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Abstract

This article introduces factors contributing significantly to climate change that have been largely neglected in both the scientific

and popular press. These factors have immediate implications for public policy directed at slowing, halting and even reversing

climate change and its effects. This article argues that in addition to the known contributions made by greenhouse gasses, climate

change is also driven by shifts in the patterns of global atmospheric circulation which are influenced by persistent, large-scale

vortices caused by the wake turbulence left by commercial air traffic. Because this traffic is highly concentrated along the most

frequently traveled routes, the vortices aircraft create have transformed into semi-permanent atmospheric circulation which

have widespread effects on how the atmosphere traps and releases heat. It is also possible that these changes alter the loss of

water from the atmosphere. This would endanger all life on earth, not just the human population.
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Abstract: 
 
This article introduces factors contributing significantly to climate change that have been largely 
neglected in both the scientific and popular press. These factors have immediate implications 
for public policy directed at slowing, halting and even reversing climate change and its effects. 
This article argues that in addition to the known contributions made by greenhouse gasses, 
climate change is also driven by shifts in the patterns of global atmospheric circulation which are 
influenced by persistent, large-scale vortices caused by the wake turbulence left by commercial 
air traffic. Because this traffic is highly concentrated along the most frequently traveled routes, 
the vortices aircraft create have transformed into semi-permanent atmospheric circulation which 
have widespread effects on how the atmosphere traps and releases heat. It is also possible that 
these changes alter the loss of water from the atmosphere. This would endanger all life on 
earth, not just the human population.  

 

1. Introduction: Cause and effect  
 
Earth’s climate is in the midst of dramatic changes. These include the warming of the 
atmosphere and upper oceans, an increase in average sea level, the loss of mass in the 
Greenland and Antarctic ice sheets (IPCC, 2013) and the acidification of the oceans. These 
changes have been more pervasive over the last four decades than they have been at any other 
time in the last several millennia, and they can be attributed to human activity with “virtual 
certainty” (IPCC, 2014).  
 
Not all shifts in global climatic indicators over that period are causes of global warming, 
however. In particular, the increase in atmospheric CO2 (Petit et al., 1999; Steffen, et al., 2015) 
is typically described as one of the primary drivers of warming (Hallett et al., 2002). And while 
those increases are clearly tied to ongoing climate change, there are several indications that 
they are results, rather than the cause, of recent shifts in climatic conditions.  
 
Rising carbon dioxide levels could be a form of feedback from changes in global wind patterns 
and in the atmospheric circulation of water vapor. Those latter two factors—rather than CO2 
increases themselves—may be responsible for climate change, and both of them could be 
affected by a common, and recent, shift in human activity. One factor that we regard as widely 



underestimated is the persistently increasing frequency of long-distance air travel in 
jet-propelled aircraft, whose jetwash creates long-lasting vortices that affect wind patterns and 
atmospheric circulation. For that reason, we submit that the vortices that compose the jet wash 
could be key contributors to anthropogenic climate change. That is the hypothesis introduced 
and defended in the present article.  

 
The outline of the hypothesis is as follows. It is well established that large-scale vortices, such 
as those caused by solar wind or other major perturbations, affect global wind patterns (Keller et 
al., 2002). Vortices of this kind, especially twinned and intertwined vortices that stretch for up to 
a thousand kilometers at a time, have been observed to collect particles from surrounding 
regions (Glassmeier, K. H., & Heppner, 1992; Schunk, Zhu, & Sojka, 1994). This accumulation 
of particles offers a rich concentration of condensation nuclei that produces an accumulation of 
water vapor within and around the vortices. This is relevant to climate change because it 
disrupts the normal movement of water vapor caused by default patterns of atmospheric 
circulation, and atmospheric water vapor is well understood as a contributor to global warming 
(Salomon et al., 2010). Against this background of established findings, this article will 
substantiate the hypothesis, on the basis of several sources of evidence, that vortices from 
jet-propelled aircraft could magnify and modify the effects of existing atmospheric vortices and 
wind patterns leading to an acceleration of climate change. If left unchecked and uncorrected it 
is predicted that these never-ending strands of vortices may channel water out of the 
atmosphere into the universe thereby turning the Earth dry as the moon and Mars.  
 
 

 

2. Vortices and global atmospheric circulation  
 
 

 



Fig. 1. Global Winds (NASA Goddard Space Flight Center) 

 

Earth’s weather systems are highly irregular (Figure 1). They are characterized by bands of 
wind activity running across the north Pacific, North America, and the north Atlantic, as well as a 
series of similar bands connecting the southern edges of Earth’s continents (Mingalev, 
Mingalex, & Mingaleva, 2012; Wu & Kayava, 2013). This presents a sharp contrast with other 
planets in the solar system, such as Jupiter, which present highly active weather systems that 
are nonetheless much more consistent. Jupiter itself has patterns of global atmospheric 
circulation that form bands running perpendicular to the axis of the planet (Porco et al., 2003; 
West, Friedson, & Appleby, 1992).  
 
The major factors that determine any planet’s large-scale patterns of atmospheric circulation 
involve the layout of land and water. Land masses heat faster on the surface than bodies of 
water do, but store heat less efficiently. They heat they absorb and release creates updrafts, 
especially near coastlines. In addition to such well-understood contributors, though, there are 
other crucial factors in atmospheric dynamics. One that is typically omitted from the list is the 
formation and persistence of large vortices. A vortex is in essence a three-dimensional conveyor 
belt of air, which can be caused by either a moving body (see Section 3) or by temperature 
changes, evaporation, and other atmospheric changes. They can persist for long periods of time 
as they are to some degree self- sustaining, thanks to their rotational movement that reduces 
interaction with surrounding fluids (Barengy, Donnelly, & Vinen, 1983).  

 
Vortices have always been part of Earth’s weather systems. This is because solids conduct heat 
better than liquids and gases because the particles in solids are more closely packed together 
and because of their relative lack of movement. Fluids move easily, and as they flow, they allow 
heat to be moved from one point to another, making it easier for the heat to dissipate. This is 
why land is hotter than the ocean.  
 
Even the effects of land-water boundaries are mediated by vortex formation. Solar heat is 
trapped in the uppermost layers of Earth’s landmasses. This causes air to rise faster above land 
than it does over large bodies of water, resulting in the formation of vortices at land/water 
boundaries. These vortices are often very large, stretching for thousands of miles. Once formed, 
they are persistent, semi-stable weather systems, and can drift across the planet much as storm 
systems do. Their stability comes from the fact that they are thermodynamically closed systems 
(Kreith & Margolis, 1959), such that they compensate for disruptions in their circulation by 
closing the break on a less viscous medium.  
 
The land masses on earth are highly porous due to their varied composition (i.e., they are 
composed of different soils and geological formations). This porosity allows ocean water, and 
water from large bodies of fresh water, to percolate into landmasses. That water then 
evaporates as it nears the surface, due to the storage of heat in earth and rock, and that 
evaporation exacerbates the formation of vortices, feeding into and filling them with water vapor.  



 

3. Vortices and global warming  
 

3.1. Vortices caused by human activity  
 
Recently, humans have created a novel means of forming large-scale vortices capable of 
affecting atmospheric circulation. This technology is jet-powered flight. Twin-engine aircraft, 
such as commercial passenger jets, create vortices as they fly. Wake turbulence is atmospheric 
disturbance that is formed by the passage of an aircraft through fluid (Figures 2 and 3); it has 
several components, of which the most noteworthy are vortices formed by wingtips and by 
jetwash (Seijker, van Baren, Sherry, Shortle, & Rico-Cusi, 2004). These vortices are sometimes 
visible in the form of contrails, and they can persist for long periods of time if undisturbed.  

 
In fact, aircraft create vortices at every point where there is a difference in the speed at which air 
flows across one surface relative to another. This happens at wingtips, for instance, where the 
air flowing over different portions of the wingtip moves at different speeds, creating a circular 
pattern of air movement as the wind continues to move forward (Green, 2012).  
 



 

Fig. 2. Vortices left by an aircraft (NASA)  

 

Fig. 3. Vortices left by an aircraft (NASA)  

 
However, the major driving force behind the powerful vortices created by modern aircraft is from 
jet wash, or the high-speed winds created by exhaust propelled out of jet engines (Pallek, von 
Geyr, & Schroeder, 2008). Friction between these winds and surrounding air creates powerful 
and persistent vortices. All aircraft create two counter-rotating vortices, circulating in opposite 
directions and pulling in surrounding air; as these expand following the passage of the aircraft, 
they interact with existing wind patterns.  



 
Wind also has the ability to change the speed and direction of a vortex depending on the 
direction the vortex is rotating and wind is blowing. And crucially, atmospheric circulation tends 
to flow in one direction due to Earth’s rotation. Thus, under the influence of existing wind 
patterns, one of the vortices left by an aircraft’s jet engines will tend to be disrupted and will 
disperse, while the other will persist and become stronger. Twin-engine aircraft are thus likely to 
be a major new source of powerful, long-lasting atmospheric vortices. A common misconception 
is that wingtips are the source of the destructive driving force behind wake turbulence, this is 
incorrect. Although difference in flow speed from the aerodynamics of the aircraft and friction 
between the aircraft and the air surrounding it will cause vortices to form, the power behind the 
hazardous vortices that follow behind modern aircraft can be attributed to high speed jet 
exhaust winds. The same effects can be seen in a boat's wake. For example, a small tugboat 
pulling a large ship will have a much larger wake than the non-powered ship itself will. The 
friction between the jet of water that is forced through the propellers creates powerful vortices in 
comparison to the displacement of water from the ship. Think of the Earth's atmosphere as a 
lake. This is why, for instance, flocks of birds are able to fly in large V-formations with small 
spacing between each bird whereas jet powered aircraft cannot.  
 

3.2. Wake turbulence, water vapor, and global warming  
 
The significance of aircraft-produced vortices is that they last long enough to accumulate 
(Jacquin, 2005; Spalart, 1998). Specifically, along high traffic routes channeled within narrow 
corridors, the passage of many twin-engine aircraft results in hundreds of vortices being formed 
within just a few  hours (Sausen, Gierens, Ponater, & Schumann, 1998). These vortices can 
combine, creating massive vortices on the scale of those that form naturally at land-water 
boundaries. More importantly, as long as air traffic continues to flow along a given route, the 
vortex there will consistently be reinforced (Figure 4).  



Fig. 4. (a) Global weather (EUMETSAT) (b) locations of sustained vortices highlighted.  

 
These long-lasting, large-scale vortices differ from naturally occurring ones in several ways. The 
most important is atmospheric location: aircraft-produced vortices form at approximately 30,000 
feet, which is the average cruising altitude of commercial airliners.  

 
This is also the altitude at which atmospheric water vapor typically condenses. This 
condensation is exacerbated by the presence of large vortices, because they tend to be 



saturated with condensation nuclei such as carbon dioxide, pollen and dust swept up from the 
Earth’s surface. Water vapour latches onto these, and is transported up and down the vortex 
lines, which extend from aircraft’s points of origin to their destinations. Because the temperature 
of the exhaust fumes is extremely high (Eckbreth, Dobbs, Stufflebeam, & Tellex, 1984), they 
tend to melt ice molecules from clouds as aircraft pass, increasing the vapor available for 
condensation. In fact, ice molecules can be seen entering but not exiting the vortex as they are 
vaporized.  
 
Speaking generally, the atmosphere holds more water vapor suspended over a given square 
meter of the Earth’s surface at higher altitudes than it does at lower altitudes, just because the 
available volume of air increases exponentially as one travels upward. This is why 
aircraft-produced vortices could very well affect weather patterns: they redistribute water vapor 
and condensation nuclei, concentrating them along high-traffic flight paths, producing a 
consequent concentration of condensation and it is submitted that this phenomenon carries the 
inherent risk of losing water molecules from Earth’s atmospheric system. This risk to all life on 
Earth needs urgent attention through extensive research and precautionary policy measures.  

 

4. Evidence of the atmospheric effects of wake turbulence  

4.1. “Fallstreak” or “hole-punch” clouds  
 
The above logical model is built based on the following considerations. First, the existence of 
fallstreak clouds, which represent a reduced-scale version of the same effect. Fallstreak clouds, 
also known as hole-punch clouds, are examples of vortices created by aircraft as they pass 
through the cloud layer (Figure 5). Surrounding clouds are drawn toward the vortices, and, 
because these both contain high concentrations of potential condensation nuclei and are of 
sufficiently high temperature to melt cloud-born ice molecules, they produce condensation that 
falls to Earth as rain, snow, or hail (Heymsfield et al., 2010; Heymsfield et al., 2011).  



 

Fig. 5 Fallstreak / hole punch cloud 

 
A related phenomenon involves the increasing number of cumulus clouds being reported and 
photographed by the general public. This is another clear sign that water vapor is being driven 
up to higher altitudes than normal, allowing the sun to illuminate them even before it has risen or 
after it has set from the observer’s perspective.  

4.2. Atmospheric magnification effects  
 
A second observation building up our argument involves visible distortion caused by the 
increases in water vapor density in the upper atmosphere that are caused by aircraft-produced 
vortices. Water vapor at different altitudes creates atmospheric disturbances, and these can 
focus the sun in a manner similar to a magnifying glass or a Fresnel lens (Owens, 1967; Tang & 
Munkelwitz, 1994).  
 
This has two consequences of particular interest. First, the distortions are sometimes visible as 
parahelia in the upper atmosphere (Figure 6), due to the multi lens effect caused by the 
presence of water vapor at higher-than-normal altitudes (McDowell, 1974). Second, it increases 
global surface temperatures in certain areas and decreases it in others.  
 



 

Fig. 6. Parahlia 

4.3. Sea ice carving and air traffic  
 
Patterns of “carving,” or gradual erosion can be observed in the sea ice surrounding the Arctic 
Circle and the Antarctic ice shelf  which closely follow global air traffic routes. See Figure 7, in 
which circular carvings of sea ice are visible running parallel to the routes of the most southern 
commercial flights.  
 



 



Fig. 7. (a) The Blue Marble: Land Surface, Ocean Color and Sea Ice (NASA Goddard Space Flight Center)  (b) World airline 

route map 2009 (c) Combined with southernmost routes and sea ice markings highlighted 

 
This effect, too, could also be attributed to the action of vortices. When atmospheric vortices 
break —which happens naturally as they weaken over time, or are disrupted by other weather 
patterns— the broken “ends” of the vortex cylinder will reconnect themselves either to the rest of 
the vortex or to a solid surface, whichever is nearer (Brady & Szoke, 1989). When land is the 
closer of the two, vortices touch down (as happens in the formation of tornadoes), and the heat 
and water vapor they carry are delivered to nearby surfaces. When those surfaces are ice, they 
melt.  
 

5. Conclusion  
 
Climate change is an increasingly urgent economic, environmental and social issue across the 
globe. It is imperative now more than ever that scientists identify all possible factors that 
contribute to global warming. It permits to mitigate and eventually reverse the disastrous impact 
created by various technologies and human activities (Hoeppe, 2016). The present article has 
introduced the argument that commercial flights between major international airports must be 
studied in detail since these are suspected to figure among key causes of observed changes in 
climatic indicators, due to their effects on the formation of particle-laden vortices that affect the 
atmospheric distribution of water vapor. Scientists, along with the industry and policy makers 
have neglected this factor. Worse, the logic exposed in this article indicates that it is not just the 
burning of the fuel and the subsequent greenhouse gas emissions that need to be abated, the 
creation of the vortices themselves with fossil- or biofuel is increasing the risk of irreversible 
impact on life on Earth. Although there is a need for a lot more study and experimentation, the 
logic built up in this first approach confirms that this physical effect (as opposed to a chemical 
effect) impacting climate change merits more and urgent attention.  

 
The authors understand that the logic outlined contradicts some extant models of the causes of 
climate change, such as the suggestion that CO2  is primarily responsible for rising 
temperatures. However, this article suggests that, instead, climate change may also be driven 
primarily by shifts in patterns of global atmospheric circulation powered by persistent, 
large-scale vortices mainly caused by the vortices left by commercial air traffic. Because this 
traffic is so densely concentrated along the most highly-traveled routes, the vortices become 
semi-permanent, and their effects on atmospheric circulation are suspected to cause 
widespread changes in how the atmosphere traps and releases heat.  
 
This revised view of the factors causing climate change has immediate implications for public 
policy especially when it comes to aircraft design which needs to go beyond the mere choice of 



efficiency and fuel type. If it is really directed at halting or slowing climate change, and at 
ameliorating its effects then engine design that secures propulsion without vortex generation 
requires fundamental innovations that are disruptive for a monopolistic market highly resistant to 
change. In addition, transforming commercial air travel, and shifting high-traffic routes to avoid 
bodies of sea ice and other vulnerable locations, could be the first primary goals of parties 
concerned about the effects of climate change. However, it is indispensable that the hypothesis 
outlined can be substantiated with further extensive research and precautionary policy 
measures.  

6. Acknowledgments 
 
Data availability statement: 
 
This article was a re-analysis of existing data, which is openly available at locations cited in the 
reference section. Both the original and modified data are included in this article. 
 

7. References  

Sheldon I. Green. Fluid Vortices. Springer Netherlands, 1995. Link 

A Year of Weather 2017. Link 

IPCC, 2013: Climate Change 2013: The Physical Science Basis. Contribution of Working 
Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change 
[Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, 
V. Bex and P.M. Midgley (eds.)]. Cambridge University Press, Cambridge, United Kingdom 
and New York, NY, USA, 1535 pp.. 

IPCC, 2014:  Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II 
and III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change 
[Core Writing Team, R.K. Pachauri and L.A. Meyer (eds.)]. IPCC, Geneva, Switzerland, 
151 pp.. 

J. R. Petit, J. Jouzel, D. Raynaud, N. I. Barkov, J.-M. Barnola, I. Basile, M. Bender, J. 
Chappellaz, M. Davis, G. Delaygue, M. Delmotte, V. M. Kotlyakov, M. Legrand, V. Y. 
Lipenkov, C. Lorius, L. PÉpin, C. Ritz, E. Saltzman, M. Stievenard. Climate and 

http://dx.doi.org/10.1007/978-94-011-0249-0
https://www.youtube.com/watch?v=9YAXEHLNphY


atmospheric history of the past 420,000 years from the Vostok ice core Antarctica.Nature 
399, 429–436 Springer Science and Business Media LLC, 1999. Link 

W. Steffen, K. Richardson, J. Rockstrom, S. E. Cornell, I. Fetzer, E. M. Bennett, R. Biggs, 
S. R. Carpenter, W. de Vries, C. A. de Wit, C. Folke, D. Gerten, J. Heinke, G. M. Mace, L. 
M. Persson, V. Ramanathan, B. Reyers, S. Sorlin. Planetary boundaries: Guiding human 
development on a changing planet. Science 347, 1259855–1259855 American Association 
for the Advancement of Science (AAAS), 2015. Link 

John Hallett. Climate change 2001: The scientific basis. Edited by J. T. Houghton Y. Ding, 
D. J. Griggs, N. Noguer, P. J. van der Linden, D. Xiaosu, K. Maskell and C. A. Johnson. 
Contribution of Working Group I to the Third Assessment Report of the Intergovernmental 
Panel on Climate Change, Cambridge University Press, Cambridge. 2001. 881 pp. ISBN 
0521 01495 6.. Quarterly Journal of the Royal Meteorological Society 128, 1038–1039 
Wiley, 2002. Link 

Kristi A. Keller. Global MHD modeling of the impact of a solar wind pressure change. 
Journal of Geophysical Research 107 American Geophysical Union (AGU), 2002. Link 

Karl-Heinz Glassmeier, Christian Heppner. Traveling magnetospheric convection twin 
vortices: Another case study global characteristics, and a model. Journal of Geophysical 
Research 97, 3977 American Geophysical Union (AGU), 1992. Link 

R. W. Schunk, L. Zhu, J. J. Sojka. Ionospheric response to traveling convection twin 
vortices. Geophysical Research Letters 21, 1759–1762 American Geophysical Union 
(AGU), 1994. Link 

S. Solomon, K. H. Rosenlof, R. W. Portmann, J. S. Daniel, S. M. Davis, T. J. Sanford, G.-K. 
Plattner. Contributions of Stratospheric Water Vapor to Decadal Changes in the Rate of 
Global Warming. Science 327, 1219–1223 American Association for the Advancement of 
Science (AAAS), 2010. Link 

Vortices left by an aircraft. Images reproduced from publicly available video produced by 
NASA using a Lockheed L-1011 Airliner. Link 

http://dx.doi.org/10.1038/20859
http://dx.doi.org/10.1126/science.1259855
http://dx.doi.org/10.1002/qj.200212858119
http://dx.doi.org/10.1029/2001ja000060
http://dx.doi.org/10.1029/91ja02464
http://dx.doi.org/10.1029/94gl01059
http://dx.doi.org/10.1126/science.1182488
https://www.youtube.com/watch?v=AM4R2K7HqOg


Vortices left by an aircraft. Images reproduced from publicly available video produced by 
NASA using a C-5A Airliner.  Link 

Parahelia. Link 

Global weather - original image reproduced from publicly available video produced by 
EUMETSAT (A Year of Weather 2017) (timestamp: 00:23). Link 

Fallstreak / hole punch cloud. Link 

World airline routemap 2009. Link 

William Putman/NASA Goddard Space Flight Center (2013). A Portrait of Global Winds. 
Link 

NASA Goddard Space Flight Center (2002). The Blue Marble: Land Surface, Ocean Color 
and Sea Ice. Link 

Igor V. Mingalev, Victor S. Mingalev, Galina I. Mingaleva. Numerical Simulation of the 
Global Neutral Wind System of the Earth’s Middle Atmosphere for Different Seasons. 
Atmosphere 3, 213–228 MDPI AG, 2012.Link 

Wu, D. L., & Kayava, M. J. (2013). CGMS working paper global wind measurements from 
earth orbit–atmospheric motion vectors and development of Doppler Lidar Systems. 
CGMS-41 NASA-WP-05.. 

C. C. Porco. Cassini Imaging of Jupiters Atmosphere Satellites, and Rings. Science 299, 
1541–1547 American Association for the Advancement of Science (AAAS), 2003. Link 

C. F. Barenghi, R. J. Donnelly, W. F. Vinen. Friction on quantized vortices in helium II. A 
review. Journal of Low Temperature Physics 52, 189–247 Springer Science and Business 
Media LLC, 1983. Link 

Frank Kreith, David Margolis. Heat transfer and friction in turbulent vortex flow. Applied 
Scientific Research 8, 457–473 Springer Science and Business Media LLC, 1959. Link 

https://www.youtube.com/watch?v=RadGavdgKAk
https://commons.wikimedia.org/w/index.php?title=File:Fargo_Sundogs_2_18_09.jpg&oldid=140238608
https://www.youtube.com/watch?v=9YAXEHLNphY
https://commons.wikimedia.org/w/index.php?title=File:HolePunchCloud.jpg
https://commons.wikimedia.org/wiki/File:World-airline-routemap-2009.png
http://www.nasa.gov/content/a-portrait-of-global-winds
https://visibleearth.nasa.gov/images/57730/the-blue-marble-land-surface-ocean-color-and-sea-ice
http://dx.doi.org/10.3390/atmos3010213
http://dx.doi.org/10.1126/science.1079462
http://dx.doi.org/10.1007/bf00682247
http://dx.doi.org/10.1007/bf00411769


Seijker, L., van Baren, L., Sherry, L., Shortle, J., & Rico-Cusi, F. (2004). Assessment of 
wake vortex separation distances using the WAIVIR toolset. In Proceedings of IEEE 2004 
(2.E.2).. Link 

C-5A Wing Vortices Tests at NASA Langley Research Center. Link 

L-1011 Airliner Wing Vortice Tests at NASA Langley Research Center. Link 

Kompenhans, Juergen & Pallek, Dieter & Geyr, Heiko & Schröder, Andreas. (2008). 
Experimental and Numerical Study on the Flow behind a TPS.. 

Laurent Jacquin. On trailing vortices: A short review. International Journal of Heat and Fluid 
Flow 26, 843–854 Elsevier BV, 2005. Link 

Philippe R. Spalart. AIRPLANE TRAILING VORTICES. Annual Review of Fluid Mechanics 
30, 107–138 Annual Reviews, 1998. Link 

R. Sausen, K. Gierens, M. Ponater, U. Schumann. A Diagnostic Study of the Global 
Distribution of Contrails Part I: Present Day Climate ast\(\mathsemicolon\). Theoretical and 
Applied Climatology 61, 127–141 Springer Science and Business Media LLC, 1998. Link 

Alan C. Eckbreth, Gregory M. Dobbs, John H. Stufflebeam, Peter A. Tellex. CARS 
temperature and species measurements in augmented jet engine exhausts. Applied Optics 
23, 1328 The Optical Society, 1984. Link 

Andrew J. Heymsfield, Patrick C. Kennedy, Steve Massie, Carl Schmitt, Zhien Wang, 
Samuel Haimov, Art Rangno. Aircraft-Induced Hole Punch and Canal Clouds. Bulletin of 
the American Meteorological Society 91, 753–766 American Meteorological Society, 2010. 
Link 

A. J. Heymsfield, G. Thompson, H. Morrison, A. Bansemer, R. M. Rasmussen, P. Minnis, Z. 
Wang, D. Zhang. Formation and Spread of Aircraft-Induced Holes in Clouds. Science 333, 
77–81 American Association for the Advancement of Science (AAAS), 2011. Link 

James C. Owens. Optical Refractive Index of Air: Dependence on Pressure Temperature 
and Composition.Applied Optics 6, 51 The Optical Society, 1967. Link 

https://www.eurocontrol.int/eec/gallery/content/public/documents/PhD_theses/2006/Ph.D_Thesis_2006_Choroba_P.pdf
https://www.youtube.com/watch?v=RadGavdgKAk
https://www.youtube.com/watch?v=AM4R2K7HqOg
http://dx.doi.org/10.1016/j.ijheatfluidflow.2005.10.001
http://dx.doi.org/10.1146/annurev.fluid.30.1.107
http://dx.doi.org/10.1007/s007040050058
http://dx.doi.org/10.1364/ao.23.001328
http://dx.doi.org/10.1175/2009bams2905.1
http://dx.doi.org/10.1126/science.1202851
http://dx.doi.org/10.1364/ao.6.000051


I. N. Tang, H. R. Munkelwitz. Water activities densities, and refractive indices of aqueous 
sulfates and sodium nitrate droplets of atmospheric importance. Journal of Geophysical 
Research 99, 18801 American Geophysical Union (AGU), 1994. Link 

Robin S. McDowell. The Formation of Parhelia at Higher Solar Elevations. Journal of the 
Atmospheric Sciences 31, 1876–1884 American Meteorological Society, 1974. Link 

Raymond H. Brady, Edward J. Szoke. A Case Study of Nonmesocyclone Tornado 
Development in Northeast Colorado: Similarities to Waterspout Formation. Monthly 
Weather Review 117, 843–856 American Meteorological Society, 1989. Link 

Fluid Vortices. Link 

Laurent Jacquin. Aircraft trailing vortices: an introduction. Comptes Rendus Physique 6, 
395–398 Elsevier BV, 2005. Link 

R.A. West, A.J. Friedson, J.F. Appleby. Jovian large-scale stratospheric circulation. Icarus 
100, 245–259 Elsevier BV, 1992. Link 

Peter Hoeppe. Trends in weather related disasters Consequences for insurers and society. 
Weather and Climate Extremes 11, 70–79 Elsevier BV, 2016. Link 

Petit, J. R., Jouzel, J., Raynaud, D., Barkov, N. I., Barnola, J. M., Basile, I., ... & Delmotte, M. 
(1999). Climate and atmospheric history of the past 420,000 years from the Vostok ice core, 
Antarctica. Nature, 399(6735), 429.  
 
Porco, C. C., West, R. A., McEwen, A., Del Genio, A. D., Ingersoll, A. P., Thomas, P., ... & 
Burns, J. A. (2003). Cassini imaging of Jupiter’s atmosphere, satellites, and rings. Science, 
299(5612), 1541-1547.  
 
Sausen, R., Gierens, K., Ponater, M., & Schumann, U. (1998). A diagnostic study of the global 
distribution of contrails part I: Present day climate. Theoretical and Applied Climatology, 61(3-4), 
127-141.  
 
Schunk, R. W., Zhu, L., & Sojka, J. J. (1994). Ionospheric response to traveling convection twin 
vortices. Geophysical Research Letters, 21(17), 1759-1762.  
 
Seijker, L., van Baren, L., Sherry, L., Shortle, J., & Rico-Cusi, F. (2004). Assessment of wake 
vortex separation distances using the WAIVIR toolset. In Proceedings of IEEE 2004 (2.E.2).  

http://dx.doi.org/10.1029/94jd01345
http://dx.doi.org/10.1175/1520-0469(1974)031%3C1876:tfopah%3E2.0.co;2
http://dx.doi.org/10.1175/1520-0493(1989)117%3C0843:acsont%3E2.0.co;2
https://books.google.com/books/about/Fluid_Vortices.html?id=fwDoCAAAQBAJ
http://dx.doi.org/10.1016/j.crhy.2005.06.001
http://dx.doi.org/10.1016/0019-1035(92)90033-4
http://dx.doi.org/10.1016/j.wace.2015.10.002


 
Spalart, P. R. (1998). Airplane Trailing Vortices. Annual Review of Fluid Mechanics, 30, 
107–138.  
Steffen, W., Richardson, K., Rockström, J., Cornell, S. E., Fetzer, I., Bennett, E. M., ... & Folke, 
C. (2015). Planetary boundaries: Guiding human development on a changing planet. Science, 
347(6223), 1259855.  
 
Tang, I. N., & Munkelwitz, H. R. (1994). Water activities, densities, and refractive indices of 
aqueous sulfates and sodium nitrate droplets of atmospheric importance. Journal of 
Geophysical Research: Atmospheres, 99(D9), 18801-18808.  
 
Wu, D. L., & Kayava, M. J. (2013). CGMS working paper global wind measurements from earth 
orbit–atmospheric motion vectors and development of Doppler Lidar Systems. CGMS-41 NASA- 
WP-05.  


