly structure to two prior studies that respectively utilize numerical models (e.g., Cavallo and Hakim (2010)) and ground-based observations over Summit Station, Greenland (Borg, Cavallo, and Turner 2020). The results of this present study are generally consistent with the two previous studies. That is, the overall temperature structure consists of anomalously high (low) temperatures above (below) the dynamic tropopause, and the overall relative humidity structure consists of anomalously low (high) relative humidity values above (below[footnoteRef:12]) the dynamic tropopause. The low (high[footnoteRef:13]) relative humidity anomalies are also shifted to slightly lower altitudes relative to the high (low) temperature anomalies. Differences between studies do exist and will be further discussed later in the chapter. [12:  The positive relative humidity anomaly stated here applies only to Cavallo and Hakim (2010) and not Borg, Cavallo, and Turner (2020), where the positive relative humidity anomaly is absent.]  [13:  See the above footnote.] 

The third hypothesis in this study differs markedly from the first two, involving a direct comparison of the TPV anomaly structure between the Northern and Southern Hemispheres. Differences in the temperature anomaly structure between hemispheres is evident across all seasons, except for the cold anomaly in the spring season. Differences in the profiles of mixing ratio anomaly and relative change between hemispheres are restricted to the autumn season because there is insufficient data to create an anomaly composite in either one of the two hemispheres for the other three seasons.
Differences of TPVs between hemispheres largely appear to be mostly attributed to the magnitudes of the anomalies and relative change. A more qualitative conclusion can be drawn for the temperature anomaly structure–the magnitudes of the temperature anomalies for TPVs in the Northern Hemisphere are largely more variable than TPVs in the Southern Hemisphere. This suggests a contradiction to a study of TPVs over the Southern Hemisphere, in which the TPV maximum potential temperature anomaly exhibits high seasonal variability (Gordon, Cavallo, and Novak 2022).
The following discussion will go more in-depth to possible factors that contribute to the differences between this present study and those in Cavallo and Hakim (2010) and Borg, Cavallo, and Turner (2020). The following discussion will also explore some interpretation of the composite TPV anomalies and relative change for mixing ratio and ozone, and the relationship between mixing ratio and relative humidity structure within TPVs. Lastly, the biases that affect how well the TPV samples in this study represent the general population will be discussed, as well as possible causes to these biases.




Section 4.1: Anomaly differences between studies

Between this present study and the studies conducted by Cavallo and Hakim (2010) and Borg, Cavallo, and Turner (2020), the most notable disparity is found in the TPV relative humidity anomaly composites. TPV composites over the Canadian Arctic exhibit a relative humidity anomaly below the dynamic tropopause that is positive both below and to the east of the of the TPV center (Cavallo and Hakim 2010), whereas TPV composites under AIRS/AMSU show a more symmetric horizontal distribution of positive relative humidity anomalies in the troposphere. Over Summit Station, Greenland, the absent positive relative humidity anomaly below the tropopause (Borg, Cavallo, and Turner 2020) is present in the TPV composites under AIRS/AMSU.
Disparities in the relative humidity anomaly structure can be partially attributed to the geographic sampling. The study by Cavallo and Hakim (2010) is restricted to the Canadian Arctic, where TPVs can be expected to advect moisture from the Hudson Bay, the Atlantic Ocean[footnoteRef:14] northward on the eastern side. This would be a likely cause of the asymmetric relative humidity anomaly distribution below the dynamic tropopause. The study by Borg, Cavallo, and Turner (2020) is restricted to the Greenland ice sheet, residing at an elevation of over 3 km above sea level. Moisture advection to this high-altitude environment is expected to be unlikely and would be a plausible explanation for the missing positive relative humidity anomaly below the dynamic tropopause. [14:  This is inclusive of Baffin Bay, the Davis Strait, and the Labrador Sea.] 

The geographic sampling for the TPVs considered under AIRS/AMSU in this present study are generally evenly distributed in longitude, but are clustered along the ~80˚ latitude, due to the nature of Aqua’s orbit. This is likely to influence the TPV composite to overrepresent (underrepresent) TPVs from “hotspots” that are closer to (further from) the ~80˚ parallel (see Figures 2.3.1 and 2.3.2). The combined geographic effects on the TPV composites derived from AIRS/AMSU data are complex and will not be discussed further.
Minor differences between the TPVs in this present study and those in Cavallo and Hakim (2010) and Borg, Cavallo, and Turner (2020) are found in the magnitudes and vertical placements of the anomaly extrema and the horizontal extent of the anomalies. Explanations for these differences are multifactorial. One of these factors may be the more minute effects of geographic sampling between studies, as previously discussed.
Differences can also be attributed to how well numerical models can reproduce real-world phenomena like TPVs, especially over the data-sparse Arctic and Antarctic. The study conducted in Cavallo and Hakim (2010) is based on a forecast model, which may be prone to parameterizations that may not capture the full complexity of the state of the atmosphere.
There is a difference of ~7–8 years between the study conducted by Cavallo and Hakim (2010) and the present study. In the context of climatic change and Arctic amplification, a warmer troposphere would imply a raising in altitude of the tropopause, which may cause an upward shift in the anomaly pattern. Figure 3.1.1 indicates an apparent raising of the background tropopause in the time frame between the two studies for the winter season. However, there is a noticeable lowering of the background tropopause over the summer season. In this study’s seasonal temperature composites (Figure 3.2.1), the temperature anomaly “dipole” pattern is raised (lowered) in altitude in the winter (summer) seasons relative to the corresponding seasonal composites from Figure 14 in Cavallo and Hakim (2010). The lowering of the summer background tropopause over time may either be due to other factors that have a stronger influence upon the differences between composites, or that the response of the Arctic tropopause to global warming is more complex (e.g., Francis and Vavrus (2012)).
Yet another factor influencing anomaly differences between studies may be the differences in methodology in calculating the background. For example, a 5-day mean background was used to compute anomalies over Summit Station, while a 15-day mean background was used for AIRS/AMSU observations. A longer window may result in anomalies incorporating not only the TPV but a fraction of the background trough as well, thus altering anomaly magnitudes.
Temperature anomaly composites over the summer, winter, and year-long period (Figures 3.2.1 and 3.2.5) indicate that negative TPV anomaly minimum are approximately half the anomaly magnitudes of the corresponding composites in Figures 9 and 14 in Cavallo and Hakim (2010). When taking Figure 3.1.1 into consideration, the decrease in negative temperature anomaly magnitude for TPVs under AIRS/AMSU can be attributed to either a tropospheric increase in temperature at the vortex center and/or a tropospheric decrease in background temperature at the vortex center relative to in Cavallo and Hakim (2010). There does not appear to be a clear pattern between seasons, so the difference in TPV temperature anomaly minima between this study and Cavallo and Hakim (2010) does not have a clear identifiable explanation.
It is interesting to note that the TPV anomalies in Borg, Cavallo, and Turner (2020) share similar magnitudes with TPV anomalies over the Antarctic in this present study. As with Greenland, East Antarctica contains a large continental ice sheet and high surface elevations. Moreover, the positive relative humidity anomaly for TPVs in the Southern Hemisphere, although present, appears to be partially obscured (see Figure 3.4.1) with an indeterminate relative humidity maximum. 




Section 4.2: Structure of water vapor and ozone 

	This study considers the distribution of mixing ratio and ozone VMR within the interiors of TPVs. Dry “monopole” mixing ratio structures centered just above the TPV tropopause become most apparent when considering the relative change (or percent change) of mixing ratio relative to the background. This dry structure is due to downward stratospheric intrusion, and roughly collocates with the maximum PV anomaly in Figure 9c of Cavallo and Hakim (2010). Just below the mixing ratio relative change minimum, there is an increase in the vertical water vapor gradient with respect to height across the dynamic tropopause. The vertical position of where the gradient is steepest would collocate with the vertical position of the largest rates of PV growth for intensifying TPVs. Moreover, the steeper water vapor gradient allows LW radiation from lower levels to escape into space more easily. As a result, LW cooling is more concentrated to lower levels, contributing to maintaining TPV strength (Cavallo and Hakim 2013, 2010).
	The dry “monopole” mixing ratio anomaly (relative change) pattern centered below (on) the dynamic tropopause contrasts the relative humidity anomaly “dipole” above and below the dynamic tropopause, suggesting that the tropospheric positive relative humidity anomaly below the TPV core is primarily driven by the negative temperature anomaly. More specifically, the saturation mixing ratio decreases exponentially as temperature decreases linearly as per the Clausius-Clapeyron relation, which is why relative humidity increases with decreasing temperature if mixing ratio remains constant. Although the mixing ratio also decreases with a negative relative change at the TPV core, this does not fully offset the larger magnitude negative relative change of the saturation mixing ratio, so the tropospheric relative humidity still increases under the TPV center. 
	An interesting finding in this study is the ozone VMR anomaly and relative change structure in the Northern Hemisphere. Higher anomalous and relative concentrations of ozone were expected with the downward intrusion of stratospheric air; however, the tentative dry anomaly in the mid-stratosphere was not expected. This could possibly be an artifact. If real however, it raises questions regarding possible interactions, if any, between TPVs and the mid-stratosphere. A negative-over-positive ozone anomaly “dipole” would concentrate heating from SW radiation to the lower stratosphere toward the TPV warm anomaly, while the mid-stratosphere over the TPV would be subject to greater LW cooling. While the vertical ozone distribution in this study differs slightly from the ozone initialization in Cavallo and Hakim (2013), any influence on TPV evolution may still be negligible.
The low sample size of the ozone VMR anomalies is a major limitation, due to the fact that AIRS/AMSU ozone retrievals are not reliable when the surface skin temperature falls below 240 K (Thrastarson et al. 2020). This becomes an issue over high-latitude regions, which are inherently cold. Moreover, since Antarctic temperatures are generally colder than Arctic temperatures (see Figure 2.3.3), ozone anomalies are virtually and unsurprisingly absent for TPVs in the Southern Hemisphere (Figure 3.5.6). Whether this “dipole” exists or not would require studies with much larger sample sizes[footnoteRef:15] and significance testing.  [15:  Direct composites of ozone VMR (Appendix A) provide further evidence that a “dipole” exists in the Northern Hemisphere summer and autumn seasons and are not as limited by sample size.] 





Section 4.3: Limitations of sample representation

	In this study, 2378 Northern Hemispheric TPV samples and 2312 Southern Hemispheric TPV samples were composited from AIRS/AMSU observations. Since only higher-amplitude (≥ 10 K) and larger-scale (≥ 200 km) were considered, it is assumed that the composites in this study are representative of only larger and higher intensity TPVs. Considering only TPVs with ≥ 10 K amplitude and ≥ 200 km equivalent radius, Section 2.3 reveals that the 2378 (2312) Northern (Southern) Hemispheric TPV samples have amplitude distributions that are not significantly different from that of the general population output by TPVTrack (p > 0.1). Section 2.3 also reveals that the equivalent radius distribution of the TPV cases considered for this study is significantly different (p < 10–5) from that of the general population for either hemisphere. Judging from the histograms presented in Figures 2.3.5 and 2.3.6, it can be assumed that the TPV composites presented in this study are representative of the general population in the vertical direction but are biased to TPVs with smaller (larger) equivalent radii in the Northern (Southern) Hemisphere relative to the total population of higher-amplitude, larger-scale TPVs from TPVTrack.
	The anomaly composites presented in this study have been shown to be composed of TPV cases that are unevenly distributed throughout the one-year study period. It is shown from Figure 3.2.2 that TPV temperature anomaly cases are represented less for the winter season in the Northern Hemisphere and for the winter and spring seasons in the Southern Hemisphere. The asymmetry in the seasonal distribution of TPV anomaly cases is even more extreme for water vapor. Anomaly cases are most heavily weighted to the spring (autumn) season, and virtually absent for the winter and summer (winter and spring) seasons in the Northern (Southern) Hemisphere. Thus, total year-long composites do not accurately represent TPV anomaly structure.
	The seasonal asymmetry can most plausibly be due to the fact that AIRS retrievals perform worse in very cloudy environments with high optical depths (e.g., Joel Susskind, Barnet, and Blaisdell (2003); Thrastarson et al. (2021)). This also means that the sampling of TPV composites is biased to clear-sky cases. Over the Canadian Archipelago, where TPV density is high (see Figure 2.3.1), cloud cover is climatologically highest in the summer and lowest in the spring (Shupe et al. 2011). This may explain why TPV mixing ratio anomaly samples are absent in the summer and heavily skewed to the spring in the Northern Hemisphere. In the Antarctic, cloud cover is generally higher in the summer and autumn seasons than in the winter and spring seasons (Bromwich et al. 2012). However, this pattern does not correspond well with TPV anomaly cases in the Southern Hemisphere, so there may also be regional differences in cloud cover that are involved.




Section 4.4: Study summary

Tropopause polar vortices have presented a challenge to numerical weather forecasting (Cavallo and Hakim 2013), as well as climate models. Unlike linear Rossby waves, TPVs are highly non-linear solutions to the vorticity equation (Hakim 2000) and resolving them spectrally requires large amounts of computational resources to forecast (Hakim, Keyser, and Bosart 1996). The effects of TPVs are not restricted to the polar regions. They can be responsible for Rossby wave initiation events (e.g., Röthlisberger, Martius, and Wernli (2018)), serve as precursors to high-impact weather events including cold air outbreaks (e.g., Lillo et al. (2021)) and tornado outbreaks (e.g., Bray, Cavallo, and Bluestein (2021)) as well as climatologically important events such as sea-ice loss (e.g., Simmonds and Rudeva (2012)).
These has been considerable research of TPVs in numerical models (e.g., (Cavallo and Hakim 2013, 2010)), but observational verification is limited (Borg, Cavallo, and Turner 2020). This study has the purpose of furthering the observational knowledge of TPVs, utilizing the AIRS science team retrieval product from the AIRS and AMSU atmospheric profilers (J Susskind et al. 2020; Thrastarson et al. 2021). These tools are used in this study to produce an observation-based three-dimensional view of TPV structure.
A list of TPV cases was compiled for each hemisphere by first identifying TPV track locations (Szapiro and Cavallo 2018) from 2015–2016, followed by collocation of TPVs with Aqua satellite overpasses using GIS software (Esri 2011). A year-long study period from 1 September 2015 through 31 August 2016 was selected for this study.
Composites for TPV anomaly structure for temperature, water vapor mass mixing ratio, relative humidity, and ozone volume mixing ratio, and TPV relative change for water vapor mass mixing ratio and ozone volume mixing ratio were produces for the year-long period as well as for each season in both hemispheres.
There are some shortcomings and caveats that have arisen in this study. The biggest caveat concerns the sample size distribution and data availability for some of the variables. The sample distributions for the TPV moisture anomalies between seasons are highly asymmetric, with cases being concentrated to a single season (spring in the northern hemisphere; summer in the southern hemisphere), while other seasons having little to no data (summer in the northern hemisphere; winter in the southern hemisphere). As a result, year-long moisture composites are not accurate representations of the TPVs average throughout the year. Composites of TPV ozone anomalies and relative change severely suffered from low sample sizes across the whole year-long period of this study. No meaningful composites could be created for Northern Hemisphere winter TPVs nor Southern Hemisphere TPVs across all seasons.
The temperature and relative humidity anomaly structure for TPVs under AIRS/AMSU qualitatively confirmed the structure produced in previous model studies (Cavallo and Hakim 2013, 2010) and observational studies (Borg, Cavallo, and Turner 2020). The largest differences between this study and previous studies include a more symmetrical tropospheric relative humidity anomaly structure versus the east-west asymmetric tropospheric relative humidity anomaly structure in Cavallo and Hakim (2010), and the presence of a positive relative humidity anomaly below the tropopause that was largely absent in Borg, Cavallo, and Turner (2020). Other composite differences between studies were minor, mainly limited to the vertical positions of temperature and relative humidity anomaly extrema. Comparison of relative humidity anomalies was limited by the seasonally skewed anomaly samples for the TPVs under AIRS/AMSU that were considered for this study.
 TPVs in this study were also characterized by a dry mixing ratio relative change over the tropopause of the TPV center, consistent with the presence of steeper vertical water vapor gradients found in previous studies (Cavallo and Hakim 2013). TPVs in the Northern Hemisphere exhibit an increase in ozone concentration through the upper troposphere and lower stratosphere, and a possible decrease in ozone concentration in the mid-stratosphere.
Composite TPV structure was compared between TPVs in the Northern and Southern Hemispheres. Temperature anomalies in Northern Hemisphere TPVs were generally larger in magnitude and displayed more inter-seasonal variability than Southern Hemisphere TPVs. Northern Hemisphere TPVs also have larger magnitude mixing ratio anomalies and relative change than Southern Hemisphere TPVS for at least the autumn season.
	The results of this study are summarized below:


Question: Is the overall composite structure of TPVs characterized in numerical model studies reproducible using AIRS/AMSU-derived observations?

Hypothesis: There will be no notable difference in the overall structure of the temperature nor the humidity profiles other than a difference in magnitude.

Result: The hypothesis is confirmed for temperature anomalies and stratospheric relative humidity anomalies and rejected for tropospheric relative humidity anomalies. Tropospheric relative humidity anomalies for Northern Hemisphere TPVs under AIRS/AMSU display more symmetry in structure than the tropospheric relative humidity structure of TPVs resolved from model studies.


Question: Is the overall composite structure of TPVs characterized from ground-based observations at Summit Station, Greenland consistent with TPVs characterized from AIRS/AMSU-derived observations?

Hypothesis: There will be no notable difference in the overall temperature structure other than a difference in magnitude. There are expected to be qualitative differences in the relative humidity profiles of TPVs between this study and a previous study conducted by Borg, Cavallo, and Turner (2020). TPVs over Greenland lack the anomalously high relative humidities in the lower troposphere that are present in TPVs over the Canadian Arctic, presumably due to the altitude of the local geography (Borg, Cavallo, and Turner 2020; Cavallo and Hakim 2010). Most AIRS/AMSU Arctic observations will be over low topography because most of the Arctic region is topographically low. The average Northern Hemisphere TPV in this study will therefore reflect a relative humidity profile of TPVs over low altitudes, such as those over the Canadian Arctic, rather than a relative humidity profile of TPVs over high altitudes, such as those over Greenland.

Result: The hypothesis is confirmed. There was no notable difference in temperature anomaly structure other than differences in magnitude. The positive relative humidity anomaly below the tropopause was present for Northern Hemisphere TPVs in this study while it was not present for TPVs over Summit Station, Greenland.


Question: Are there detectable differences in composite structure between TPVs of the Northern and Southern Hemispheres based on AIRS/AMSU-derived observations?

Hypothesis: There are expected to be measurable differences in the composite temperature profiles of TPVs between the Northern and Southern Hemispheres. The maximum amplitude and maximum θ anomaly distributions of TPV populations in the Northern and Southern Hemispheres have been shown to be statistically different across all seasons albeit being similarly shaped (Gordon, Cavallo, and Novak 2022), so TPV temperature profiles are expected to differ between hemispheres in this study. There will be no measurable difference in the overall structure of mixing ratio. Since humidity profiles of Southern Hemisphere TPVs have yet to be fully characterized, a null hypothesis for differences in mixing ratio is assumed.

Result: This hypothesis is rejected for temperature anomalies and inconclusive for mixing ratio anomalies and relative change. The magnitudes of the temperature anomalies across all seasons and the magnitudes of the mixing ratio anomalies and relative change in the autumn season are measurably different from those of TPVs in the Northern Hemisphere at levels/layers where anomalies are expected to be present (i.e., non-overlapping error bars). Comparisons for winter, spring, and summer mixing ratio anomalies and mixing ratio relative change were not possible due to insufficient data. The temperature anomaly profiles for TPVs in the Northern Hemisphere also exhibited larger inter-seasonal variability than the temperature anomaly profiles in Southern Hemisphere TPVs.




Appendix A

Composite Averages

As mentioned in Chapter 2, Section 2.5, direct composite averages for temperature, mixing ratio, relative humidity, and ozone VMR were not an area of focus in Chapter 3. Direct composite figures are shown in the following pages for each season and hemisphere. As with most anomaly and relative change composites in Chapter 3, direct composites in the following pages are masked for sample sizes of N < 20. For clarity reasons, level quantities have been used for all direct composites, including mixing ratio and ozone VMR. Level quantities reflect the same patterns found using layer quantities, although these patterns are less easily resolvable using layer quantities. Additionally, all figures include the median thermal tropopause (solid grey line), the thermal tropopause at the 25% and 75% quartiles (long dashed grey lines), and the thermal tropopause minima and maxima (short dashed grey line) for the corresponding season and hemisphere.
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Figure A.1: Composite mean temperature of TPV cases by season and hemisphere.
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Figure A.1 (continued)
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Figure A.2: Number of samples by grid point for the composite mean temperature of TPV cases by season and hemisphere.
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Figure A.2 (continued)
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Figure A.3: Calculated error for the composite mean temperature of TPV cases by season and hemisphere.
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Figure A.3 (continued)
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Figure A.4: Composite mean water vapor mass mixing ratio of TPV cases by season and hemisphere.
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Figure A.4 (continued)




  (a)
[image: ]

Figure A.5: Number of samples by grid point for the composite mean water mass mixing ratio of TPV cases by season and hemisphere.
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Figure A.5 (continued)
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Figure A.6: Calculated error for the composite mean water vapor mass mixing ratio of TPV cases by season and hemisphere.
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Figure A.6 (continued)
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Figure A.7: Composite mean relative humidity of TPV cases by season and hemisphere.



  (b)
[image: Graphical user interface, application, PowerPoint

Description automatically generated]

Figure A.7 (continued)
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Figure A.8: Number of samples by grid point for the composite mean relative humidity of TPV cases by season and hemisphere.
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Figure A.8 (continued)
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Figure A.9: Composite mean ozone volume mixing ratio of TPV cases by season and hemisphere.
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Figure A.9 (continued)
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Figure A.10: Number of samples by grid point for the omposite mean ozone volume mixing ratio of TPV cases by season and hemisphere.
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Figure A.10 (continued)
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