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Abstract

Rayleigh lidar measurements of the upper stratosphere and mesosphere are made 

on a routine basis over Poker Flat Research Range (PFRR), Chatanika, Alaska, (65 °N, 

147°W). Rayleigh lidar measurements have yielded high resolution temperature and 

density profiles in the 40-80 km altitude. These measurements are used to calculate 

gravity wave activity in the 40-50 km altitude. The thermal structure of the stratosphere 

and mesosphere is documented using an eight year data set, and the role o f small scale 

gravity waves on the large scale meridional circulation is analyzed in terms of the 

synoptic structure of the Arctic stratospheric vortex, Aleutian anticyclone, and planetary 

wave activity. The monthly mean temperature indicates colder January temperatures that 

appear to be due to the increase in frequency of occurrence of stratospheric warming 

events from 1997-2004. The gravity wave potential energy density is analyzed during 

stratospheric warming events in two experimental time periods. From the first study 

consisting of three winters, 2002-2003, 2003-2004, and 2004-2005, the first direct 

measurement of suppression of gravity wave activity during the formation of an elevated 

stratopause following the 2003-2004 stratospheric warming event is presented. The 

gravity wave potential energy density at Chatanika is positively correlated with 

horizontal wind speeds in the stratosphere, and indicates that the wave activity in the 40

50 km altitude is partially modulated by the background flow. In the second study with 

more recent winters o f 2007-2008 and 2008-2009, no systematic difference in the 

magnitude of potential energy density between the vortex displacement warming event 

during the 2007-2008 winter and vortex split warming event during the 2008-2009 winter 

is found. However, the low correlation between gravity wave potential energy and 

horizontal wind speed after the first warming in January 2008, and a higher correlation 

after the January 2009 warming suggests that while the gravity wave activity after the 

2009 warming is modulated by the background flow, other wave sources modulate the 

gravity wave activity after the 2008 warming.
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Chapter 1. Introduction

1.1. Middle Atmospheric Study

The middle atmosphere refers to the region from the tropopause (~10-16 km) to the 

homopause (~110 km) where the constituents are well mixed by atmospheric eddy 

processes. Interest in the middle atmosphere increased with the discovery of the ozone 

hole in the 1980’s. Trends in stratospheric temperatures have been recognized as an 

important component in assessing changes in the stratospheric ozone layer [Ramaswamy 

et al., 2001]. More recently observational and modeling studies indicate that due to the 

coupling that exists between the various atmospheric regions the study of the upper 

atmosphere can have important implications on our understanding of the lower 

atmosphere. For example, results from model simulations from the 1960s to 1990s have 

shown that a strengthening of the stratospheric winter jet caused a strengthening of the 

tropospheric westerlies in the mid to high latitudes, a weakening of the westerlies at low 

latitudes, and an increase in the North Atlantic Oscillation (NAO) index [Scaife et al., 

2005]. Model simulations also indicate a strengthening of the Brewer Dobson circulation, 

a large scale stratospheric mean meridional circulation in which air rises in the tropics 

and moves poleward and downward in the winter hemisphere [Brewer, 1949; Dobson, 

1956] under a changing climate [Butchart et al., 2006; Deckert and Dameris, 2008]. For 

example Garcia and Randel [2008] used Whole Atmosphere Community Climate Model 

(WACCM) simulations to show an acceleration of the Brewer-Dobson circulation with 

increase in greenhouse gases in the troposphere. They attribute this strengthening 

circulation to the increased wave driving in the subtropical lower stratosphere caused by 

changes in zonal mean zonal winds brought about by change in greenhouse gases in the 

troposphere (an increase in greenhouse gases would increase the meridional temperature 

gradient in the subtropical upper troposphere and lower stratosphere - the region of 

largest temperature contrast) that allow enhanced propagation and dissipation of 

planetary waves in the stratosphere.
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Since the wave-driven general circulation in the middle atmosphere is expected to 

be altered by climate change in the troposphere, it is important to first understand the 

changes occurring in the asymmetric Arctic middle atmospheric circulation. Model 

studies [e.g., Hauchecorne et al., 2007; Siskind et al., 2007] have emphasized the coupled 

role of planetary and gravity waves in the variability of the Arctic wintertime stratosphere 

and mesosphere. But small scale gravity waves are not measured but parameterized in 

middle atmospheric models. Rayleigh lidar (Light Detection and Ranging) is one of the 

few instruments that can provide direct high resolution measurements of gravity waves in 

the stratosphere and mesosphere. A review of key Rayleigh lidar observations that 

highlight the capability of this lidar in measuring temperature, gravity waves, and tides in 

the middle atmosphere can be found at Grant et al. [1997]. A comprehensive analysis of 

gravity wave activity in the mid-latitude middle atmosphere by Rayleigh lidar 

measurements can also be found at Wilson et al. [1991a; 1991b].

The middle atmosphere in addition to being of interest in general can thus play a 

major role in understanding the atmosphere as a whole [Houghton, 1986]. The knowledge 

of the role o f small scale and large scale processes on the middle atmosphere can be used 

in fully coupled models like Whole Atmosphere Community Climate Model (WACCM) 

[e.g., Garcia and Randel, 2008]. A basic understanding o f the non-linear fluid dynamics 

of the middle atmosphere can provide information for forecasting changes in ozone 

concentration and temperature trends. In addition, including the stratosphere in models is 

expected to improve the skill in weather forecasting. This dissertation is focused on using 

Rayleigh lidar measurements of temperature and density of the upper stratosphere and 

mesosphere over Chatanika, Alaska (65°N, 147°W) to analyze the thermal structure and 

gravity wave fluctuations in the middle atmosphere. We use the Rayleigh lidar 

measurements in combination with Sounding of the Atmosphere using Broadband 

Emission Radiometry (SABER) instrument aboard the Thermosphere Ionosphere 

Mesosphere Energetics Dynamics (TIMED) [Mertens et al., 2004; Russell et al., 1999] 

satellite data and United Kingdom Meteorological Office (MetO) global analyses data to 

quantify the effect of the stratospheric vortex and anticyclone, and mean flow on
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atmospheric gravity waves and the implications on the middle atmospheric circulation. 

Gravity waves are analyzed during two experimental time periods, each period with 

marked different meteorological conditions.

1.2. The Circulation of the Arctic Middle Atmosphere

The atmosphere is divided into the troposphere, stratosphere, mesosphere, and 

thermosphere (Figure 1.1) based on the vertical temperature structure. The middle 

atmosphere includes the stratosphere, mesosphere, and lower thermosphere (-10-110 

km). The temperature increase with height in the stratosphere, from the tropopause to the 

stratopause is due to the absorption o f ultraviolet solar radiation (-240-290 nm) by the 

ozone layer. The temperature decreases with height in the mesosphere. In the 

thermosphere the temperature increases with height due to the absorption of extreme 

solar ultra violet radiation (<100 nm). In the absence of dynamical processes, the middle 

atmosphere would be at radiative equilibrium with uniform temperature increase from the 

winter pole to the summer pole. The observed temperatures, however, show a 

temperature increase from the cold tropical tropopause to the mid and high latitude 

tropopause in the winter hemisphere. The summertime upper mesosphere (-65-90 km) is 

also significantly colder then the wintertime upper mesosphere (Figure 1.1). This 

deviation from radiative equilibrium reflects that dynamical processes play a major role 

in maintaining circulation of the middle atmosphere.

The mean zonal wind in the lower stratosphere follows the tropospheric zonal 

circulation with westerly winds in both hemispheres and the jets centered at 30° -  40° 

latitude. Above 20 km and in the mesosphere the mean zonal winds are westerly in the 

winter hemisphere and easterly in the summer hemisphere. In the extratropics above -8 5 

95 km the zonal flow reverses direction. The seasonal variation in solar heating 

influences the zonal mean flow. Owing to the meridional thermal gradient the strong 

westerly winds in the polar winter stratosphere form the polar vortex, a synoptic scale 

cyclone that isolates cold air from mid-latitudes and supports the formation o f Polar 

Stratospheric Clouds (PSCs) that enhance ozone depletion [e.g., Solomon, 1999; Shibata
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et al., 2003]. Another feature of the stratospheric circulation are the large quasi-stationary 

anticyclones, the most common being the Aleutian anticyclone in the northern 

hemisphere and the Australian anticyclone in the southern hemisphere \Harvey et al.,

2002]. The Aleutian anticyclones are so called because at -10  hPa maximum 

geopotential amplitudes are found over the Aleutian Islands [Harvey and Hitchman, 

1996]. The Arctic stratospheric vortex is usually found in the eastern Arctic.

Local variations in wind speed and direction are linked to the presence of 

atmospheric waves. Atmospheric waves can be defined as ‘propagating disturbances of 

material contours whose acceleration is balanced by a restoring force’ [Brasseur and 

Solomon, 2005]. Atmospheric waves exert a zonal force on the background flow through 

transfer of momentum by wave transience (change in amplitude with time), wave 

breaking, or dissipation. This zonal force exerted on the mean flow influences the global 

circulation of the middle atmosphere. Waves that are important for the middle 

atmospheric circulation include planetary scale Rossby waves and small scale gravity 

waves.

Gravity waves are small scale waves with horizontal wavelengths from tens to 

hundreds of kilometers. Their restoring force is buoyancy. One of the main sources of 

vertically propagating gravity waves in the middle atmosphere is topography, and such 

waves are also known as mountain waves. It has been shown that in high latitudes gravity 

waves with vertical wavelengths between 2 and 15 km can be measured reliably with a 

Rayleigh lidar [e.g., Duck et al., 2001]. For such vertically propagating waves the 

intrinsic frequency (d>) lies between the buoyancy frequency (N) and the Coriolis 

parameter (/),

The intrinsic frequency, d) = N.Kh/m is the frequency that would be observed in a frame 

of reference moving with the background wind (w,v) [Fritts and Alexander, 2003]. For 

an upward propagating gravity wave with observed frequency co (co = k.Ch), the dispersion 

relation reduces to,

N >  d)>  f (1.1)

Q) = (o-k.Uh (1.2)
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where k  is the horizontal wave number, Uh is the horizontal wind in the direction of

propagation, and c* is the gravity wave’s horizontal phase speed. The dispersion relation 

relates the frequency of the wave to its wavenumber and atmospheric properties, N  and 

(w, v ). Substituting for the intrinsic and observed frequency,

m

where m, the vertical wavenumber is given by m=2.n/Az. The vertical wavelength of the 

upward propagating gravity wave is given by,

Thus when the gravity wave phase speed (c/,) is equal to the background horizontal wind 

speed (Uh) the wave is absorbed or ‘critically’ filtered. For orographic or ‘stationary’ 

waves the phase speed relative to the ground is zero, and the vertical wavelength reduces 

to,

Thus these waves are ‘critically’ filtered when the background horizontal wind reduces to 

zero. Due to strong filtering of gravity waves in the stratosphere, when these waves reach 

the mesosphere they are westward propagating in summer and eastward propagating in 

winter. When the horizontal wavelength of the gravity wave becomes greater than -300 

km, the Coriolis force in addition to buoyancy acts as a restoring force. These waves are 

called inertia-gravity waves.

Planetary (Rossby) waves as their name implies are large scale (~104 km) 

[Holton, 2004] waves and their restoring force is the meridional gradient of potential 

vorticity (or the variation of Coriolis parameter with latitude). Planetary wave sources 

include large-scale orography and land-sea contrasts. These waves are westward 

propagating relative to the mean flow [Brausseur and Solomon, 2005], Planetary waves 

propagate vertically only when the mean winds are westerly, with velocity less than a 

critical value. Since this condition exists only during winter, planetary waves are absent

(1.3)

(1.4)

(1.5)
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in the stratosphere during summer. Wave breaking occurs when the phase velocity of the 

wave is equal to the background horizontal wind (Ch = Uh)-

The zonal force exerted by planetary waves on the stratosphere can induce an 

equator to pole Brewer Dobson circulation (Figure 1.2 right panel), while the zonal-force 

exerted by gravity waves in the mesosphere can induce a pole to pole circulation 

[Houghton, 1978] (Figure 1.2 left panel). While the planetary wave induced circulation is 

responsible for the transport o f critical species (e.g. ozone, water vapor) in the middle 

atmosphere, the gravity wave circulation is responsible for the cooling o f the polar 

summer mesopause region, and the warming of the polar winter stratopause region (see 

reviews by Holton et al., 1995; Holton and Alexander, 2000; Fritts and Alexander, 2003 

and references therein].

The zonal asymmetry of the Arctic wintertime circulation due to non-linear wave- 

wave, wave-mean flow interaction makes it difficult to characterize the Arctic middle 

atmosphere. An example o f wave-mean flow interaction is the occurrence of stratospheric 

sudden warmings (SSWs). SSWs occur owing to the interaction between upward 

propagating planetary waves and the zonal polar stratospheric flow. SSWs are 

characterized by a displaced stratospheric polar vortex, the weakening o f the zonal-mean 

zonal flow, and an asymmetric stratospheric circulation. The commonly accepted 

mechanism that induces SSWs was first proposed by Matsuno [1971] and is as follows; 

planetary waves form in the troposphere and interact with the tropospheric and 

stratospheric circulation as they grow and propagate upwards. The westerly jet of the 

winter middle atmosphere acts as a waveguide for the vertical propagation o f planetary 

waves. The planetary waves grow in amplitude as density decreases, become unstable, 

and can break to peel off vortex edge materials to produce the surf zone or a vorticity 

gradient [Andrews et al., 1987; Holton, 2004]. The wave mean flow interaction is 

accompanied by wave transience and wave dissipation. While the tropospheric 

disturbance sometimes becomes a blocking event, this stratospheric disturbance can 

become a SSW. The stratospheric polar vortex should be pre-conditioned (usually
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elongated and pole centered) for an SSW to occur. The planetary wave disturbances that 

initiate a major SSW are usually the wave-one or wave-two components.

A stratospheric warming is defined as a major warming if  at 10 mb or below the 

zonal-mean temperature increases poleward of 60°N and the zonal mean zonal wind 

reverses (westerlies to easterlies) [Labitzke, 1972]. A SSW is a minor warming if  an 

increase in temperature occurs but there is no wind reversal. SSWs are observed to occur 

more frequently in the northern hemisphere than the southern hemisphere. It is thought 

that the less frequent occurrence of a major SSW in the southern hemisphere is because 

the southern hemispheric vortex is stronger than the northern hemispheric vortex. 

Therefore, the planetary wave forcing required for wind reversal should be much greater 

than that required in the northern hemisphere. Up to the mid-1980’s, major stratospheric 

warming events had been reported on average, every other year in the Arctic, while none 

had been reported in the Antarctic [Andrews et al., 1987]. No major warmings were 

reported from 1990 to 1998 while seven major warmings have been reported from 1999 

to 2004 [Manney et al., 2005]. The Antarctic major stratospheric sudden warming 

observed in 2002 was the first reported [Allen et al., 2003].

In a recent study, Liu et al. [2009] used zonal mean zonal momentum equations 

and wind measurements from lidar and satellite data to estimate the gravity wave forcing 

in the mesopause region (-85-100 km). The contribution of winds due to planetary waves 

was assumed to be negligible. But the authors report that their equation is expected to 

have large errors during stratospheric warming events since the temporal winds would be 

significantly different from zonal winds. Thus, in an asymmetric Arctic middle 

atmospheric circulation, direct measurements o f gravity waves under various types and 

characteristics of stratospheric warming events from single site locations would provide 

the temporal measurements required to understand the asymmetric circulation. The recent 

increase in the occurrences of stratospheric warming events with different characteristics 

and strengths provide such an opportunity to directly measure gravity wave activity in the 

40-50 km altitude using a Rayleigh lidar system.
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1.3. Rayleigh Lidar

Studies of the Arctic middle atmosphere are challenging not only due to the zonal 

asymmetry of the wintertime circulation but also due to the limited number o f ground- 

based observations and seasonal limitations of satellite measurements. Radars can

middle atmosphere), and meteorological balloons can reach up to -30  km. Middle

sphere experiments. Rayleigh lidars have emerged as a robust technique for sounding the 

stratosphere and mesosphere and provides high resolution (15 min, 100 m) vertical 

temperature profiles o f the 30-90 km altitude range [Hauchecorne and Chanin, 1980]. 

Rayleigh lidar studies have supported a variety of investigations of the thermal structure 

o f the middle atmosphere providing data for studies of long term and seasonal variations 

as well as tides and gravity waves. For example analysis of 20 year observations from 

Observatoire de Haute Provence (OHP) in France (44°N, 6°E) has yielded a cooling of 

0.4 K/year in the mesosphere and 0.1 K/year in the stratosphere [Keckhut et al., 1995]

Rayleigh lidar systems are so named as they detect Rayleigh scattered light [Strutt, 

1899] from air molecules. Rayleigh scattering can be defined as the scattering of 

electromagnetic radiation by particles smaller than the wavelength of the radiation. In an 

atmosphere free o f clouds and aerosols the backscattered lidar signal is proportional to 

the density o f the atmosphere. The expected photon count signal from an altitude range (z 

- Az/2, z + Az/2) in a time interval At is given by the lidar equation:

Where Ns(z) is the lidar photon count proportional to the atmospheric density, NB is the 

background skylight count, and Nd is the detector dark current given by,

measure only up to 30 km, or above 60 km (owing to the lack of scattering media in the

atmospheric observations have been made by short-term rocket campaigns and falling

N (z)= N s(z) +N b + Nd ( 1.6)

(1.7)

(1.8)
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where, rj is the receiver efficiency, T  is the one-way atmospheric transmission at the laser 

wavelength Xi (m), EL is the laser energy per pulse (J), Rl is the repetition rate of the laser 

(s '1), p(z) is the molecular number density at altitude z (m'3), a„R (m2) is the effective 

backscatter cross section at XL (m), h is the Planck’s constant (6.63xl0'34 J.s), c is the 

speed of light (3.00xl08 m/s), A t is the area o f the telescope (m2), Hn is the background 

sky radiance (W/(m3.pm.sr.)), A 0 R is the FOV of receiver (rad), AX is the bandwidth of 

the detector (pm) and Cn is the dark count rate for the detector (s'1). More information on 

lasers can be found for example in Hecht [1992] and Silfvast [1996], and about laser 

remote sensing and applications o f lidar to atmospheric science for example in Measures 

[1984], Fujii andFukuchi [2005], and Weitkamp [2005].

The first Rayleigh lidar type measurement of stratospheric density was carried out 

with the help o f a searchlight beam [.Elterman, 1951]. After searchlights, high altitude 

atmospheric properties were obtained using light scattered from zenith pointing laser 

beams [Kent, 1967]. ‘Laser’ is an abbreviation for Light Amplification by Stimulated 

Emission o f Radiation, an expression that covers the important processes in a laser 

[Hecht, 1992]. The advantage o f using lasers is that the laser produces monochromatic, 

coherent light (light waves are in phase with each other). The backscattered light from a 

laser beam is measured in a manner similar to that of a radar signal. The narrow laser 

beam with small angular divergence makes it possible to filter out the background light 

from the night sky. Hauchecome and coworkers [Hauchecorne and Chanin, 1980] 

systematically improved the accuracy o f lidars. Currently Rayleigh lidars are widely used 

to study the middle atmosphere in the height range of -30  to 90 km.

The National Institute o f Information and Communications Technology (NICT) 

Rayleigh lidar was installed at Poker Flat Research Range (PFRR), Chatanika, Alaska in 

November 1997 as part o f the Alaska Project [Murayama et al., 2007; Mizutani et al., 

2000], and is jointly operated by NICT and the Geophysical Institute (GI) of the 

University o f Alaska Fairbanks (UAF). The Rayleigh lidar is a nighttime only lidar, and 

no daytime measurements are taken as this requires a precise design o f a very narrow
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band pass filter around 532 nm to avoid measuring sunlight. While measurements are 

taken from August to May under clear sky conditions, no measurements are taken during 

June and July as Chatanika does not experience astronomical darkness during this period. 

In Table 1.1 we present the specifications of this lidar, and in Figure 1.3 we present a 

schematic o f a typical lidar system. A detailed description o f the density and temperature 

retrieval, error calculations, and a schematic o f the NICT Rayleigh lidar can be found at 

Wang [2003] and Nadakuditi [2005]. The algorithm used to calculate temperature from 

backscattered photon counts can also be found in this dissertation in Appendix B.

Previous Rayleigh lidar studies have focused on single-site measurements of 

mesospheric inversion layers [Cutler et al., 2001], noctilucent clouds [Collins et al., 

2003; Collins et al., 2009, Taylor et al., 2009], and instrumental performance of the 

Rayleigh lidar [Cutler, 2000; Wang, 2003; Nadakuditi, 2005]. Rayleigh lidar 

measurements have also been used to validate the Atmospheric Chemistry Experiment 

Fourier Transform Spectrometer (ACE-FTS) instrument on the SCISAT satellite [Sica et 

al., 2008]. This dissertation focuses on the dynamics o f the stratosphere and mesosphere, 

primarily the modulation o f gravity waves (measured by the lidar) by planetary waves, 

the synoptic structure o f the Arctic stratospheric vortex and anticyclone and the 

background mean flow. While other lidar studies [Duck et al., 2000; Gerrard et al., 2002] 

have examined the variability in temperature structure and gravity wave activity under 

the influence of the vortex in the eastern Arctic, the location of the NICT lidar at 

Chatanika provides an excellent opportunity to study this variability under the effect of 

both the stratospheric vortex and Aleutian anticyclone. The lidar measurements in the 

eastern Arctic were made during 1992-1998 [Duck et al., 2000] and during 1995-1998 

[Gerrard et al., 2002] at a time when no stratospheric sudden warmings were reported. In 

contrast, the lidar measurements at Chatanika included in this dissertation were made 

during two time periods 1997-2005 and 2007-2009, both o f which were characterized by 

the occurrences of SSWs o f varying strengths. The lidar measurements during the 2007

2008 and 2008-2009 winters were made as part o f the International Polar Year (IPY) 

project [Collins, 2004; ICSU, 2004; NRC, 2004] and are supplemented by measurements
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from Kangerlussuaq, Greenland (67°N, 51°W), a high latitude site, and Kuhlungsbom, 

Germany (54°N, 12°E), a mid-latitude site.

1.4. Scope of this study

The objective o f this study is to document the thermal structure o f the Arctic 

stratosphere and mesosphere and to quantify the impact o f the stratospheric vortex and 

anticyclone, and background flow on the vertical propagation o f gravity waves using 

Rayleigh lidar measurements at Chatanika, Alaska. The main elements o f this study are 

to first analyze multi-year Rayleigh lidar measurements o f the stratospheric and 

mesospheric temperature profile from a single site at Chatanika. These temperature 

measurements also provide information about the background stability o f the atmosphere. 

We then investigate the role of gravity waves in inducing the observed temperature 

structure using two experimental data sets, one from 2002-2005 winters and the other 

from more recent 2007-2008 and 2008-2009 winters. The gravity waves are analyzed in 

terms o f the synoptic structure o f the stratospheric vortex and anticyclone, and planetary 

wave activity.

This dissertation consists of five chapters. Chapter 2 is in print as a journal article 

for Earth Planets Space with coauthors R. Collins and K. Mizutani [Thurairajah et al., 

2009a]. Chapter 3 has been submitted to the Journal o f  Geophysical Research with 

coauthors R. Collins, L. Harvey, R. Lieberman, and K. Mizutani [Thurairajah et al., 

2009b]. Chapter 4 is in preparation as an article for submission to the Journal o f  

Geophysical Research with coauthors R. Collins, L. Harvey, R. Lieberman, M. Gerding, 

and J. Livingston [Thurairajah et al., 2009c].

In Chapter 2, we present a detailed study of the thermal structure o f the upper 

stratosphere and lower mesosphere above Chatanika, Alaska based on an eight year 

Rayleigh lidar data set. We compare this temperature structure with climatologies and 

seasonal data sets from ground-based measurements at other Arctic sites. We document 

the annual and inter-annual variability of the observed temperature structure and discuss



12

it in terms of zonal asymmetry, movement o f the polar vortex, inter-annual variability of 

the Arctic middle atmosphere, and stratospheric warming events.

In Chapter 3, we analyze gravity wave activity over three winter periods (2002

2003, 2003-2004, and 2004-2005) with different meteorological conditions that resulted 

in variable temperature structures. We present the first direct measurement of a 

suppressed gravity wave activity during the 2003-2004 winter when an extreme major 

stratospheric warming event lead to the formation of an elevated stratopause and a two 

month long disruption of the lower and middle stratosphere. We discuss the gravity wave 

activity in terms of the planetary wave activity and synoptic scale structure of the polar 

vortex and Aleutian anticyclone.

In Chapter 4, we study the gravity wave activity during different types of 

stratospheric sudden warmings that occurred in the recent 2007-2008 and 2008-2009 

winters. We analyze the variability in gravity wave activity in terms o f the synoptic 

structure of the stratospheric vortex and Aleutian anticyclone, and planetary wave 

activity. We extend the analysis to understand the geographical variability in gravity 

wave activity using data from three different sites. We also compare the gravity wave 

activity during meteorologically similar winters of 2003-2004 (from Chapter 3) and 

2008-2009.

In Chapter 5, we review the main results of this dissertation and discuss possible 

future work.

This dissertation also includes five appendices that are technical notes o f the 

various data processing methods. In Appendix A, I present the calculation of the 

constants, acceleration due to gravity and radius of Earth at 65°N, used in the Rayleigh 

lidar processing algorithm. In Appendix B, I present changes to the Rayleigh lidar 

processing algorithm that were made to obtain more accurate temperature retrieval. In 

Appendix C, I discuss the effect of the data processing method on the estimation of 

gravity wave variance. In Appendix D, we investigate the effect o f aerosol contamination 

in the raw photon count data and the consequent effect on the lidar temperature retrieval.
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In Appendix E, I discuss the formula and algorithm used to calculate gradient winds and 

Elaissen-Palm flux from the SABER\TIMED satellite data.
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Table 1.1. Specifications of NICT Rayleigh lidar system at Chatanika, Alaska (65°N, 
147°W).

Transmitter

1. Laser Nd:YAG

a. Model Continuum Powerlite 8020

b. Wavelength {Xl) 532 nm

c. Repetition Rate (Rl) 20 Hz

d. Pulse Energy (EL) 460 mJ

e. Pulse Width 5-7 ns

f. Line Width 1.0 cm'1

2. Beam Expander x 10

3.Divergence 0.45 mrad

Receiver

4. Telescope Newtonian

a. Diameter 60 cm

b. Range Resolution 75 m

5. Optical Bandwidth 0.3 nm

6.Detector Photomultiplier Tube

a. Model Hamamatsu R3234-01

7. Preamplifier Gain x 5

a. Model Stanford Research Systems SR445

b. Bandwidth 300 MHz

8. Digital Recorder Multichannel Scalar

a. Model Ortec Turbo MCS T914

b. Maximum Count Rate 150 MHz
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Temperature (K)

Figure 1.1. The atmospheric temperature profile for Fairbanks, Alaska (65°N, 147°W) in 
summer and winter. The data is obtained from the Extended Mass Spectrometer 
Incoherent Scatter (MSISE-90) model [Hedin, 1991] and is for 21st June 2008 (summer) 
and 21st December 2008 (winter)
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Figure 1.2. The wave driven middle atmospheric circulation (adapted from Holton and 
Alexander, [2000]). (Left) equator to pole planetary wave driven circulation and (right) 
pole to pole gravity wave driven circulation. Shading indicates region of gravity wave 
breaking and Fx denotes zonal forcing direction i.e. eastward forcing in summer 
hemisphere and westward forcing in winter hemisphere.
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Figure 1.3. Schematic of a Rayleigh lidar system
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Chapter 2. Multi-Year Temperature Measurements of the Middle 

Atmosphere at Chatanika, Alaska (65°N, 147°W)1

Abstract. Over an eight-year period (1997-2005) Rayleigh lidar temperature 

measurements o f the stratosphere and mesosphere (40-80 km) have been made at Poker 

Flat Research Range, Chatanika, Alaska (65°N, 147°W). The Rayleigh lidar 

measurements have been made between mid-August and mid-May. These measurements 

have yielded a total of approximately 904 hours o f temperature measurements of the 

middle atmosphere over 116 nights. The seasonal evolution o f the middle atmosphere 

shows an annual cycle with maximum in summer below 60 km and a reversal o f the cycle 

with minimum in summer above 60 km. The monthly mean stratopause has a highest 

temperature of 273 K at an altitude of 47.5 km in May and a lowest temperature o f 243 K 

at an altitude o f 54.7 km in January. However, nightly stratopause temperatures in 

January and December are sometimes warmer than those in May and August. An 

elevated stratopause (> 65 km) is observed on 5 occasions in 41 observations in January 

and February. The Chatanika measurements are compared with five other Arctic data 

sets and models. The upper stratosphere at this site is slightly colder than the zonal mean 

as well as sites in Greenland and Scandinavia with the largest differences found in 

January. We discuss the wintertime temperatures in the upper stratosphere and lower 

mesosphere in terms of the position of the polar vortex and the increased occurrence of 

stratospheric warming events during the 1997-2005 observation period.

thuraira jah , B., R. L. Collins, K. Mizutani (2009), Multi-Year temperature 
measurements of the middle atmosphere at Chatanika, Alaska (65°N, 147°W), Earth 
Planets Space, 61(6), 755-764.
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2.1. Introduction

Measurements of middle atmosphere temperature support empirical studies of the 

climate and climate variability. Observations also constrain the behavior of numerical 

models. Since the mid-1980s, studies of trends in stratospheric temperatures have been 

recognized as a critical component in assessing changes in the stratospheric ozone layer 

(see reviews by Solomon, 1999; Ramaswamy et al., 2001; and references therein; WMO, 

2007). Studies o f coupling between the stratosphere and troposphere suggest that zonal- 

mean circulation anomalies propagate downward from the upper stratosphere into the 

troposphere over the course of the winter, and that inclusion of the stratosphere in 

numerical prediction models can improve the accuracy of tropospheric forecasts (Boville, 

1984; Baldwin and Dunkerton, 1999; Baldwin et al., 2007; and references therein). For 

example, Scaife et al. (2005) have used model simulations to study the link between 

stratospheric circulation and trends in the North Atlantic Oscillation (NAO) from the 

1960s to the 1990s. The results from this simulation showed that a strengthening o f the 

stratospheric winter je t caused a strengthening o f the tropospheric westerlies in the mid to 

high latitudes, a weakening of the westerlies at low latitudes, and an increase in the NAO 

index. These topics have motivated the World Climate Research Program to investigate 

the effects o f the middle atmosphere on climate, and support the project Stratospheric 

Processes And their Role in Climate (SPARC) (Pawson et al., 2000). The SPARC 

program has conducted an intercomparison study of contemporary and historical datasets 

to determine relative biases in middle atmosphere climatologies and has published a 

reference atlas o f temperature and zonal-wind based on several of these datasets 

(SPARC, 2002; Randel et al., 2004).

Climatologies of the polar middle atmosphere have been challenging due to paucity 

of ground-based observations and seasonal limitations on space-based occultation 

methods. Furthermore, while the structure of the wintertime Antarctic middle 

atmosphere circulation is zonally symmetric, the structure o f the wintertime Arctic 

middle atmosphere is zonally asymmetric (see comparative presentation of the structure 

of polar vortices in the northern and southern hemispheres by Schoeberl et al., 1992).
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The Arctic stratospheric vortex is primarily found in the eastern Arctic, while the 

Aleutian anti-cyclone is the dominant feature in the western Arctic. There is significant 

interaction between these systems during the winter that maintains a zonally asymmetric 

circulation (Harvey et al., 2002). During the winter, the structure o f the Arctic 

stratosphere and mesosphere is also disturbed by stratospheric warming events (Labitzke, 

1972). During major stratospheric warmings the zonal mean configuration of the 

circulation is disrupted (the stratospheric temperatures increase, the height o f the 

stratopause changes, and zonal-mean zonal wind reverses). Up to the mid-1980s, major 

stratospheric warming events had been reported on an average every other year in the 

Arctic, while none had been reported in the Antarctic (see review by Andrews et al., 

1987). No major warmings were reported in the Arctic from 1990-1998 while seven 

major warmings have been reported from 1999 to 2004 (Manney et al., 2005). The first 

reported Antarctic major stratospheric sudden warming occurred in 2002 (Allen et al., 

2003) with an associated cooling in the mesosphere (Hernandez, 2003; Siskind et al., 

2005). Thus, the definition o f a zonally symmetric middle-atmosphere climatology for 

the Arctic is particularly challenging.

In this study we present multi-year measurements of the stratospheric and 

mesospheric temperature profile from a site in the western Arctic at Chatanika, Alaska 

(65°N, 147°W). These temperature measurements have been made with a Rayleigh lidar 

system that has been operated on an ongoing basis from November 1997 through April 

2005. We present monthly mean temperature profiles for all months except June and 

July. We discuss the variability in these measurements. We compare these 

measurements with climatologies and seasonal data sets from ground-based 

measurements at other sites in the Arctic (Liibken and von Zahn, 1991; Liibken, 1999; 

Gerrard et al., 2000), the SPARC reference atlas (SPARC, 2002), the Extended Mass 

Spectrometer and ground-based Incoherent Scatter (MSISE-90) model (Hedin, 1991), 

and from satellite measurements (Clancy et al., 1994). We discuss the monthly 

temperatures in terms of zonal asymmetry, movement o f the polar vortex, inter-annual 

variability o f the Arctic middle atmosphere, and stratospheric warming events.
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2.2. Rayleigh Lidar Technique

The National Institute of Information and Communications Technology (NICT) 

Rayleigh lidar was installed at Poker Flat Research Range (PFRR), Chatanika, Alaska in 

November 1997. NICT and the Geophysical Institute (GI) o f the University of Alaska 

Fairbanks (UAF) jointly operate this Rayleigh lidar. The lidar observations were initiated 

during the Alaska Project, a ten-year international program of observations o f the Arctic 

middle and upper atmosphere (Murayama et al., 2007).

The NICT Rayleigh lidar system consists o f a Nd:YAG laser, a 0.6 m receiving 

telescope with a field-of-view of 1 mrad, a narrowband optical filter (bandwidth o f either 

1 nm or 0.3 nm FWHM), a photomultiplier tube, a photon counting detection system, 

and a computer-based data acquisition system (Mizutani et al., 2000; Collins et al.,

2003). The lidar is a fixed zenith-pointing system. The laser operates at 532 nm with a 

pulse repetition rate of 20 pps, the laser pulse width is 7 ns FWHM, and the average laser 

power is 10 W. The photon counts are integrated over 0.5 ps yielding a 75 m range 

sampling resolution. The raw photon count profiles are acquired every 50 s or 100 s 

representing the integrated echo from 1000 or 2000 laser pulses respectively. In the 

Rayleigh lidar technique like the searchlight technique (Elterman, 1951), we assume that 

the intensity profile of the scattered light is proportional to the density of the atmosphere, 

and the atmosphere is in hydrostatic equilibrium. The raw photon count signal can be 

described as a Poisson random variable (Pratt, 1969). We logarithmically smooth the raw 

photon count profile with a 2 km running average to reduce the uncertainty in the signal 

due to photon counting noise (see Papoulis and Pillai, 2002 for review of random 

variables and associated signal processing). We then correct the photon count profile for 

extinction due to Rayleigh scatter (Wang, 2003; Nadakuditi, 2005). We finally determine 

the Rayleigh lidar temperature profiles from the photon count profiles under standard 

inversion techniques by downward integration o f the density profile with the assumption 

of an initial temperature at the upper altitude of 80 km (Leblanc et al., 1998). In this 

study we use the temperatures from the SPARC reference atlas to initialize the lidar 

temperature profiles. Thus the total uncertainty in the temperature estimate has two
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sources; the uncertainty in the initial temperature estimate (assumed to be 25 K), and the 

statistical uncertainty in the raw photon count signal. The total uncertainty gives the 

accuracy in the absolute value of the temperature values while the statistical uncertainty 

in the raw lidar data gives the relative accuracy of the temperature in a given profile. The 

lidar signal increases with decreasing altitude and the lowest altitude is determined by the 

maximum photon counting rate (150 million counts per second) of the receiver. In these 

studies the lidar signal at 40 km is equivalent to 1-2 million counts per second and the 

photon counting receiver records the lidar signal accurately (Donovan et a l,  1993).

We plot an example o f a Rayleigh lidar temperature measurement in Fig. 2.1. This 

is the temperature measured over a 2 h period on the night o f 22-23 January 2003. We 

derived this lidar temperature profile from the lidar profile integrated over 63 individual 

raw photon count profiles (each representing the integrated signal o f 2000 laser pulses) 

that were acquired between 2329 and 0130 LST (0829 -  1030 UT (LST = UT -  9 h)). 

The initial temperature, from the SPARC reference atlas at 80 km, contributes 100% of 

the temperature estimate at 80 km, 21% of the temperature estimate at 70 km, 4% at 60 

km, and 1% at 50 km. The uncertainty in the temperature due to the initial temperature 

estimate decreases with decreasing altitude. An uncertainty of 10 K in the initial 

temperature at 80 km yields an error of 2.1 K at 70 km, 0.6 K at 60 km, and 0.2 K at 50 

km. We plot the temperature profile bounded by the standard deviation o f the total 

uncertainty due to the combination of the uncertainty in the photon count signal and the 

uncertainty in the initial temperature at 80 km. The stratopause is at an altitude o f 50.2 

km and has a temperature o f 251.6 K (±0.7 K). A mesospheric inversion layer (MIL) is 

at an altitude near 60 km with characteristics typical o f MILs reported from PFRR (Cutler 

et al., 2001). This MIL has a maximum at 60.5 km with a temperature of 235.0 K (±1.9 

K) and a minimum at 58.3 km with a temperature o f 222.4 K (±1.5 K). The lapse rate on 

the topside (61.0-62.0 km) of the MIL is -6.2 K/km. In summary the mesospheric 

inversion layer has a depth of 2.2 km and amplitude of 12.6 K (±1.7 K). There is a deep 

temperature minimum of 194.5 K (± 5.4 K) in the mesosphere at 69.1 km. There is also a 

shallow temperature minimum o f 232.4 K (±0.3 K) in the stratosphere at 41.7 km.
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We also plot the temperature profile measured by the Sounding of the Atmosphere 

using Broadband Emission Radiometry (SABER) instrument aboard the Thermosphere 

Ionosphere Mesosphere Energetics Dynamics (TIMED) satellite (Mertens et al., 2004; 

Mertens et al., 2001; Russell et al., 1999) in Fig. 2.1. The SABER temperature retrieval 

is Level 2A version 1.06. The SABER temperature measurement was made at 0030 LST 

approximately 270 km northeast (67°N, 146°W) of the Rayleigh lidar. The SABER 

temperature profile is reported at a vertical resolution o f 0.4 km and represents a 

measurement profile over 1.7° of latitude and 6.9° of longitude (Beaumont, 2007). We 

compare the lidar and SABER measurements at 1 km resolution. The temperature 

profiles measured by lidar and satellite show the same general structure; the stratopause 

is near 50 km, there is a MIL near 60 km, the deep temperature minimum near 70 km, 

and the shallow temperature minimum in the stratosphere near 42 km. The deep 

temperature minimum at 70 km is not the mesopause. The SABER profile shows a 

mesopause temperature minimum of 171 K at 102 km with temperatures steadily 

increasing above this altitude up to the highest measurement o f 605 K at 155 km. The 

mesopause altitude has a value typical o f midwinter conditions when the mesopause is 

usually found at approximately 100 km as opposed to at 80 km in summer (e.g., Senft et 

al., 1994). The lidar temperature at the stratopause is 0.02 K warmer than the SABER 

stratopause temperature. The lidar measurement is on average warmer than the SABER 

measurement with an average difference o f 2.6 K (4.3 K rms) between 40 and 70 km. 

The largest difference of 12.5 K is found at 60 km. The differences in the structure o f the 

MIL measured by the lidar and SABER are within the spatial variations expected for 

MILs where the amplitudes o f the inversions can vary by 10 K over hundreds of km 

(Leblanc et al., 1995).

We also plot the SPARC temperature profile for the month o f January and the 

MSISE-90 temperature profile for local midnight on 22 January 2003 in Fig. 2.1. Clearly 

the lidar measurements indicate that the mesosphere is colder than both the SPARC and 

MSISE-90 profiles suggest. The fact that mesospheric temperatures in the Arctic are 

colder than those suggested by MSISE-90 has been noted in studies o f noctilucent clouds
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at PFRR (Collins et al., 2003). We again compare the temperature profiles at 1 km 

resolution. The lidar temperature profile is on average 11.1 K less than the SPARC 

profile in the 40-70 km altitude region with a maximum difference of 21.4 K at 69 km. 

The lidar temperature at the stratopause is 0.4 K warmer than the SPARC stratopause 

temperature. The lidar temperature profile is on average 10.1 K less than the MSISE-90 

profile in the 40-70 km altitude region with a maximum difference o f 34.8 K at 69 km. 

The lidar temperature at the stratopause is 6.9 K warmer than the MSISE-90 stratopause 

temperature.

We have also compared the Rayleigh lidar temperature measurements at Chatanika 

with temperature retrievals from the Atmospheric Chemistry Experiment Fourier 

Transform Spectrometer (ACE-FTS) onboard the SCISAT-1 satellite. Coincident 

measurements by both instruments report the same temperature structure with agreement 

in the measurement o f the stratopause and MILs (Sica et al., 2008). The temperature 

differences between the lidar and ACE-FTS measurements are less than 5 K in the 40-70 

km altitude region.

2.3. Rayleigh Lidar Measurements

Rayleigh lidar measurements of the upper stratosphere and mesosphere have been 

made in autumn, winter, and spring from November 1997 to April 2005. These 

observations made each year from August to May have yielded 116 individual nighttime 

measurements lasting between three and fifteen hours for a total o f 904 hours of 

observations (Fig. 2.2). The average observation period lasted 7.8 h. While Chatanika is 

below the Arctic Circle, the background light levels in summer twilight prevent 

measurements by this lidar in June and July.

We average the nightly mean profiles for each month to form the monthly mean 

profile. To study the temperature variability in the mean monthly middle atmosphere 

temperature profiles we determine the sample standard deviation of the temperature 

measurements for each month at each altitude. We plot the individual and mean monthly 

profiles for January, March, December, and April in Fig. 2.3. The variability in winter
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(January and December) is much greater than in springtime (March and April). January 

and March have similar numbers o f observations (22 and 29 respectively) and December 

and April have the same number o f observations (nine each). We also plot the sample 

standard deviation o f the nightly temperature measurements at each altitude in Fig. 2.3. 

The rms variability of the temperatures averaged over the 40-70 km altitude region is 

greater in December (14 K) and January (14 K) than in April (6 K) and March (9 K). The 

uncertainty in the sample mean temperatures is typically less than 5K.

We plot the monthly variation o f the altitude and temperature o f the stratopause in 

Fig. 2.4. We also plot the individual measurements for comparison. The monthly mean 

stratopause varies between altitudes o f 47.5 km and 54.7 km and temperatures of 243 and 

273 K. The stratopause is highest in December and January and warmest in May. The 

individual nightly measurements show much greater variability than the monthly means. 

On a nightly basis the stratopause varies in altitude from 40.8 km to 71.1 km and in 

temperature from 230 K to 286 K. The wintertime variability is clearly evident in Fig.

2.4. The highest stratopause temperature was measured in early December while the 

lowest was measured in late January. The highest stratopause altitude was detected in 

early January while the lowest was detected in late February. We plot the monthly 

variation of the temperature at 45 km, 55 km, and 65 km in Fig. 2.5, and the individual 

measurements for comparison. The monthly mean temperature at 45 km has a 

pronounced annual cycle with an average value of 249 K, a maximum of 270 K in May, 

and a minimum of 231 K in January. The seasonal variation o f 39.5 K is larger than the 

rms variation of 12.6 K. The monthly mean temperature at 55 km has a less pronounced 

annual cycle with an average value of 251 K, a maximum of 264 K in May, and a 

minimum of 240 K in February. The seasonal variation o f 24.4 K is larger than the rms 

variation of 8.3 K. The monthly mean temperature at 65 km has no clear annual cycle 

with an average value o f 230 K, a maximum of 235 K, and a minimum of 222 K. The 

annual variation of 12.9 K is larger than the rms variation o f 4.2 K. The wintertime 

nightly variability is again clearly evident at all altitudes. We see that nightly wintertime 

temperatures can be as warm as late spring and early fall temperatures at all altitudes.
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We plot the monthly variation in the rms variability over the 40-70 km altitude 

range in Fig. 2.6. These rms values represent the rms of the standard deviations over the 

given altitude ranges. We subtract the variance due to measurement error from the total 

sample variance to give the geophysical variance. The yearly average value o f the 

variability is 9 K with a maximum value o f 14 K in December and a minimum of 4 K in 

September. The rms variability appears to have an annual variation with largest values in 

winter. There does not appear to be any systematic or significant variation of the 

variability with altitude. The annual variation does not appear to be function o f the 

number o f observations in each month. The decrease through January, February and 

March and the increase through November and December occur when there are similar 

numbers o f samples in each month (Fig. 2.2). The months with lowest number of 

samples (May through October) have smaller rms variability than would be expected 

from their sample statistics.

We present the monthly average temperature climatology o f the upper stratosphere 

and mesosphere at PFRR, Chatanika, Alaska as a false color plot in altitude and time in 

Fig. 2.7. The pronounced annual cycle in temperatures, with a maximum in May and 

minimum in January, is clearly seen up to -6 0  km. The highest temperature o f 273 K is 

found at 47.5 km in May. The 47.5 km temperature has an annual range of 38 K with a 

minimum value o f 235 K in January. The annual cycle is reversed at higher altitudes. 

The low temperatures in the upper stratosphere (40-50 km) in January are also evident. 

The location o f the stratopause is plotted as a dashed line. The stratopause has a 

temperature o f 273 K at an altitude of 47.5 km in May and a temperature o f 243 K at an 

altitude of 54.7 km in January.

In Fig. 2.8 we plot the average vertical temperature profile measured at Chatanika 

for the month of January in 2004 and 2005. The January 2004 profile represents the 

average o f three nights o f observation on 5-6, 15-16, and 29-30 January. The three 

nightly profiles from 2004 correspond to three o f the four highest stratopause altitudes 

recorded in January at Chatanika (Fig. 2.4 upper panel). The January 2005 profile 

represents the average of three nights of observation on 10-11, 18-19, and 27-28 January.
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We also plot the average temperature profiles plus and minus the uncertainty in the 

sample mean value. The monthly average temperature profiles are significantly different. 

In 2005 the profile is more similar to the zonal mean profile at 64°N in the SPARC 

reference atlas (SPARC, 2002). In 2004 the profile shows an elevated stratopause and a 

colder stratosphere. In January 2004 the stratopause is located at 70.3 km with a 

temperature o f 245.0 K while in 2005 the temperature is 221.8 K at 70.3 km. In January 

2005 the stratopause is located at 47.5 km with a temperature of 261.4 K while in 2004 

the temperature is 220.4 K at 47.5 km. The difference of 41.0 K at 47.5 km is significant 

as it is greater than the sum of the sample uncertainties in the average profiles and is 3.0 

times greater than the rms variability at this altitude in the January data (Fig. 2.3). The 

difference o f 23.2 K at 70.3 km is significant as it is greater than the sum of the sample 

uncertainties in the average profiles and is 1.6 times greater than the rms variability at 

this altitude in the January data (Fig. 2.3). The two high values (67.2 km and 68.5 km) of 

the stratopause altitude measured in February (Fig. 2.4, upper panel) and the single high 

value (63.0 km) in December are associated with temperature profiles that have an 

elevated stratopause with a colder stratosphere. The high value of the stratopause altitude 

in October (64.2 km) is associated with the presence o f a large amplitude MIL in the 

mesosphere and there is no apparent cooling o f the stratosphere.

2.4. Comparison of Measurements from Chatanika with Other Arctic 

Measurements and Models

We compare the Rayleigh lidar monthly average temperatures with temperatures 

reported by the SPARC (2002) reference atlas and single site Rayleigh lidar measurement 

from Kangerlussuaq, Greenland (67°N, 51°W). We form the difference temperature by 

subtracting the SPARC temperature and Kangerlussuaq temperature from the temperature 

measured at Chatanika. We plot these differences in Fig. 2.9. Overall, Chatanika has a 

colder stratosphere and a slightly warmer mesosphere than the 64°N zonal mean 

temperatures reported by the SPARC reference atlas (upper panel). The largest 

difference is found in the stratosphere in January where the 42.3 km temperature is 20 K
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colder at Chatanika than in the zonal mean. In November the pattern is reversed where 

the 51.1 km temperature is 5 K warmer at Chatanika than in the zonal mean. Given a 

sample uncertainty in the mean monthly temperature profiles at Chatanika o f less than 5 

K, significant temperature differences between Chatanika and the SPARC zonal mean are 

found in each month from August through April. The temperature measured at Chatanika 

is also generally lower than the temperature measured at Kangerlussuaq (lower panel). 

The largest difference is again found in the stratosphere in January where the 46.6 km 

temperature is 28 K lower at Chatanika than at Kangerlussuaq. The upper stratosphere 

and lower mesosphere in December are significantly cooler at Chatanika than at 

Kangerlussuaq, where the 64.0 km temperature is 24 K lower at Chatanika than at 

Kangerlussuaq. Given the sample uncertainty in the mean monthly temperature profiles 

at Chatanika, significant temperature differences between Chatanika and Kangerlussuaq 

are found in each month from September through March.

In Fig. 2.10 we plot the monthly variation of the altitude (upper panel) and 

temperature (lower panel) o f the stratopause measured by the Rayleigh lidar at Chatanika 

with the stratopause altitude and temperature reported by other data sets and models (i.e., 

SPARC Reference atlas (SPARC, 2002), lidar measurements at Kangerlussuaq (67°N, 

51°W) (Gerrard et al., 2000), falling spheres at Andoya (69°N, 16°E) (Liibken, 1999), 

lidar and in-situ density measurements at Andoya (Liibken and von Zahn, 1991), and 

MSISE-90 (Hedin, 1991)). The data sets show a variety of seasonal variations in the 

stratopause altitude from semiannual in the SPARC data to annual in the MSISE-90 data. 

The maximum values o f the stratopause altitude are found in winter. The range of values 

in each month varies between 3.8 km in April and 6.7 km in March. The lidar 

measurements o f the stratopause altitude at Chatanika generally fall inside the range of 

values reported by the different data sets. The one exception is in January when the 

Chatanika lidar measurements report a value of 54.7 km and all other data sets lie 

between 49.6 km and 51.4 km. The data show an annual variation in the stratopause 

temperature, except for the measurements o f Gerrard et al. (2000) and Liibken and von 

Zahn (1991) that show a secondary maximum in winter. All datasets show that the
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warmest stratopause temperatures occur in summer. The range of values in each month 

varies between 3.6 K in April and 21.1 K in January. The stratopause temperatures at 

Chatanika are generally cooler than the other measurements with the most significant 

differences in January, February, and March.

In Fig. 2.11 we plot the monthly variation of the temperature at 45 km (upper 

panel), 55 km (middle), and 65 km (lower panel) measured by the Rayleigh lidar at 

Chatanika with the temperatures reported by the other data sets and models in Fig. 2.10 

and the 65°N zonal mean satellite measurements (Clancy et al., 1994). The various data 

sets show an annual variation in the temperatures with a summer maximum. This annual 

variation is most pronounced at 45 km and decreases with increasing altitude. At 45 km, 

the largest range in temperatures is found in January when the temperature at Chatanika 

o f 230.3 K is significantly lower (10.1 -  27.8 K) than all other measurements. At 55 km, 

the largest range is still found in January (even allowing for the unusually high

temperatures reported by Liibken and von Zahn (1991)) when the temperature at

Chatanika o f 243.2 K is again the lowest but not significantly lower than MSISE-90. At

65 km, the largest range of values is found in November with the temperature at

Chatanika within the range of the other measurements. In general, we find that the lidar 

measurements at Chatanika report colder temperatures in the upper stratosphere in 

January, February, March, September, October, and December than those reported from 

other sites and the global mean.

2.5. Discussion

The current study is based on 116 nights o f lidar measurements from a single site 

distributed between mid-August and mid-May from 1997 through 2005. The Rayleigh 

lidar measurements at Chatanika show a high degree o f variability in the nightly 

temperature profile (Figs. 2.4 and 2.5). In considering the significance of the monthly 

averages we consider how the extent of the Chatanika data set compares with the other 

single-site studies; Liibken and von Zahn (1991) based their study on 180 days of 

temperature measurements made in all months except April, May and September over
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eleven years (1980-1990), Liibken (1999) based his study on 89 measurements made 

between the end of April and end of September over eleven years (1987-1997), Gerrard 

et al. (2000) based their study on ~179 measurements made in all months except June 

over four years (1995-1998). For example, the monthly average profdes for January are 

based on 22 profiles at Chatanika, 30 profiles at Kangerlussuaq (Gerrard et al., 2000), 

and 29 profiles at Andoya (Liibken and von Zahn, 1991). The difference in January, 

February and March between the upper stratosphere temperatures at Chatanika and the 

other measurements are statistically significant (Figs. 2.9, 2.10, and 2.11). We consider 

these differences in terms of the structure of the Arctic polar vortex and stratospheric 

warming events.

Duck et al. (2000) used Rayleigh lidar measurements at Eureka obtained during six 

wintertime campaigns from 1992-1993 to 1997-1998 to study the relationship between 

the thermal structure of the middle atmosphere and the location of the polar vortex. 

They compared measurements of middle atmosphere temperature profile at Eureka both 

when the vortex is overhead and when it is not. Duck et al. (2000) drew on 99 nights of 

temperature measurements to show that the upper stratosphere and lower mesosphere 

(39-70 km) is warmer and the lower stratosphere (10-39 km) is colder when the vortex is 

overhead. Conversely, when the vortex was not over Eureka they found that the upper 

stratosphere and lower mesosphere (39-70 km) is colder and the lower stratosphere (10

39 km) is warmer. The altitude o f the stratopause remains relatively unchanged (49-53 

km) during these changes in vortex position. The change in temperature is approximately 

20 K at 50 km, 30 K at 25 km and 0 K at 39 km (their Fig. 2.5). Gerrard et al. (2002) 

have studied the temperature structure o f the Arctic by combining tropospheric and 

stratospheric analyses from the National Center for Environmental Prediction with 

Rayleigh lidar measurements at Andoya, Eureka, and Kangerlussuaq. Gerrard et al. 

(2002) report night-to-night changes in temperature of 20-40 K in the upper stratosphere 

and lower mesosphere associated with motion of the stratospheric vortex. The 

observations o f colder temperatures in the upper stratosphere and lower mesosphere in 

December, January and February at Chatanika (Figs. 2.9 and 2.11) are consistent with the
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fact that Arctic polar vortex is predominantly found in the eastern Arctic closer to 

Andoya, Kangerlussuaq, and Eureka (e.g., Gerrard et al., 2000, Harvey et al., 2002). The 

fact that the differences between the single-site measurements at Chatanika and 

Kangerlussuaq are greater than between Chatanika and the zonal mean confirm this zonal 

asymmetry in the location of the polar vortex and the thermal structure of the Arctic 

middle atmosphere.

However, the observations in January 2004 and 2005 (Fig. 2.8) show that the colder 

middle atmosphere is associated with a large change in the stratopause altitude of 23 km. 

These observations in 2004 contribute to our observation that the average stratopause in 

January at Chatanika is found at a higher altitude and has a colder temperature than in the 

other data sets (Fig. 2.10). Thus, the colder temperatures found in the upper stratosphere 

in Chatanika in January relative to the zonal mean and Kangerlussuaq (Fig. 2.9) is due to 

factors other than the position of the polar vortex position. Manney et al. (2005) noted 

the fact that recent winters have been warmer in the Arctic lower stratosphere. During 

these winters, major stratospheric warmings were common (7 in 6 years) resulting in 

unusually high temperatures in the lower stratosphere and lower temperatures in the 

upper stratosphere and mesosphere. Manney et al. (2005) restricted their study to 

meteorological analyses that were capped at 1 hPa (-50 km). Manney et al. (2008a) 

report satellite and lidar measurements of stratospheric and mesospheric temperatures 

over Eureka in early 2004, 2005 and 2006. Their observations show that following major 

stratospheric warmings in 2004 and 2006 the vortex breaks down throughout the 

stratosphere, there is a complete disappearance of the warm stratopause, and subsequent 

reformation of a cool stratopause near 75 km. The elevated stratopause then descends 

and warms over a several week period. Siskind et al. (2007) use a global circulation 

model to show that the observations in 2006 are consistent with a circulation where the 

gravity-wave driven meridional circulation has been disrupted (recalling the earlier work 

on the separated polar winter stratopause of Hitchman et al. (1989)). As a result the 

lower stratosphere radiatively cooled and the stratopause appears near 0.01 hPa (-78 km) 

with a temperature o f approximately 235 K in the daily zonal mean at 65°N. Manney et
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al. (2008b) have subsequently documented the life-cycle of this 2006 major stratospheric 

warming event with data from the Microwave Limb Sounder and SABER over the whole 

northern hemisphere. They show that over a three-week period following the major 

warming there is a complete disappearance of the warm stratopause followed by 

reformation of a cooler stratopause near 75 km that warms and descends to the original 

pre-warming altitude. Furthermore Manney et al. (2008b) show that the elevated 

stratopause in 2006 varies with longitude and extends over about half the polar region. 

The fact that the mean monthly temperature profile for January 2004 shows an elevated 

stratopause is consistent with the fact that the disruption of the stratosphere following a 

major stratospheric sudden warming can last nearly a month.

The other Arctic observations come from earlier time periods; the SPARC atlas 

represents measurements from 1992-1997 (SPARC, 2002), Gerrard et al. (2000) present 

data from 1995-1998, Liibken (1999) presents data from 1987-1997, Liibken and von 

Zahn (1991) present data from 1980-1990, the MSISE-90 model is largely based on data 

from the 1960s through the 1980s (Hedin, 1991), and Clancy et al. (1994) present data 

from 1982-1986. Thus, the thermal structure associated with the colder temperatures in 

the upper stratosphere in January at Chatanika may reflect the contribution of years when 

the upper stratosphere and lower mesosphere were colder than expected due to the 

increased frequency of stratospheric warmings in the 1997-2005 period.

2.6. Conclusions

We have used an eight-year Rayleigh lidar temperature data over Chatanika, Alaska 

to document the temperature structure of the stratosphere and mesosphere in the western 

Arctic. Individual lidar measurements have been compared with satellite measurements 

and found in good agreement. The monthly mean lidar measurements at Chatanika show 

that the seasonal variations in the monthly mean temperatures follow the expected 

variations with an annual cycle with summer maximum and winter minimum (273 K at 

47.5 km in May and 243 K at 54.7 km in January) below 60 km and an annual cycle with 

winter maximum and summer minimum above 60 km. However, the Chatanika
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measurements reveal an upper stratosphere that is slightly colder than that reported from 

observations at sites in Scandinavia and Greenland and in satellite measurements of the 

zonal mean. The study highlights the high degree of variability in the wintertime middle 

atmosphere when the stratopause is sometimes warmer than in May and August.

The colder January and February temperatures are associated with an elevated 

stratopause (> 65 km) that is observed on 5 occasions in 41 observations in January and 

February. The measurements in January are significantly colder than reported from 

eastern Arctic sites and in the zonal mean. While this difference is consistent with the 

influence of the polar vortex in the eastern Arctic, we conclude that the significantly 

lower temperatures in the upper stratosphere in January at Chatanika may reflect the 

contribution o f years when the upper stratosphere and lower mesosphere were colder than 

expected due to the increased frequency o f stratospheric sudden warmings in the 1997

2005 period. A more comprehensive analysis of the contribution of the position of the 

polar vortex and stratospheric warming events to the observed thermal structure of the 

Arctic middle atmosphere would require a higher frequency of observations uniformly 

distributed across the Arctic. Such a detailed pan-Arctic multiyear analysis could be 

conducted using SABER data for the period starting in 2002.
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22-23 January 2003
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Figure 2.1. Vertical temperature profile plotted as a function of altitude measured by 
Rayleigh lidar at PFRR, Chatanika, Alaska (65°N, 147°W) for the period 2329-0130 LST 
on the night of 22-23 January 2003 LST (thick solid line). The uncertainty in the 
temperature profile is also plotted (thin dashed line). Temperature profile measured by 
SABER at 0030 LST (solid line with solid square), reported by SPARC (dashed line with 
open circle) and MSISE-90 (dashed line with open diamond) are also plotted.
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Chatanika, Alaska (65e N, 147e W) 
November 1997 - April 2005

Rayleigh Lidar Observations
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Figure 2.2. Monthly distribution o f 116 Rayleigh lidar measurements o f nightly middle 
atmosphere temperature profiles at PFRR, Chatanika, Alaska (65°N, 147°W).
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Figure 2.3. Nightly temperature profiles as a function o f altitude measured in January 
(upper left), March (upper center), December (lower left), and April (lower center) at 
PFRR, Chatanika, Alaska (65°N, 147°W). The monthly average profile is also plotted 
(thick dashed line). The number of nightly profiles, N, is indicated on each panel. 
Sample standard deviation in nightly temperature profiles as a function of altitude 
measured in January and March (upper right), and December and April (lower right).
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Figure 2.4. Monthly variation of the stratopause altitude and temperature at PFRR, 
Chatanika, Alaska (65°N, 147°W) measured by Rayleigh lidar. (Upper) Altitude of 
stratopause plotted as a function of month. (Lower) Temperature o f stratopause plotted 
as a function o f month. Individual nightly values (x), monthly average profile (dashed 
line with closed square).
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Figure 2.5. Monthly variation o f stratospheric and mesospheric temperatures measured 
by Rayleigh lidar at PFRR, Chatanika, Alaska (65°N, 147°W). The values from 
individual nightly measurements (x) and monthly average profiles (dashed line with 
closed square) are plotted. (Upper) Temperature at 45 km plotted as a function of month. 
(Middle) Temperature at 55 km plotted as a function of month. (Lower) Temperature at 
65 km plotted as a function of month.
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Figure 2.6. Variation in rms temperature as a function of month at PFRR, Chatanika, 
Alaska (65°N, 147°W). These rms temperatures are root mean-square averages of 
sample standard deviations over the 40-70 km, 40-50 km, 50-60 km, 60-70 km altitude 
regions. The rms measurement error has been subtracted.



54

Figure 2.7. False color plot o f monthly mean temperature measured by Rayleigh lidar as 
a function o f month and altimde at PFRR, Chatanika, Alaska (65°N, 147°W). The 
stratopause altitude is plotted as a broken line. No measurements are reported for June 
and July
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January 2004 and 2005 at (65°N, 147°W)
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Figure 2.8. Vertical temperature profile measured by Rayleigh lidar at PFRR, Chatanika 
Alaska (65°N, 147°W) for January 2004 (thick solid line) and January 2005 (thick dashed 
line). The January 2004 profile represents the average of the three observations on the 
nights of 5-6, 15-16, and 29-30 January. The Januaiy 2005 profile represents the average 
o f the three observations on the nights of 10-11, 18-19, and 27-28 January. The mean 
temperature plus and minus the sample uncertainty is also plotted (thin solid and thin 
dashed lines). The SPARC reference atlas profile for January is plotted for comparison 
(dashed line with open circle).
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Figure 2.9. Monthly temperature differences between the Rayleigh lidar measurements 
at PFRR, Chatanika, Alaska (65°N, 147°W) and (upper) the SPARC reference atlas, and 
(lower) Rayleigh lidar measurements at Kangerlussuaq, Greenland (67°N, 51°W). These 
difference temperatures are calculated by subtracting the temperatures o f the SPARC 
reference atlas and the measurements at Kangerlussuaq from the temperature 
measurements at Chatanika.
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Figure 2.10. Monthly variation of the stratopause in the Arctic. (Upper) Altitude of 
stratopause plotted as a function of month. (Lower) Temperature o f stratopause plotted 
as a function of month. Rayleigh lidar measurements at Chatanika (dashed line with 
open square), SPARC Reference atlas (SPARC, 2002) (solid line with cross square), 
Gerrard et al., (2000) (dashed line with half open square), Liibken (1999) (dashed line 
with solid circle), Liibken and von Zahn (1991) (x), MSISE-90 (Hedin, 1991) (solid line 
with closed diamond).
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Figure 2.11. Monthly variation of thermal structure of stratosphere and mesosphere in 
the Arctic. (Upper) Temperature at 45 km plottted as a function of month. (Middle) 
Temperature at 55 km plotted as a function of month. (Lower) Temperature at 65 km 
plotted as a function of month. See Fig. 10 for details. The 65 km plot includes data 
from Clancy et al., (1994) (open circle) in addition to the other data sets.
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Chapter 3. Rayleigh Lidar Observations of Reduced Gravity Wave 

Activity during the Formation of an Elevated Stratopause in 2004 at 

Chatanika, Alaska (65°N, 147°W)1

Abstract. We report Rayleigh lidar measurements of the stratosphere and 

mesosphere at Poker Flat Research Range, Chatanika, Alaska (65°N, 147°W) in 

December, January and February over three winters (2002-2003, 2003-2004, 2004-2005). 

The Rayleigh lidar measurements have yielded nightly temperature profiles in the 40-80 

km altitude region and 15 min relative density profiles in the 40-50 km altitude region. 

We characterize the gravity wave activity in terms of the buoyancy period, relative 

density fluctuations, vertical displacement fluctuations, and potential energy density. 

These three winters have marked different meteorological conditions with a major 

stratospheric warming in 2002-2003, an extreme warming event in 2003-2004 resulting 

in an elevated stratopause, and no warming in 2004-2005. Over all three winters the 

average potential energy density o f 2.6 J/kg is significantly lower than that reported at 

mid-latitudes. This reduction o f gravity wave activity is most pronounced in 2003-2004 

(1.1 J/kg) during the appearance o f an elevated stratopause at 70.3 km in January. The 

largest average wave energies (5.7 J/kg) occur in 2004-2005. The growth length of the 

gravity wave potential energy density is largest in 2003-2004 (52 km). We use satellite 

and reanalysis data to analyze the gravity wave activity in terms of the synoptic structure 

of the vortex and the Aleutian anticyclone and the planetary wave activity. We find a 

significant positive correlation of 0.74 between the wave activity and the wind speeds in 

the lower stratosphere. These observations confirm recent modeling studies that suggest 

that the elevated stratopause is formed by blocking the transmission of gravity waves into 

the mesosphere.

thu ra ira jah , B., R. L. Collins, V. L. Harvey, R. S. Lieberman, K. Mizutani (2009), 
Rayleigh lidar observations of reduced gravity wave activity during the formation of an 
elevated stratopause in 2004 at Chatanika, Alaska (65 °N, 147°W), submitted to J. 
Geophys. Res. in August 2009.
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3.1. Introduction

The general circulation o f the middle atmosphere includes two wave-driven 

circulation patterns; the planetary wave driven equator-to-pole circulation (often referred 

to as Brewer-Dobson circulation after Brewer [1949] and Dobson [1956]) in the lower 

stratosphere and the gravity wave driven pole-to-pole circulation in the mesosphere 

[Houghton, 1978]. These circulations have a variety o f impacts on the atmosphere, 

including the transport o f critical species (e.g. ozone, water vapor) in the middle 

atmosphere, the lifetime of minor species (e.g., chloroflourocarbons) in the stratosphere, 

the cooling o f the polar summer mesopause region, and the warming o f the polar winter 

stratopause region (see reviews by Holton et ah, 1995; Solomon, 1999; Holton and 

Alexander, 2000; Fritts and Alexander, 2003 and references therein). Changes in the 

Arctic wintertime circulation with warming of the stratosphere, cooling of the 

mesosphere, and breakdown of the polar vortex have been documented and understood in 

terms of planetary wave activity since the 1970s [Matsuno, 1971; Labitzke, 1972]. The 

breakdown o f the polar vortex during these stratospheric warming events inhibits the 

formation o f polar stratospheric clouds and the subsequent depletion o f ozone (see review 

by Schoeberl and Hartmann, 1991). Stratospheric warmings have attracted attention in 

recent years due to an increase in frequency and strength, with significant disruptions of 

the circulation in the winters o f 2003-2004 and 2005-2006 and little disruption in 2004

2005 [Manney et al., 2005; 2006; 2008]. Rex et al. [2006] have documented the extensive 

ozone loss in the Arctic middle atmosphere during the winters o f 2004-2005 when the 

Artie vortex was not disturbed.

Recent studies of transport of NOx from the upper mesosphere / lower thermosphere 

to the stratosphere and the subsequent interaction of NOx with stratospheric ozone have 

raised questions about the relative role o f planetary and gravity waves in the polar 

circulation [Randall et al., 2006]. Hauchecorne et al. [2007] and Siskind et al. [2007] 

have studied the downward transport o f NOx in the wintertime Arctic middle atmosphere 

associated with sudden stratospheric warmings in 2004 and 2006, respectively. During 

these winters the disruption of the circulation results in a cooling o f the upper
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stratosphere and warming of the mesosphere and the formation of an elevated 

stratopause. Hauchecome et al. [2007] used satellite observations in January-February 

2004 to study a large increase o f NO2 in the Arctic polar mesosphere with simultaneous 

depletion o f O3. Hauchecome et al. [2007] attribute this enhancement of NOx to the 

blocking o f planetary waves, which allowed the propagation and breaking of gravity 

waves and tidal waves in the middle and upper mesosphere and enhanced the descent of 

NOx into the polar vortex. Siskind et al. [2007] use satellite observations and a general 

circulation model to study tracer descent in February 2006 and address the observations 

of Randall et al. [2006]. Siskind et al. [2007] conclude that the elevated stratopause is 

coupled to a disturbed stratosphere owing to the occurrence of stratospheric warming that 

suppresses vertical propagation o f orographic gravity waves. Subsequent vertical 

propagation and breaking of a planetary wave one in the mesosphere facilitated the 

downward decent of NOx. Both Hauchecome et al. [2007] and Siskind et al. [2007] 

emphasize the coupled role of planetary and gravity waves in the variability of the Arctic 

wintertime stratosphere and mesosphere, but present opposing views o f the dynamical 

interaction. While both studies identify gravity waves as a key physical process in these 

events, neither study presents direct observations of the gravity wave activity.

Several studies have focused on the influence of the synoptic-scale features on the 

upward propagation of gravity waves in the Arctic middle atmosphere. Lidar studies of 

the Arctic middle atmosphere by Gerrard et al. [2002] have shown that the synoptic scale 

movement of the stratospheric vortex influences the stratospheric and lower mesospheric 

temperatures over three sites in Kangerlussuaq, Greenland (67°N, 51°W), Eureka, Canada 

(80°N, 86°W), and Andoya, Norway (69°N, 16°E), all located in the eastern Arctic where 

the vortex is present and the Aleutian anticyclone is absent. Lidar studies o f gravity wave 

activity over Eureka, Canada [ Whiteway and Carswell, 1994; Duck et al., 1998; Duck et 

al., 2001] have also shown a reduction o f gravity wave activity in the upper stratosphere 

associated with movement of the stratospheric vortex overhead. However, these lidar 

studies were conducted during winters when there were no major stratospheric warmings 

(i.e., 1992-1993 through 1997-1998).
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In this paper we present Rayleigh lidar measurements o f gravity wave activity in 

the upper stratosphere and lower mesosphere during the winters of 2002-2003, 2003

2004, and 2004-2005 over Poker Flat Research Range (PFRR), Chatanika, Alaska (65° 

N, 147° W). The location of Chatanika provides an opportunity to study gravity wave 

variability under the influence of both the Aleutian anticyclone and the stratospheric 

vortex using direct measurements. Dunkerton and Butchart [1984] have shown by ray 

tracing studies that gravity wave propagation is modulated by the stratospheric vortex and 

Aleutian anticyclone with the lighter winds in the anticyclone blocking the upward 

transmission o f orographic gravity waves. This paper is arranged as follows. In section 

3.2 we describe the Rayleigh lidar technique and the methods used to determine and 

characterize the gravity wave activity. In section 3.3 we present lidar measurements of 

the temperature profiles and the gravity waves in December, January and February (DJF) 

o f 2002-2003, 2003-2004, 2004-2005. In section 3.4 we present the planetary wave 

activity and synoptic structure of the Arctic middle atmosphere during these winters 

using satellite measurements and meteorological global analyses data. We discuss the 

evolution of the circulation of the whole Arctic region as well as over Chatanika. In 

section 3.5 we analyze the observed gravity wave activity in terms of the synoptic 

structure and horizontal winds. In section 3.6 we present our summary and conclusions.

3.2. Rayleigh Lidar Technique

The National Institute o f Information and Communications Technology (NICT) 

Rayleigh lidar has been operated at PFRR, Chatanika, Alaska since 1997 [Mizutani et al., 

2000; Thurairajah et al., 2009]. The NICT Rayleigh lidar is a zenith pointing system, and 

consists of a Nd:YAG laser, a 0.6 m receiving telescope, and a photomultiplier based 

photon-counting receiver system. The laser operates at 532 nm with a pulse repetition 

rate o f 20 pps. The laser pulse width is 7 ns FWHM, and the average laser power is 9 W. 

The photon counts are integrated over 0.5 ps yielding a 75 m range sampling resolution. 

The raw photon count profiles are acquired every 50 s representing the integrated echo 

from 1000 laser pulses. The photon counting process is statistical in nature and thus the
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recorded profiles include both fluctuations due to geophysical variations as well as 

statistical fluctuations. These statistical fluctuations are an inherent noise in the 

measurement. The raw photon profiles are then integrated in time to yield 15 min profiles 

for analysis of wave driven density fluctuations and over the whole observation period to 

yield a nightly temperature profile. In this study we use 29 nights o f lidar measurements 

from DJF of 2002-2003, 2003-2004, and 2004-2005. These measurements last between 

four and 14 hours for a total of 255 hours of observations.

The lidar observations yield measurements of the stratospheric and mesospheric 

temperature profile (-40-80 km) under the assumptions o f hydrostatic equilibrium using 

an initial temperature at the upper altitude of 80 km [e.g., Thurairajah et al., 2009]. We 

characterize the gravity wave activity in the upper stratosphere and lower mesosphere in 

terms of the atmospheric stability, T b , rms density fluctuation, p  / p o , vertical

displacement, £, and potential energy density, Ep, calculated from the 15 minute 

resolution Rayleigh lidar data. To estimate the gravity activity we first calculate the 

logarithm of the nightly average density profile. A 3rd order polynomial is fitted to this 

profile, which is then subtracted from the logarithmic average density profile. The 

residual is filtered by a low pass filter o f wavelength 6 km to remove photon noise and 

then added back to the 3rd order fitted density profile. The antilog o f the resulting density 

profile forms the background density, p0(z). The background density is subtracted from 

the 15 min density profiles (obtained by binning the raw photon count profiles acquired 

every 50s) to form the perturbation density, p ’(z,t). The perturbation is then normalized 

by dividing it by the back ground density profile to obtain the relative density 

perturbation/9 (z,/)//9o(z ) . To reduce the statistical noise in the measurement and

characterize short period waves the perturbations are spatially band-limited between 

vertical wavenumbers 0.5 km '1 and the required vertical altitude range and temporally 

band-limited by the Nyquist frequency of 2 h '1 and the low frequency 0.25 h '1. We 

determine the mean-square noise fluctuation from the average vertical wavenumber 

spectrum of the perturbations and subtract it from the total mean-square fluctuations to
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yield an estimate o f the mean-square relative density fluctuations ((/? (z,t)//?0(z))2 )

[Wang, 2003]. The mean-square vertical displacement ( )  is derived from the mean- 

square relative density fluctuation using the gravity wave polarization relations [e.g., Gill, 

1982],

2
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where g is the acceleration due to gravity, and ./V is the buoyancy frequency defined as,
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where To is the vertical temperature profile, and Cp is the specific heat at constant 

pressure. The potential energy density (Ep) is given by [e.g. Gill, 1982],
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We plot two examples o f the relative density perturbations measured with the lidar 

as contour plots in altitude and time in Figure 3.1. In the upper panel we show relative 

density perturbations derived from lidar measurements taken over a ~11 h period (2014

0649 LST (LST = UT -  9 h)) on the night o f 15-16 January 2004. In the lower panel we 

show relative density perturbations derived from lidar measurements taken over a -14  h 

period (1820 -  0820 LST) on the night o f 10-11 January 2005. The relative density 

perturbations show periodic variations with downward phase progression typical of 

upwardly propagating gravity waves reported in other lidar studies [e.g., Wilson et al., 

1991]. We present the buoyancy period and wave parameters for these observations in 

Table 3.1. The values o f the potential energy density (1.6 J/kg on 15-16 January 2004 and 

13.3 J/kg on 10-11 January 2005) can be compared with the Rayleigh lidar measurements 

o f potential energy density in the 30-45 km and 45-60 km altitude ranges at the mid

latitude sites o f Observatoire de Haute Provence (OHP, 44°N, 6°E) and the Centre 

d ’Essais des Landes at Biscarosse (BIS, 44°N, 1°W) in France [Wilson et al., 1991]. We 

first take the geometric mean o f the measurements at 30-45 and 45-60 km to yield an
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equivalent measurement at 45 km and then scale these values by a factor of 1.7 to 

compensate for differences in data processing between the data sets. The compensated 

monthly mean for January at OHP and BIS are 10 J/kg and 7 J/kg respectively. The two 

measurements at Chatanika span the monthly average values at the mid-latitude sites, 

though the value o f the 2004 measurement is significantly lower than the monthly 

average values measured at mid-latitudes.

3.3. Rayleigh Lidar Measurements

3.3.1. Temperature Profile

We plot the individual and monthly mean profiles o f 14 nighttime measurements 

for January 2003, 2004, and 2005 in Figure 3.2 (left panel). These measurements have 

yielded a total o f 122 hours of data. We average the nighttime profiles for each month to 

form the monthly mean profile. We also compare (Figure 3.2, right panel) the monthly 

mean profile for January 2003, 2004, and 2005 to the monthly mean January profile 

calculated from 22 nights of lidar measurements over Chatanika from 1998 to 2005 

[Thurairajah et al., 2009] and the zonal mean temperature climatology from the 

Stratospheric Processes And their Role in Climate (SPARC) reference atlas [.Randel et 

al., 2004; SPARC, 2002]. The Rayleigh lidar measurements at Chatanika show a high 

degree of interannual variability in the monthly mean temperature profile over these three 

years. In January 2003 the upper stratosphere and mesosphere were colder than the 

Chatanika and SPARC averages with the stratopause located at 54.0 km with a 

temperature o f 237.3 K. In January 2004 the upper stratosphere was much colder and the 

mesosphere much warmer than the Chatanika and SPARC averages with the stratopause 

vertically displaced to 70.3 km with a temperature o f 245.0 K. In January 2005 the upper 

stratosphere was much warmer than the Chatanika and SPARC averages with the 

stratopause located at 47.5 km with temperature o f 261.4 K.

In Figure 3.3 we plot the buoyancy period averaged over the 40-50 km altitude 

range as a function of day during DJF o f 2002-2003, 2003-2004, and 2004-2005. On 

average the buoyancy period is lower in the winter of 2003-2004 than in 2002-2003 and
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2004-2005 (Table 3.2). In 2003-2004 the background atmosphere is less stable with 

higher buoyancy period during the first half o f 2003-2004 winter (average: 320 s (± 5 s)), 

and more stable with lower buoyancy period after 15 January 2004 (average: 273 s ((± 4 

s)). The increase in stability in 2003-2004 coincides with the formation o f the elevated 

stratopause. In 2002-2003 and 2004-2005 the stability generally decreases through the 

winter.

3.3.2. Gravity Wave Activity

In Figure 3.4 we plot the gravity wave activity in terms o f rms relative density 

fluctuation, rms vertical displacement fluctuation, and potential energy density averaged 

over 40-50 km as a function o f day during DJF o f the three winters. We tabulate the 

average values for DJF in Table 3.2. The gravity wave fluctuations have significantly 

lower rms relative density and vertical displacement in 2003-2004 compared to the other 

two winters. The rms relative density and vertical displacement fluctuations are largest in

2004-2005 having values that are twice the 2003-2004 values. The interannual 

differences are more pronounced in the rms displacements than the rms relative density 

fluctuations due to the inter-annual differences in the atmospheric stability (Eqn. 2). The 

average potential energy density in 2004-2005 o f 5.7 J/kg is 5.2 times larger than in

2003-2004 and 2.7 times larger than in 2002-2003. The values measured at Chatanika are 

consistently lower than the compensated DJF monthly mean values from OHP and BIS 

(i.e., 7-11 J/kg) [Wilson et al., 1991]. It is only during the winter o f 2004-2005 that values 

o f the potential energy density measured at Chatanika have values similar to the DJF 

monthly mean values measured at OHP and BIS.

In Figure 3.5 we plot the rms relative density fluctuation as a function o f buoyancy 

period averaged over 40-50 km for all three winters. We calculate linear fits to the data 

for the entire data set as well as by year. The correlation coefficient for all 29 nights is 

0.21, with a value o f 0.24 for the 2002-2003 data (15 nights), 0.17 for the 2003-2004 data 

(8 nights), and 0.69 for the 2004-2005 data (6 nights). There is no significant variation of 

rms relative density fluctuation with buoyancy period except in 2004-2005, where the
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rms amplitude o f the gravity-wave fluctuations decreases as buoyancy period increases 

(i.e., the stability decreases). Examination o f the variation o f rms vertical displacement 

and potential energy per unit mass with buoyancy period shows similar behavior albeit 

with lower correlation coefficients. This behavior suggests that the amplitude of the 

gravity-wave fluctuations does not increase as the stability decreases and we conclude 

that the measured fluctuations represent gravity waves that are propagating through the 

40-50 km altitude region rather than being generated by the local atmospheric stability 

conditions. The decrease o f the rms amplitude o f the gravity wave fluctuations with 

increase in buoyancy period in 2004-2005, when the gravity wave amplitudes are largest, 

is consistent with saturation o f the gravity wave amplitudes due to convective and 

dynamic instabilities [Fritts and Rastogi, 1985]. The limiting wave amplitudes are 

inversely proportional to the buoyancy period and thus decrease as the buoyancy period 

increases [Smith eta l., 1987].

To better understand how the waves are propagating with altitude we calculate the 

vertical growth length, or scale height, o f the potential energy. We calculate the growth 

length from the ratio o f the potential energy densities over the 45-50 km to the 40-45 km 

altitude regions. In 2002-2003 the average ratio of the nightly energy densities at both 

altitudes is 2.0, corresponding to a growth length of 7.4 km. In 2003-2004 the average 

ratio is 1.1, corresponding to a growth length o f 52 km. In 2004-2005 the ratio is 1.7 

indicating a growth length of 9.4 km. We expect freely propagating waves to have a 

growth length in their energy equal to the density scale height o f 7.0 km. Thus the gravity 

waves in 2002-2003 appear to be propagating freely, while the waves in 2003-2004 and

2004-2005 appear to be loosing energy. The waves in 2003-2004 appear to be loosing 

significant energy with altitude.

In summary the Rayleigh lidar observations at Chatanika show that the middle 

atmosphere during winter 2003-2004 is significantly different from the winters of 2002

2003 and 2004-2005. The temperature profile shows an elevated stratopause during 

January 2004 that is not observed in 2003 and 2005. The upper stratosphere (40-50 km) is 

more stable in January and February 2004 relative to 2003 and 2005, with shorter
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buoyancy periods. The gravity wave activity is reduced in 2004 relative to the other 

winters with lower rms relative density fluctuations, lower rms vertical displacements, 

and lower potential energy densities. The gravity wave activity in 2003-2004 shows less 

growth with altitude suggesting stronger dissipation of the waves than in the two other 

winters.

3.4. Arctic Planetary Wave Activity and Synoptic Structure

In this section we analyze the synoptic structure and the planetary wave activity in 

the Arctic stratosphere and mesosphere during the three winters. In a recent study 

Charlton and Polvani [2007] analyze the synoptic structure and planetary wave activity 

to differentiate between stratospheric warming events that result in displacement of the 

polar vortex and those that result in splitting o f the vortex in two pieces. The two types of 

events are dynamically different. Vortex splitting events occur after a clear 

preconditioning of the polar vortex and their influence on middle-stratospheric 

temperatures lasts for up to 20 days longer than vortex displacement events. Our goal is 

to understand how variations in the synoptic structure in the different winters impacts the 

gravity wave activity in each winter.

To characterize the synoptic structure o f the middle atmosphere, we analyze the 3

D structure and temporal evolution of the stratospheric vortex and anticyclones calculated 

using the United Kingdom Meteorological Office (MetO) global analyses data. Harvey et 

al. [2002] presented a methodology to identify vortices in terms of evolving 3-D air 

masses. The calculations are done on 22 potential temperature surfaces from 240 K to 

2000 K. The vortex edges are identified by integrating a scalar measure of the relative 

contribution o f strain and rotation in the wind field around the scale stream function that 

characterizes the large-scale flow. The analysis of Harvey et al. [2002] provides a full 

view o f the 3-D structure of the vortex and anticyclones from which we can follow the 

evolution o f the vortex and anticyclones through the winter. We can identify vortex 

anticyclone interactions, vortex displacement events, and vortex splitting events. We can 

also determine the synoptic conditions over Chatanika (i.e., below the vortex, below the
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Aleutian anticyclone, or neither). We also calculate the winds speeds from MetO analyses 

data and define the wind speed as the magnitude of the horizontal wind, by combining the

zonal, u and meridional, v wind (yju2 + v2 ).

We characterize the planetary wave activity using geopotential heights measured by 

the Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) 

instrument data (Level 2A  version 1.07) [Beaumont, 2008] aboard the Thermosphere 

Ionosphere Mesosphere Energetics Dynamics (TIMED) satellite [Mertens et al., 2004; 

Russell et al., 1999]. Due to the satellite’s two-month yaw cycle, wintertime 

measurements are available for a two month period from mid-January through mid

March. We use standard Fourier techniques to determine the wave-one and wave-two 

components in the geopotential along latitude circles for a given day of satellite 

observations. We characterize the amplitude o f the planetary wave as the magnitude of 

the corresponding Fourier component o f the geopotential. While the Fourier analysis 

yields the amplitudes of the planetary wave activity it does not yield a measure o f the 

planetary wave breaking or whether the planetary waves disrupt the vortex and cause 

mixing of mid-latitude and polar air. Harvey et al. [2002] showed that during planetary 

wave breaking events the vortex and anticyclone become tilted in altitude, intertwine, and 

mix. If the stratospheric vortex is displaced from the pole there will be a large Fourier 

wave-one component indicating a large amplitude wave-one planetary wave but the 

vortex may remain intact. Similarly a wave that breaks and disrupts the vortex in two 

would contribute to a large wave-two component indicating a large amplitude wave-two 

planetary wave [Shepherd, 2000]. We also determine the gradient winds from the 

SABER data, and hence calculate the Eliassen-Palm flux divergence using standard 

techniques [Andrews et al., 1987].

3.4.1. Pan Arctic Perspective

The 2002-2003 winter was characterized by a cold early winter and warm mid- to 

late winter [Singleton et al., 2005]. By mid-December a robust vortex had formed (Figure

3.6 upper left panel). The lack of planetary wave activity in mid-December is evidenced
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by the barotropic structure of the vortex where the vortex does not tilt with height. A 

minor warming occurred in late December 2002 in the upper stratosphere while the lower 

stratospheric temperatures remained undisturbed [Manney et al., 2005]. During the first 

half o f January 2003 the Aleutian anticyclone intensified, moved eastward, and by 13 

January had developed a westward tilt with height (not shown). At the same time the 

anticyclone elongated and displaced the vortex off the pole. By January 18 a major 

stratospheric warming was in progress and the anticyclone had split the vortex in the 

lower and the middle stratosphere (Figure 3.6 upper center panel, Figure 3.7 upper 

panel). The anticyclonic winds found in the Aleutian anticyclone are stronger than the 

cyclonic winds in the vortex during this splitting event. During this period the planetary 

wave-one geopotential amplitude increased to 1800 m at altitudes of 7.1 scaled heights 

(-50 km) (Figure 3.8 upper panel) and the wave-two amplitude increased to 1000 m at 

altitudes o f 5.0 scaled heights (-35 km) (not shown). During the minor warming in mid- 

February, when the upper stratospheric vortex had again strengthened and entwined the 

Aleutian anticyclone and the mid- and lower stratospheric vortices were distorted (Figure

3.6 upper right panel), there is an increase of planetary wave-one (1700 m at 7.9 scaled 

heights (-55 km)) and wave-two amplitudes (700 m at 4.3 scaled heights (-30 km)). 

During both warming events in January and February the Eliassen-Palm flux divergence 

at 65°N decreased and had negative values.

The 2003-2004 winter was characterized by one o f the most prolonged mid-winter 

warming event on record [Manney et al., 2005]. The stratospheric vortex and Aleutian 

anticyclone remained quasi-stationary in December (Figure 3.6 middle left panel). A 

major warming with strong disruption of the vortex occurred in early January 2004 when 

the upper stratospheric vortex had entwined around the Aleutian anticyclone while the 

mid- and lower stratospheric vortices were distorted and had small areas (Figure 3.6 

middle center panel, Figure 3.7 middle panel). The winds in the anticyclone are much 

weaker and the winds in the vortex stronger than during the 2003 vortex splitting event. 

By mid-January the upper stratospheric vortex had reformed into a stronger cyclone 

while the lower and middle atmospheric vortices remained small and disrupted through
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late February 2004 (Figure 3.6 middle right panel). This disruption of the polar vortex is 

accompanied by repeated periods o f strong planetary wave-one (Figure 3.8 middle panel) 

and wave-two (not shown) amplitudes in January, February and early March. There are 

five periods o f large wave-one amplitudes in late January, mid-February, and late 

February with peak geopotential amplitudes between 1700 m and 2800 m at altitudes 

between 8.3 scaled heights (-58 km) and 9.4 scaled heights (-66 km). There are repeated 

periods of large wave-two amplitudes in mid- and late January, mid- and late February 

with peak geopotential amplitudes between 700 m and 1000 m at altitudes of between 7.7 

scaled heights (-54 km) and 10.9 scaled heights (-76 km). The Eliassen-Palm flux 

divergence at 65 °N is negative between scaled heights of 5 and 9 (-35 and -63 km) 

throughout the period from mid-January through early March.

The 2004-2005 winter was the coldest winter in the lower stratosphere on record at 

that time and no warming events satisfied the zonal mean definition during this winter of 

reversed meridional temperature gradients and/or easterly flow at midlatitudes [Manney 

et al., 2006]. During December 2004 the vortex in the upper stratosphere remained warm 

and strengthened while in the lower and mid- stratosphere the vortex was cold. The 

vortex remains robust and well established throughout the winter (Figure 3.6 lower 

panels). The area o f the vortex is larger, the Aleutian anticyclone is displaced further 

equatorward, and the vortex winds are stronger and more uniform than in the previous 

two winters (Figure 3.7 lower panel). There are four periods o f large wave-one 

amplitudes in February with peak geopotential amplitudes between 1800 m and 2100 m 

at altitudes between 5.8 scaled heights (-41 km) and 7.0 scaled heights (-49 km) (Figure 

3.8 lower panel). There are several periods o f large wave-two amplitudes in mid-January 

and February with peak geopotential amplitudes between 500 m and 1600 m at altitudes 

between 5.8 scaled heights (-41 km) and 10.0 scaled heights (-70 km) (not shown). 

Despite these repeated periods of large amplitude planetary wave-one in February and 

wave-two in mid-January and February, where the upper stratospheric vortex had 

entwined with the Aleutian anticyclone, the vortex remained robust and well established 

in the mid- and lower stratosphere (Figure 3.6 lower panels). The Eliassen-Palm flux
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divergence at 65°N is negative in only two periods in late January and from the middle to 

end of February between scaled heights o f 5 and 9 (-35 and -63 km).

In summary the structure o f the vortex and the planetary wave activity is 

significantly different in the three years. In 2002-2003 large amplitude planetary waves 

are found repeatedly throughout the winter, and are associated with interaction between 

the stratospheric vortex and the Aleutian anticyclone and the stratospheric warmings. In

2003-2004 large amplitude planetary waves are found more commonly throughout the 

winter, with ongoing interaction between the stratospheric vortex and the Aleutian 

anticyclone, major stratospheric warming with extreme disruption o f the stratospheric 

vortex, and significant lofting of the stratopause. In 2004-2005 there are several large 

amplitude planetary wave events. However, there is little interaction between the 

stratospheric vortex and the Aleutian anticyclone, leading to a robust stratospheric vortex, 

and no stratospheric warming. In all three winters we find that the periods o f planetary 

wave breaking are characterized by tilting and inter twining of the vortex and 

anticyclone, peaks in the planetary wave amplitudes, and negative Eliassen-Palm flux 

divergence. Our analyses o f the synoptic structure and the planetary wave activity of the 

wintertime Arctic middle atmosphere shows that during winters when the amplitudes of 

the planetary waves are similar, the planetary wave action and resultant synoptic structure 

can be markedly different.

3.4.2. Chatanika Perspective

In Figure 3.9 we plot the temporal evolution of the stratospheric vortex (in green) 

and Aleutian anticyclone (in red) over Chatanika, Alaska over the altitude range of -1 4 

48 km (isentropic surfaces from 400 K to 2000 K) for DJF of the three successive 

winters. The three successive winters show distinctive differences in the temporal 

evolution of the stratospheric vortex and Aleutian anticyclone over Chatanika. The 

planetary wave activity is evident as the vortex and Aleutian anticyclone cross over this 

site.
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During the 2002-2003 winter the vortex dominates above 1000 K (~33 km) while 

the anticyclone is sampled at lower altitudes. During the January 2003 major 

stratospheric warming the Aleutian anticyclone extends to (at least) 2000 K (-48 km). 

During the 2003-2004 winter the Aleutian anticyclone is over Chatanika during the 

second half o f December, reflecting that the vortex and anticyclone are quasi-stationary 

in December. During the major stratospheric warming in January 2004 there is a 

transition to a regime where the vortex remains overhead above 800 K (-29 km) and the 

anticyclone appears on a day-to-day basis at lower altitudes. During the 2004-2005 

winter the large vortex extends over Chatanika for all o f December and January. The 

appearance of the anticyclone overhead in the second half o f February coincides with the 

planetary wave activity during that period. The synoptic structure in 2002-2003 shows 

more variability over Chatanika, with the repeated movement of the vortex and 

anticyclone over the site, while in 2003-2004 and 2004-2005 there is less variability.

We plot the horizontal wind and the associated cumulative distribution functions at 

the 500 K (-19  km, -60  hPa), 800 K (-30 km, -10  hPa) and 1600 K (-44 km, -1  hPa) 

isentropic surfaces above Chatanika in Figure 3.10. The interannual variations in the 

wind speeds are clearly evident with significantly higher winds in 2004-2005. In 2002

2003 the reduction in winds correspond to the presence of the Aleutian anticyclone, 

except during the period o f the major stratospheric warming in the second half of January 

when there is an increase in the winds during the period when the Aleutian anticyclone 

extends up to 2000 K. On 18 January 2003 at 800 K the Aleutian anticyclone is over 

Alaska with stronger winds compared to the weak winds inside the split vortex (Figure 

3.7) and the horizontal wind over Chatanika inside the anticyclone was 42.6 m/s. In

2003-2004 the decrease in the winds in the second half of December corresponds to the 

appearance of the Aleutian anticyclone. The anticyclone appears first at the upper 

altitudes and the winds weaken here first. On 5 January 2004 at 800 K the Aleutian 

anticyclone is over the western Arctic with weak winds (Figure 3.7) and the horizontal 

wind over Chatanika inside this anticyclone was 11.2 m/s, a factor of 3.8 less than the 

wind over Chatanika on 18 January 2003. In 2004-2005 the winds remain strong from
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early December through early February as the vortex remains overhead (Figure 3.7) and 

the horizontal wind inside the vortex over Chatanika on 18 January 2005 was 58.9 m/s. 

The decrease in wind speeds in late February coincides with the appearance of the 

Aleutian anticyclone over Chatanika.

We plot the mean monthly wind profiles at Chatanika in Figure 3.11. In all three 

years the wind speeds increase in the troposphere with a local maximum near the 

tropopause (~320 K), decrease in the lower stratosphere and then increase through the 

stratosphere. The winds in 2004-2005 are clearly fastest while the winds in 2003-2004 

are slowest. The interannual variability in the vortex and anticyclone positions shown in 

Figure 3.9 is reflected in the interannual variability in monthly mean wind profiles in 

Figure 3.11. During the winter of 2002-2003 there is significant month-to-month 

variability in the winds above 500 K. During the winter o f 2003-2004 the wind profiles 

for January and February show similar winds up to 800 K. During the winter o f 2004

2005 the wind profiles for December and January show similar winds up to 900 K. The 

disruption o f the stratosphere in 2003-2004 is also evident in that the expected upper 

stratospheric jet (i.e., wind maximum between 1200 K (-38 km, 3 hPa) and 1800 K (-45 

km, -0.8 hPa) observed in 2002-2003 and 2004-2005 is not observed. At 500K the 

average winter wind speed in 2003-2004 is 10.3 m/s, a factor 1.2 and 3.3 times less than 

the average winds in 2002-2003 and 2004-2005 respectively. The interannual difference 

is greatest at 800 K where the average winter wind speed in 2003-2004 is 14.8 m/s, a 

factor 1.9 and 3.9 times less than the average winds in 2002-2003 and 2004-2005, 

respectively. This interannual variation decreases at 1600 K where the average winter 

wind speed in 2003-2004 is 43.3 m/s, similar to the value of the wind speed in 2002-2003 

of 42.2 m/s and a factor o f 1.4 times less than the average winds in 2004-2005. The 

weakest winds are found in January 2004 and the interannual differences are most 

pronounced in January when the monthly average wind speed at 500 K is 6.5 m/s, a 

factor 1.9 and 5.9 times less than the average winds in 2002-2003 and 2004-2005 

respectively. At 800 K the difference is again more pronounced when the average wind 

speed for January is 8.9 m/s, a factor 3.5 and 7.5 times less than the average winds in
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2002-2003 and 2004-2005 respectively. The difference is less pronounced at 1600K 

when the average wind speed for January is 28.3 m/s, a factor 1.2 and 2.5 times less than 

the average winds in 2002-2003 and 2004-2005 respectively.

3.5. Variability of Gravity Wave Activity and Synoptic Structure

To understand the relationship between the synoptic structure o f the middle 

atmosphere and the gravity wave activity at Chatanika we calculate the linear correlation 

between the potential energy density o f the gravity waves at 40-50 km and the horizontal 

wind speeds at each of the altitudes. For 28 gravity wave measurements over the three 

winters we find that the correlation coefficient is greater than 0.6 between 300 K (~6 km, 

420 hPa) and 700 K (~27 km, 16 hPa). The maximum correlation of 0.74 is found at 400 

K (~14 km, ~130 hPa) (Figure 3.12). This suggest that about 50% (r2 = 0.55) of the day- 

to-day variability o f the gravity wave activity in the upper stratosphere is related to the 

variation o f the mean wind speed in the lower stratosphere. This correlation of 0.74 at 

400 K is the same as the value o f 0.73 found by Wilson and colleagues from Rayleigh 

lidar measurements of gravity waves in the 30-45 km altitude range and winds at 50 hPa 

(-20 km) at BIS and OHP [Wilson et al., 1991],

Our analysis indicates that the gravity wave activity in the upper stratosphere is 

significantly modulated by the horizontal wind speed in the lower stratosphere with larger 

potential energies associated with larger wind speeds. The fact that the correlations are 

highest with the winds in the regions where the wind speeds are lowest indicates that the 

physical process underlying the modulation is critical layer filtering o f low-frequency 

waves with low horizontal phase speeds in the altitude regions where the winds are 

weakest. The interannual variation in the energy growth lengths can be understood in 

terms of the local winds at 1600 K (Figure 3.10 upper panel) and internal wave 

instabilities. In 2002-2003 the growth of the gravity waves with altitude is not limited by 

critical layer filtering in weak winds (average o f 40.0 m/s on the nights o f the lidar 

measurements) nor internal instabilities in the waves themselves. In 2003-2004 the 

reduced growth o f the waves with altitude arises from continued critical layer filtering of
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waves in the weaker winds (average of 31.9 m/s on the nights o f the lidar measurements) 

at these upper altitudes. In 2004-2005 the large amplitude gravity waves propagating in 

higher winds (average of 53.9 m/s on the nights o f the lidar measurements) are limited by 

internal convective and dynamic instabilities and have growth lengths that are longer than 

in 2003-2004 but shorter than in 2002-2003. Thus the light winds associated with the 

disruption o f the middle atmosphere circulation in 2003-2004 serves to reduce the 

amount o f wave energy in the upper stratosphere and lower mesosphere in two ways. 

Weak winds in the lower stratosphere block the propagation o f gravity waves from 

below, while weak winds in the upper stratosphere and lower mesosphere dissipate the 

waves at those altitudes.

The inter-annual variations in the gravity wave activity (Figure 3.4) are consistent 

with the observed variations in the monthly mean temperature profiles at Chatanika 

(Figure 3.2). In 2002-2003 the stratosphere has a typical structure and is colder than the 

multi-year averages with intermediate gravity wave activity. In 2003-2004 the 

stratosphere has an elevated stratopause and the stratosphere is significantly colder than 

the multi-year averages with reduced gravity wave activity relative to 2002-2003. In

2004-2005 the stratosphere has a typical structure and is warmer than the multi-year 

averages with increased gravity wave activity relative to 2002-2003. These observations 

are consistent with the work o f Kanzawa [1989] and Hitchman et al. [1989] who studied 

the structure o f the polar winter stratopause. Kanzawa [1989] found that the winter polar 

stratopause was often warmer than at lower latitudes despite the fact that there is more 

solar heating o f stratospheric ozone at lower latitudes. Hitchman et al. [1989] found that 

the winter polar stratopause was often separated from the stratopause at lower latitude 

indicating the presence of a distinct pool of warm air in the upper stratosphere in the 

polar region. Both Kanzawa [1989] and Hitchman et al. [1989] concluded that the 

heating o f the polar stratopause results from adiabatic heating in the descending gravity- 

wave driven circulation of the winter pole. This adiabatic heating is greater than the 

radiative cooling. Thus we conclude that, in 2004-2005, more abundant gravity waves in 

the upper stratosphere propagate upward into the mesosphere, break at mesospheric
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heights, and drive a strong meridional circulation that results in stronger descent at the 

winter pole and stronger adiabatic warming. In 2002-2003, less abundant gravity waves 

in the upper stratosphere propagate upward into the mesosphere, break at mesospheric 

heights, and drive a weaker meridional circulation that results in weaker descent at the 

winter pole and weaker adiabatic warming. In 2003-2004, the gravity waves are 

suppressed, the meridional circulation is disrupted, the stratosphere is dominated by 

radiative cooling, and an elevated stratopause forms.

This physical scenario is the same as that presented in the study of Siskind et al. 

[2007] o f the elevated stratopause in February 2006. Siskind et al. [2007] use a general 

circulation model to show that a major stratospheric warming results in the disruption of 

the stratospheric circulation, subsequent suppression o f the gravity wave driven 

circulation and hence the formation of the elevated stratopause. Siskind et al. [2007] 

model the gravity wave activity as a orographic gravity wave drag parameterization 

which can be turned on and off in the model. In their analysis of the Arctic middle 

atmosphere in February 2006, the two sets o f model results where the model internally 

suppresses the gravity waves and where the gravity wave drag is turned off in the model 

both yield the observed elevated stratopause and the authors conclude that the elevated 

stratopause results from the suppression of orographic gravity waves.

3.6. Summary and Conclusion

We have characterized the gravity wave density fluctuations in the upper 

stratosphere (40-50 km) from Rayleigh lidar observations at Chatanika over three winters 

(DJF 2002-2003, DJF 2003-2004, DJF 2004-2005). These winters have significant 

differences in their meteorological conditions which we have characterized using SABER 

observations and MetO analyses data. Over all three winters, regardless of the 

meteorological conditions, we find that the gravity wave potential energy densities are 

lower than those measured at mid-latitude sites [Wilson et al., 1991]. The day-to-day 

variation in the gravity wave energy densities is positively correlated with the weakest 

winds in the lower stratosphere. This is consistent with the study of Dunkerton and
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Butchart [1984], that synoptic conditions in the western Arctic block the upward 

transmission of gravity waves.

However, the magnitude and vertical growth length o f the gravity wave potential 

energy per unit mass is significantly different in each winter. The magnitude of the 

gravity wave potential energy densities is significantly lower in 2003-2004 than in the 

other two winters, with the largest energy densities found in 2004-2005. This reduced 

gravity wave activity in 2003-2004 coincides with a major disruption of the circulation, 

the formation o f an elevated stratopause, and a reduction in the stratospheric winds. The 

growth of the waves in 2002-2003 and 2003-2004 appear to be limited by critical layer 

interactions with the wind, while the growth of the larger amplitude gravity waves in

2004-2005 appears to be limited by internal instabilities.

In each of the three winters the gravity wave activity and temperature structure of 

the stratosphere and mesosphere are consistent in terms of the gravity-wave driven 

circulation and formation of the polar stratopause. In 2004-2005, when there are no 

stratospheric warming events, the gravity wave activity is highest and the stratopause 

temperatures are warmest. In 2002-2003, when there are several stratospheric warming 

events, the gravity wave activity is lower and the stratopause temperatures are colder. In

2003-2004, when one o f the most prolonged mid-winter stratospheric warming events 

occurred, the gravity wave activity is lowest, the stratosphere is dominated by radiative 

cooling, and the stratopause is displaced vertically to -70 km. These lidar observations 

provide direct evidence of the suppression o f gravity wave activity during an elevated 

stratopause event and observationally confirm the recent modeling study by Siskind et al. 

[2007] that attributes the formation of the elevated stratopause to the suppression of 

gravity wave activity. Winters such as 2003-2004 may become more common as recent 

studies indicate that increase in greenhouse gases could increase the tropospheric wave 

forcing and strengthen the planetary wave activity in the stratosphere [Butchart et al., 

2006; Deckert and Dameris, 2008].
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Table 3.1. Buoyancy period and gravity wave activity at 40-50 km at Chatanika, Alaska 
(65°N, 147°W).

15-16 January 2004 10-11 January 

2005

Buoyancy Period (s) a 285 305

RMS Density (%) b 0.41 1.10

RMS Vertical Displacement (m) 81 250

Potential Energy Density (J/kg) 1.6 13.3

SNR 1.4 8.2

a. Calculated from nightly average temperature profile.

b. Fluctuations over 2 - 1 0  km and 0.5 -  4 h.
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Table 3.2. Buoyancy period and gravity wave activity at 40-50 km at Chatanika, Alaska 
(65°N, 147°W) during DJF o f 2002-2003, 2003-2004, and 2004-2005.

2002-2003 2003-2004 2004-2005

Number o f Observations 15 8 6

Buoyancy Period (s) a

Average b 309 (± 5) 291 (±9) 301 (± 8)

Range c 278-353 264-330 274-328

RMS Relative Density (%) d

Average 0.41 (±0.04) 0.32 (± 0.03) 0.69 (±0.13)

Minimum 0.17-0.68 0.21-0.44 0.30-1.10

RMS Vertical Displacement (m)

Average 96 (± 9) 66 (± 7) 148 (±25)

Range 46-156 43-110 78-250

Potential Energy Density (J/kg)

Average 2.1 (±0.4) 1.1 (±0.2) 5.7 (± 1.8)

Range 0.4-4.8 0.5-2.4 1.1-13.3

a. Calculated from nightly average temperature profile.

b. Mean value and uncertainty in mean

c. Minimum value and maximum value

d. Fluctuations over 2 - 1 0  km and 0.5 -  4 h.
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Figure 3.1. Relative density perturbations measured by Rayleigh lidar at Chatanika, 
Alaska on 15-16 January 2004 and 10-11 January 2005. The perturbations are spatially 
band-limited between wavelengths 2 km and 30 km and temporally band-limited between 
time periods o f 30 minutes and 4 hours. The positive values are colored red (0-1%, 1-2%, 
>2%) and the negative values blue (0 - -1%, -1 - -2%, < -2%). The white contour marks 
the zero line.
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Figure 3.2. Nightly mean temperature profiles (solid line) measured by Rayleigh lidar at 
Chatanika, Alaska during January 2003 (7th, 10th, 14th, 22nd, 25th, 26“ 29th), 2004 (5th, 
15th, 29th), and 2005 (10th, 18th, 27th). The monthly mean profile is plotted as a dashed 
line. ‘N ’ is number o f nighttime profiles for each month. (Right) January mean monthly 
temperatures at Chatanika averaged over 2003, 2004, 2005 (dashed line), averaged over 
1998 to 2005 (solid line with open circle), and SPARC January temperature (solid line 
with solid square).
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Figure 3.3. Atmospheric stability measured by Rayleigh lidar at Chatanika, Alaska 
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altitude range.
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Figure 3.6. 3-D representation o f the Arctic stratospheric vortex (color surfaces) and 
anticyclones (black surface) from 300 K to 2000 K isentropic surface on (top) 15 
December, 18 January and 15 February o f 2002-2003 (middle) 15 December, 5 January, 
and 15 February o f 2003-2004 (bottom) 15 December, 18 January, and 15 February o f  
2004-2005. The vertical line is drawn upward from Chatanika. Alaska.
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Figure 3.7. Northern hemisphere polar stereographic plots of vortex (thick line) and 
anticyclone (dashed line) at 800 K (~30 km, ~10 hPa) from MetO analyses data for 
(upper) 18 January 2003, (mid) 5 January 2004, and (lower) 18 January 2005. The 
horizontal winds are also plotted. Chatanika is marked with a plus symbol.
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Figure 3.8. Planetary wave-one geopotential amplitude at 65°N for second half of 
January and February of 2003, 2004, and 2005 measured by SABER. Geopotential 
amplitudes greater then 1000 are dotted lines. The contour interval is 400 m. The vertical 
lines mark the maximum amplitudes.
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Figure 3.9. Temporal evolution of the stratospheric vortex (green) and Aleutian 
anticyclone (red) over Chatanika, Alaska from 400 K (-14  km, -130  hPa) to 2000 K (-48  
km, 0.6 hPa) isentropic surface duiing DJF o f 2002-2003(upper), 2003-2004 (middle), 
and 2004-2005 (lower) winters. Black represents the time period when neither systems 
were above Chatanika.
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Figure 3.10. Daily wind speed from the MetO analyses data at 1600K, 800 K, and 500 K 
isentropic surfaces for DJF of 2002-2003 (upper), 2003-2004 (middle), and 2004-2005 
(lower) Arctic winters. The corresponding cumulative distribution functions o f the winds 
are plotted to the right.
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Figure 3.11. Mean monthly wind profiles calculated from the MetO analyses data for 
DJF of 2002-2003 (left), 2003-2004 (middle), and 2004-2005 (right) Arctic winters.
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Figure 3.12. Scatter plot of potential energy density per unit mass averaged over the 40
50 km altitude range and MetO wind speed at 400 K isentropic surface. The linear 
correlation coefficient is 0.74.



99

Chapter 4. Gravity Wave Activity in the Arctic Stratosphere and 

Mesosphere during the 2007-2008 and 2008-2009 Stratospheric Sudden 

Warmings1

Abstract. We use Rayleigh lidar measurements o f the stratosphere and 

mesosphere to document the gravity wave activity during the recent Arctic winters of

2007-2008 and 2008-2009 at Poker Flat Research Range, Chatanika, Alaska (65°N, 

147°W). Both winters were characterized by different types o f mid-winter warmings. 

Significant variability is observed in the gravity wave potential energy density. Monthly 

averaged values indicate a broad annual cycle with winter maximum of 4.1 J/kg in 

November. We use satellite data and global meteorological data to analyze the gravity 

wave activity in terms o f the synoptic structure o f the stratospheric vortex and Aleutian 

anticyclone and planetary wave activity. Although the two winters have different 

meteorological conditions we do not find any systematic differences between the 

magnitudes o f gravity wave potential energy density during the two winters. We find a 

positive correlation between the gravity wave potential energy density and horizontal 

wind speed in the mid-stratosphere during both years. However the correlations are 

different, with a low correlation o f 0.38 in 2007-2008 and a higher correlation of 0.95 in

2008-2009. This suggests that while the gravity wave activity in 2008-2009 winter is 

modulated by the background flow, other wave sources modulate the gravity wave 

activity during the 2008 warming.

thura ira jah , B., R. L. Collins, V. L. Harvey, R. S. Lieberman, M. Gerding, J. Livingston 
(2009), Gravity wave activity in the Arctic stratosphere and mesosphere during the 2007
2008 and 2008-2009 stratospheric sudden warmings, in preparation for submission to J. 
Geophys. Res.
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4.1. Introduction

Gravity waves have long been known to play a crucial role in the general 

circulation o f the middle atmosphere. These small scale waves drive a pole-to-pole 

mesospheric circulation with ascending flow in the summer hemisphere and descending 

flow in the winter hemisphere [Houghton, 1978]. These vertical motions influence the 

cooling o f the polar summer mesopause region and the warming o f the polar winter 

stratopause region (e.g., see reviews by Holton and Alexander, 2000; Fritts and 

Alexander, 2003; and references therein). Gravity wave propagation is modulated by 

spatially varying winds. For example, studies [Duck et al., 1998; Dunkerton and 

Butchart, 1984] have shown that gravity wave propagation is modulated by the 

stratospheric vortex and Aleutian anticyclone, with higher gravity wave activity 

associated with the stronger winds in the edge of the polar vortex, and lighter winds in 

the anticyclone blocking the upward transmission of orographic gravity waves.

Direct measurements o f gravity wave forcing that bring about the mesospheric 

circulation and the thermal structure is challenging. Recently Liu et al. [2009] have used 

zonal mean zonal momentum equations and direct wind measurements from lidar and 

satellite data to estimate a strong eastward gravity wave forcing during summer (-75 - 

130 ms’May'1) and a weak westward forcing in winter (-50 - 100 ms’May'1 ) at mid

latitudes between 85-100 km. Tidal mean winds were separated from the wind 

measurements but winds due to planetary waves were assumed to be reduced at these 

altitudes due to the monthly averages over several years. However, the method is 

expected to introduce large errors in gravity wave forcing numbers if  applied during 

stratospheric warming events when temporal winds are significantly different from zonal 

winds.

More recently Wang and Alexander [2009] have used satellite data to show 

variability in zonal mean gravity wave amplitude with altitude during the 2007-2008 

northern hemisphere stratospheric warming events. They observe enhanced/suppressed 

zonal mean gravity wave amplitudes below/above -35 km associated with the 

stratospheric warming/mesospheric cooling. The authors attribute this variability to the
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weakening of the zonal winds at lower altitudes that refract the gravity waves in such a 

way that more waves are observed in the stratosphere (below ~35 km) and to the critical 

level filtering o f upward propagating gravity waves by weak winds resulting in reduction 

of gravity wave activity in the mesosphere (above ~40 km). A reduction in gravity wave 

activity would mean less gravity wave forcing and a subsequent cooling o f the 

mesosphere by relaxation to radiative equilibrium. Again, during stratospheric sudden 

warmings the temporal wind tends to be significantly different from the zonal averaged 

winds resulting in variable gravity wave activity along a latitude circle.

Thus, in an asymmetric Arctic middle atmospheric circulation with variable gravity 

wave activity, the occurrence of stratospheric sudden warmings provide an opportunity to 

understand the complex wave-wave and wave-mean flow interaction occurring in the 

middle atmosphere. However, the characteristics of individual stratospheric warmings are 

vastly different. Gravity wave activity during stratospheric warming events is expected to 

be different depending on the type and characteristics o f the warming event. Thus more 

direct measurements o f gravity waves under different types of major mid-winter 

warmings are needed for a thorough understanding of the middle atmospheric circulation. 

Two types o f warming events, vortex displacement event and vortex split event, and their 

dynamical differences have been discussed by Charlton and Polvani [2007] using NCEP- 

NCAR and ECMWF reanalysis data sets. By documenting the major mid-winter 

stratospheric warming events from 1958 to 2002, the authors find that the vortex is 

preconditioned before the vortex splitting event. During vortex split events the wind 

reversals are found be longer, stronger, and extend deeper into the lower atmosphere, and 

the influence of vortex split events on middle stratospheric temperatures last longer. 

Thus, vortex split events are expected to significantly reduce the vertical propagation of 

gravity waves.

In a recent study, Thurairajah et al. [2009a] reported Rayleigh lidar measurements 

of reduced gravity wave activity during the formation o f an elevated stratopause that 

followed the stratospheric warming event of early January 2004. The January 2004 

warming was a vortex displacement event where the major warming in early January led
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to a two month long disruption o f the mid and lower stratospheric vortex. The upper 

stratospheric vortex reformed into a robust, colder cyclone. After the stratosphere 

warmed the disruption o f the vortex led to an isothermal atmosphere, and subsequently an 

elevated stratopause. Thurairajah et al. [2009a] suggested that the weak stratospheric 

winds associated with the warming suppressed the upward propagating gravity waves 

thus removing the heat source in the winter stratopause region. This region thus 

radiatively cooled and the stratopause reformed at higher altitudes (~80 km).

A similar meteorological situation with formation o f elevated stratopause occurred 

after the January 2009 major mid-winter warming. A major warming with reversal of 

both zonal wind and temperature gradient at 10 hPa and poleward o f 60°N occurred on 24 

January 2009 [Manney et al., 2009]. During this warming the polar vortex split into two 

making it a vortex split event. After the disruption of the vortex, the stratopause reformed 

at ~80 km during the first week o f February and remained elevated until the first week of 

March 2009. In contrast to this vortex split event, four pulses o f warming have been 

recorded during the 2007-2008 winter with maximum positive meridional temperature 

gradients occurring on 25 January, 2, 16, and 23 February 2008 [Wang and Alexander, 

2009]. The fourth warming on 23 February 2008 was a major warming a vortex 

displacement event.

In this paper we present Rayleigh lidar measurements o f gravity wave activity from 

Chatanika, Alaska (65°N, 147°W) in the 40-50 km altitude during both the 2007-2008 

and 2008-2009 winters. These direct measurements provide an opportunity to study 

gravity waves under different types o f stratospheric warming events. It also allows us to 

investigate the variability o f gravity wave activity between winters o f 2003-2004 and 

2008-2009 where the major mid-winter warming resulted in an elevated stratopause. In 

section 4.2 we briefly describe the Rayleigh lidar technique. In section 4.3 we present 

lidar measurements o f temperature over the 40-70 km altitude and gravity wave activity 

over the 40-50 km altitude at Chatanika during the 2007-2008 and 2008-2009 winters. In 

section 4.4 we present the meteorology of the 2007-2008 and 2008-2009 winters in the 

northern hemisphere in terms of the synoptic structure, evolution, and variability o f the
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Arctic stratospheric vortex and Aleutian anticyclone, and planetary wave activity using 

satellite data and meteorological data. We discuss the evolution o f the vortex and 

anticyclone and the horizontal wind structure over Chatanika in section 4.5. In section 4.6 

we compare the gravity wave activity at Chatanika with the wave activity at two other 

lidar sites. In section 4.7 we discuss the variability in the gravity wave measurements. We 

summarize this work in section 4.7.

4.2. Rayleigh Lidar Data and Analysis

Rayleigh lidars work on the principle that in the absence of aerosols the scattered 

light from neutral molecules in the atmosphere is directly proportional to the atmospheric 

density. Lidar observations yield temperature measurements o f the stratosphere and 

mesosphere (-30-90 km) under assumptions o f hydrostatic equilibrium. The temperature 

profiles are calculated by downward integration by assuming an initial temperature at the 

highest altitude. The National Institute o f Information and Communications Technology 

(NICT) Rayleigh lidar at Poker Flat Research Range (PFRR), Chatanika, Alaska has been 

operated since 1997 [.Murayama et al. 2007]. The Rayleigh lidar measurements have 

supported a variety o f middle atmospheric studies including mesospheric inversion layers 

[Cutler et al., 2001], noctilucent clouds [Collins et al., 2003; Collins et al., 2009], 

temperature measurements [Thurairajah et al., 2009b], and gravity wave activity 

[Thurairajah et al., 2009a]. Further technical details about the Rayleigh lidar technique 

and data processing methods can be found in these references. The Rayleigh lidar 

measurements at Chatanika from October to March over the two winters (2007-2008 and 

2008-2009) have yielded a total of 40 nights o f measurements lasting between four and 

13 hours for a total o f -324 hours of observations.

We characterize the gravity wave activity in the upper stratosphere (40-50 km) in 

terms o f the background stability (buoyancy period, TB=27i/N) o f the atmosphere and the 

wave potential energy density (Ep) calculated from 30 minute resolution density data. The 

potential energy density is given by [e.g., Gill, 1982],



where N  is the buoyancy frequency, £ is the vertical displacement o f air parcel, and 

p  / p o the rms relative density fluctuation. The rms relative density perturbations, the

buoyancy frequency (calculated from the nightly averaged temperature profile), and the 

constant o f acceleration due to gravity are independently averaged over the 40-50 km 

altitude. A detailed description o f the gravity wave analysis method is given in 

Thurairajah et al. [2009b]. To reduce noise and obtain short period waves the density 

perturbations are spatially band-limited between vertical wavenumbers 0.5 km '1 and 0.1 

km' 1 (vertical altitude range o f 10 km, i.e., between 40-50 km )and temporally band- 

limited between the Nyquist frequency of 1 h '1 and the low frequency o f 0.25 h '1 (time 

period between 30 min and four hours).

4.3. Rayleigh Lidar Measurements

4.3.1. Temperature Measurements

In Figure 4.1 we plot individual and monthly mean profiles from late January to 

third week of February 2008 and February 2009. We average the individual nighttime 

profiles to form the mean monthly profile. We also compare the mean profile to the 

monthly mean February profile calculated from 19 nights o f lidar measurements at 

Chatanika from 1997-2005 and reported by Thurairajah et al. [2009a], and to the zonal 

mean temperature climatology from the Stratospheric Processes And their Role in 

Climate (SPARC) reference atlas [.Randel et al., 2004; SPARC, 2002] (Figure 4.1, right 

panel). We choose the profiles from late January and February 2008 and February 2009 

to illustrate the response o f the thermal structure of the stratosphere and mesosphere to 

the warmings that occurred during these two winters.

The individual profiles from 2008 indicate a general cooling in the 40-80 km 

altitude except the one profile from the night o f 3-4 February 2008 that indicates the 

formation of a an elevated stratopause. This could be the result of the minor warming on 

2 February 2008. The average temperature profile in 2008 is in general colder than the
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Chatanika and SPARC averages, with a stratopause below 40 km. At ~50 km the average 

temperature is ~12 K colder than the SPARC average. The mesospheric cooling is 

associated with the pulses o f the four warmings during January and February 2008. In 

February 2009 the individual profiles show less variability below -65 km. The 

temperature profiles appear to show near isothermal temperatures or an elevated 

stratopause. The average February 2009 profile is colder than the Chatanika and SPARC 

averages below -70  km and warmer above -70  km. For example at -50  km the average 

February 2009 temperature is -17  K colder than the SPARC average.

In Figure 4.2 we plot the buoyancy period averaged over the 40-50 km altitude as a 

function of day during October to March of 2007-2008 and 2008-2009 at Chatanika, 

Alaska. During the 2007-2008 winter, the background atmosphere increased in stability 

(decreased in buoyancy period) from 340 s in late November 2007 to 255 s in late 

December 2007, and again became less stable (347 s) in late January 2008. The stability 

generally increased through March 2008 with an average buoyancy period of 311 s in 

February and 301 s in March 2008. During the 2008-2009 winter, the background 

atmosphere was generally stable through late January 2009 (average 293 s) after which 

the stability decreased (i.e. buoyancy period increased) to a high buoyancy period o f 343 

s in late January 2009. The atmosphere was more stable through March 2009 (but with 

lower than 2008 values) with an average value o f 296 s in February and 294 s in March 

2009.

4.3.2. Gravity Wave Activity

In Figure 4.3 we plot the nightly gravity wave activity in terms o f the potential 

energy density averaged over 40-50 km as a function o f day from October to March of

2007-2008 and 2008-2009 at Chatanika. We plot the monthly average values from the 

two winters in Figure 4.4 and compare them to the average potential energy measured 

from the 1997-2005 winters at Chatanika. We tabulate the average and range of potential 

energy values and buoyancy periods at Chatanika during both winters in Table 4.1. The 

individual potential energy densities at Chatanika exhibit a high degree o f nightly
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variability with the highest value o f 8.6 J/kg (± 0.5) measured on the night of 19-20 

November 2009 and lowest value of 0.13 J/kg (± 0.04) measured on 25-26 March 2008. 

The monthly averaged potential energy densities from the 2007-2008 and 2008-2009 

winters exhibit a broad annual cycle with a winter maximum value of 4.1 J/kg in 

November and minimum value o f 0.29 J/kg in April. This cycle is also observed in the 

monthly averaged potential energy density measured at Chatanika, Alaska from 1997

2005. The data from 1997-2005 includes 90 nights of measurements varying between 

four and 15 hours for a total of -750 hours o f observations. The individual values from 

both March 2008 and 2009 are found to be lower then the averaged March value from 

1997-2005.

The potential energy density varies as a function of both the rms relative density 

fluctuation, p  / p o and the buoyancy frequency, N. To investigate the effect of local

stability conditions on the gravity-wave fluctuation, we plot the rms relative density 

fluctuation as a function of buoyancy period averaged over 40-50 km for the 2007-2008 

and 2008-2009 winters at Chatanika in Figure 4.5. Linear fits to the data from each 

winter indicate a low correlation of 0.15 for 18 nights during the 2007-2008 winter and 

0.30 for 22 nights during the 2008-2009 winter. The overall correlation coefficient for all 

40 nights o f data is 0.28. Since there is no significant correlation of rms relative density 

fluctuation with buoyancy period we conclude that the wave activity in terms o f the 

potential energy density is not a measure of the local stability. However, we observe that 

during the 2008-2009 winter the rms relative density fluctuations are larger and the 

atmosphere more stable compared to the 2007-2008 winter. The fact that during the

2008-2009 winter the rms relative density fluctuation decreases with decreasing stability 

suggests that the gravity wave amplitudes are limited by internal instabilities [Fritts and 

Rastogi, 1985],

In summary, the Rayleigh lidar temperature profiles during the 2007-2008 and

2008-2009 winters are significantly different with mesospheric cooling observed after the 

January 2008 warming, and a tendency toward isothermal atmosphere or elevated 

stratopause observed after the January 2009 warming. The buoyancy period is less stable
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after the wanning during both winters with the 2009 values less than the 2008 values. 

The gravity wave activity is characterized in terms of potential energy density and we 

observe a high degree o f nightly variability. The monthly averaged potential energy 

densities indicate a broad annual cycle with a winter maximum similar to the averaged 

potential energy density from Rayleigh lidar measurements during 1997-2005 from the 

same site. The individual values from March 2008 and 2009 are lower than the 1997

2005 March average.

4.4. Synoptic View and Planetary Wave Activity during the 2007-2008 and 2008

2009 Winters

The two winters o f 2007-2008 and 2008-2009 were characterized by different 

meteorological conditions with four warming events in late January (25th), early (2nd), 

mid (16th), and late (23rd) February 2008 [Wang and Alexander, 2009], and a major 

warming in late-January (24th) 2009. This major warming in January 2009 has been 

recorded as the strongest and most prolonged on record [Manney et al., 2009]. In this 

section we present an overview of the dynamic structure o f the middle atmosphere in 

terms of the position and evolution o f the polar vortex and anticyclones, gradient winds, 

and the planetary wave activity. The characteristics o f the vortices are calculated using 

the United Kingdom Meteorological Office (MetO) global analyses data [Harvey et al., 

2002]. The planetary wave activity is described in terms of the wave geopotential 

amplitude and Eliassen Palm (EP) flux divergence calculated from temperature, pressure, 

and geopotential measured by the Sounding of the Atmosphere using Broadband 

Emission Radiometry (SABER) instrument data (Level 2A version 1.07) [Beaumont, 

2008] aboard the Thermosphere Ionosphere Mesosphere Energetics Dynamics (TIMED) 

satellite [Mertens et al., 2004; Russell et al., 1999]. The gradient winds are also 

calculated from the SABER data.

In Figures 4.6 and 4.7 we show examples of 3D structure o f the polar vortex and 

anticyclone over the northern hemisphere during active and quiet times during the 2007

2008 and 2008-2009 winters. In Figures 4.8 and 4.9 we plot the geopotential amplitude of



108

planetary wave one and wave two, gradient winds and EP flux divergence at 65°N during 

the 2007-2008 winter, and 2008-2009 winter respectively. The EP flux provides a 

measure o f the zonal-forcing o f the zonal-mean flow. The flux values have been scaled 

by the basic density to give the zonal force per unit mass exerted by eddies [Holton, 

2004].

4.4.1. The 2007-2008 Arctic Winter

The stratospheric vortex and Aleutian anticyclone were dynamically active during 

the second half o f January, and February 2008. In Figure 4.6 (top panel) we show the 3-D 

structure of the stratospheric vortex and anticyclones on 25 December 2007 and 15 

January 2008. There is a high degree o f interaction between the traveling anticyclones 

and the stratospheric vortex, with the vortex beginning to elongate and move off pole 

center on 15 January 2008. Four pulses of warming events have been recorded during 

this time with the fourth warming recorded as a major warming event. Figure 4.6 (mid 

and lower panel) shows the structure of the vortex and anticyclones on 23 January 2008, 

4, 15, and 22 February 2008 when large planetary wave-one amplitudes are observed in 

the SABER data. The Aleutian high strengthened, thus displacing the vortex toward the 

North Atlantic during the first three events, while the stronger anticyclone, weakened and 

distorted the vortex during the last event leading to a major stratospheric warming.

The planetary wave analysis (Figure 4.8 left panel) indicates the four periods of 

strong planetary wave-one amplitudes with maximum amplitudes on 23 January 2008, 4, 

15, and 22 2008. The amplitudes vary between 1800 m and 2600 m at altitudes between

6.3 (-44 km) and 9.5 (-66  km) scaled heights. There are also four periods o f large wave- 

two amplitudes during the same time period (with maximum amplitudes on 24 January 

2008, 2, 20, and 27 February 2008) with geopotential amplitudes varying from 700 m and 

800 m between altitudes o f 6.9 (-48 km) and 8.6 (-60 km) scaled heights. Weakening 

and reversal o f the gradient winds and convergence of EP flux is observed (Figure 4.8 

right panel) during increases in planetary wave amplitudes. During the major warming in 

late February 2008, the winds reversed to a maximum of -34.6 m/s (negative implies
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easterly winds) at 6 (~42km) scale heights. The maximum reversals were on 23 January 

2008, the same day as the maximum planetary wave-one amplitude, and on 7, 17, and 24 

February 2008, a few days later than the maximum planetary wave-one amplitudes.

Large values o f EP flux divergence preceded the maximum values of easterly 

winds, except during the first warming. Maximum values were recorded on 23 January, 

4, 14, and 22 February 2008. The maximum flux values varied between -171.6 m/s/day to 

-135.6 m/s/day at 6 (~42km) scale heights. The flux convergence (i.e. negative EP flux 

divergence) is a measure of the westward zonal force exerted by eddies on the 

atmosphere and is linked to the entwining of the upper stratospheric vortex around the 

Aleutian anticyclone on 22 February 2008 in Figure 4.6. After the late February major 

warming, the mid and lower stratospheric vortex remained weak and quasi stationary 

until the final wanning in March 2008 (not shown).

4.4.2. The 2008-2009 Arctic Winter

During the 2008-2009 winter a major stratospheric warming occurred during the 

third week of January 2009 when the Aleutian high strengthened and split the vortex into 

two. In Figure 4.7 (top panel) we show the pole centered, undisturbed polar vortex on 25 

December 2008 and 5 January 2009. The vortex first split in the upper stratosphere on 19 

January, continued to split downward to the mid stratosphere (800 K) on 21 January, and 

was split through the entire stratosphere by the 24 January (Figure 4.7 lower left panel). 

The vortex remained split for almost three weeks until ~6 February (Figure 4.7, lower left 

panel) when the upper stratospheric vortex recovered with colder temperatures. During 

the major warming, planetary wave analysis at 65°N shows large planetary wave two 

geopotential amplitude of 1400 m at altitude of 5.9 (-41 km) scaled height on 19 January 

2009 (Figure 4.9 left panel). Maximum planetary wave one amplitude of 1200 m and 

1000m at higher altitude of 8.1 (-57 km) and 9.6 (-67 km) scaled height are also 

observed on 21 January and 10 February 2009.

A stronger and deeper wind reversal extending from the mesosphere to the lower 

stratosphere in mid January 2009 is seen in Figure 4.9 (right panel). The wind reversed to
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a maximum of -53.8 m/s at scale height o f 8 (-49 km) on 23 January 2009 two days after 

the maximum planetary wave-one amplitude was observed. Such wind reversals in the 

mesosphere (also seen during the 2008 warming events) have been reported previously 

[Hoffman et al., 2007 and references therein] and show the downward progression of 

disturbances to the middle atmospheric circulation from the mesosphere/lower 

thermosphere to the stratosphere. The altitude extent o f the reversal from the mesosphere 

to the lower stratosphere has been noted by Charlton and Polvani [2007] as a feature of a 

vortex split warming events that is not observed in vortex displacement events (as 

observed in February 2008). The maximum EP flux convergence o f -137.6 m/s/day at 6.0 

scale heights (-42 km) occurred on 20 January 2009, three days before the maximum 

wind reversal was observed. This large EP flux convergence indicates the westward 

zonal force exerted by eddies on the atmosphere.

By the second week of February the upper stratospheric vortex had completely 

recovered (Figure 4.7 lower right panel) and strengthened while the mid and lower 

stratospheric vortex remained weak. The temperature inside the vortex was anomalously 

cold and led to the formation of an elevated stratopause in February 2009. The lower 

stratospheric vortex remained weak until late March 2009.

4.5. The 2007-2008 and 2008-2009 Winters at Chatanika

In this section we document the temporal evolution o f the stratospheric vortex and 

anticyclone over Chatanika during the 2007-2008 and 2008-2009 winters. We analyze the 

variability of the horizontal winds from year to year at a single site, and between different 

locations. In Figure 4.10 we plot the temporal evolution the stratospheric vortex (green) 

and anticyclone (red) from 400 K to 2000 K (-15-47 km) altitude region during the 2007

2008 and 2008-2009 winters. In Figure 4.11 we show the polar plot (30°N-90° N) of the 

vortex, anticyclone, and horizontal wind at 800 K (-30 km, -10  hPa). These winds are 

calculated from the MetO global analyses data by combining the zonal, u, and

meridional, v, wind (-Ju2 + v2 ).
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Distinct differences exist in the temporal evolution o f the stratospheric vortex and 

anticyclone over the two winters. During the 2007-2008 winter the Aleutian anticyclone 

is dominant over Chatanika in January and February when the planetary wave activity is 

the strongest. At 800 K the Aleutian anticyclone grows in size over Chatanika while 

sampling the anticyclones edge on 22 January and inside the anticyclone on 22 February 

2008. The horizontal winds decrease from 32.3 m/s to 14.2 m/s. The major stratospheric 

warming during the third week o f February disrupts the vortex. The upper stratospheric 

vortex reappears over Chatanika in early March 2008.

During the 2008-2009 winter the major stratospheric warming during the third 

week o f January is evident as the presence of a dominant anticyclone at Chatanika 

(Figure 4.10 lower panel). At 800 K the split vortex with two anticyclones is seen on 22 

January 2009 (Figure 4.11). The anticyclone is over Chatanika with a wind speed o f 24.5 

m/s. After the major warming the upper stratospheric vortex strengthens followed by the 

mid stratospheric vortex. The upper and mid-stratospheric vortices reappear over 

Chatanika with reduced wind speeds, while the lower stratospheric vortex remains 

disrupted. For example, on 22 February 2009 the 800 K (mid stratospheric vortex) winds 

are reduced to 5.9 m/s at Chatanika when the vortex is present overhead. By early March 

2009 the vortex appears at all stratospheric altitudes.

In Figure 4.12 we compare the daily horizontal wind at 800 K isentropic surface 

above Chatanika during the 2007-2008 and 2008-2009 winters with the 2003-2004 

winter. The decrease in winds in the second week o f January 2008 and third week of 

January 2009 coincide with the strengthening of the Aleutian anticyclone and occurrence 

of stratospheric warmings. The 800 K horizontal wind speed on 15 January 2008 was 

25.1 m/s, 3 times less than the wind speed on 15th January 2009 (73.3 m/s). The wind 

increased to 45.6 m/s on 21 January 2008 while it decreased to 19.3 m/s on 21 January 

2009 during the major wanning. While the winds in both 2008 and 2009 continued to 

decrease following the January warming event until mid March 2009, the 2008 winds 

increased and decreased periodically between each warming event.
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In summary, distinct differences exist in the temporal evolution of the stratospheric 

vortex and anticyclones during the 2007-2008 and 2008-2009 winters. Over Chatanika 

the stratospheric warming events during the 2007-2008 and 2008-2009 winters are 

observed as growth of the anticyclone over Chatanika. The daily winds indicate a 

decrease in wind speed prior to the peak o f the stratospheric warming. The reduced 

monthly averaged horizontal wind speeds in February also indicate the disruption o f the 

stratospheric circulation during and after the stratospheric warming of 2008 and 2009.

4.6. Comparison of Gravity Wave Activity at Chatanika with Kiihlungsborn and 

Kangerlussuaq

In this section we analyze the geographical variability in gravity wave activity 

during the 2007-2008 warming event using Rayleigh lidar measurements from Chatanika, 

Alaska (65°N, 147°W), Kiihlungsborn, Germany (54°N, 12°E), and Kangerlussuaq, 

Greenland (67°N, 51°W). We process the data available from January and February 2008 

at Kangerlussuaq and Kiihlungsborn, and October and March of 2009 at Kiihlungsborn, 

uniformly to avoid biases due to data processing methods.

During January and February 2008 the background atmosphere was stable at all 

three locations with average values of 317 s, 321 s, and 302 s. The potential energy 

densities were lower at Chatanika with an average value of 1.5 J/kg (± 0.3), and higher at 

Kangerlussuaq with a value of 4.7 J/kg (± 1.1). The average potential energy density at 

Kiihlungsborn (2.6 J/kg ± 0.6) is between the high average value at Kangerlussuaq and 

low average value at Chatanika. During the 2008-2009 winter the background 

atmosphere is stable at both Chatanika and Kiihlungsborn. The potential energy values at 

Kiihlungsborn in October 2009 (average, 2.2 J/kg ± 0.6) are higher than at Chatanika 

(average, 1.7 J/kg ± 0.5). The potential energy values at Kiihlungsborn in March 2009 

(average, 1.0 J/kg ± 0.2) are similar to the Chatanika (average, 1.2 J/kg ± 0.3) March 

2009 values.

From the SABER data analysis, we observe the same pulses o f four warmings 

during the 2007-2008 winter and the major warming in January 2009 at 55°N and 75°N.
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We observe similar tendencies in planetary wave activity, wind reversals, and zonal 

forcing by eddies as seen at 65°N, but with stronger poleward activity. However, distinct 

differences exist in the temporal evolution o f the stratospheric vortex and anticyclone at 

the three sites and over the two winters. Chatanika was generally under the influence of 

the Aleutian anticyclone, Kangerlussuaq under the vortex and Kuhlungsbom in and out 

of the vortex. The difference in wind speeds associated with the movement o f the vortex 

and Aleutian anticyclone is apparent from Figure 4.11. At 800 K the Aleutian anticyclone 

grows in size over Chatanika while sampling the anticyclones edge on 22 January and 

inside the anticyclone on 22 February 2008. The horizontal winds decrease from 32.3 m/s 

to 14.2 m/s. On these two days the vortex is over Kuhlungsbom and Kangerlussuaq with 

wind speeds decreasing from 61.8 m/s to 23.9m/s at Kuhlungsbom, and staying almost 

constant at 37.1 m/s and 42.3 m/s at Kangerlussuaq as the vortex moves overhead. We 

find a positive correlation between wind speed and wave potential energy density at all 

three sites. The correlation is, however, higher at Kuhlungsbom and Kangerlussuaq 

compared to Chatanika.

4.7. Variability in Gravity Wave Activity

4.7.1. Variability in Gravity Wave during the 2007-2008 and 2008-2009 Winters

To understand the effect o f the horizontal wind speed on the gravity wave activity 

in the upper stratosphere we plot the correlation between wind speed and potential energy 

density in Figure 4.13. We calculate the correlation at Chatanika for observations after 

the first warming in January 2008 and after the major warming in January 2009 until the 

end o f February. During the 2007-2008 winter for nine nights o f measurements the 

correlation is highest at 800 K (~30 km) with a low correlation coefficient o f 0.38. We 

remove the outlier point o f 1.9 J/kg at ~36 m/s to obtain a correlation coefficient of 0.50. 

This potential energy value is that observed on 3rd February 2008, the one ‘anomalous’ 

temperature profile discussed in section 3. During the 2008-2009 winter the correlation is 

greater than 0.80 from 550 K (~22 km) to 900 K (~30 km) with maximum correlation of 

0.95 at 800 K. This suggest that while there is very little correlation between the nightly
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variability o f the gravity wave activity in the upper stratosphere and the variation of the 

mean wind speed in the mid-stratosphere in 2007-2008, about 90% (r2 = 0.90) o f the 

nightly variability of the gravity wave activity in the upper stratosphere is related to the 

variation of the mean wind speed in the mid and upper stratosphere in 2008-2009.

After the January stratospheric warmings, while the correlations between the wind 

speed in the mid-stratosphere and gravity wave activity in the upper stratosphere are 

different during the two winters, the magnitude o f the average gravity wave activity 

remains similar. The average value from the first major warming to the end of February 

in 2008 and 2009 are 1.5 J/kg (± 0.3) and 1.6 J/ kg (± 0.4), respectively. This suggests 

that while the gravity waves during the 2008-2009 winter were modulated by mid- 

stratospheric wind speeds, some other physical process like variable wave source 

intensity or in-situ generation of gravity waves for example by ‘spontaneous imbalance’ 

(unbalanced flows are restored to a balanced state [Wang and Alexander, 2009]) could 

explain the variability in gravity wave energy during the 2007-2008 winter.

We also observe a broad annual cycle in the monthly averaged potential energy 

densities from the 2007-2008 and 2008-2009 winters. Such an annual variation in gravity 

wave activity with a maximum in winter and minimum in summer have been reported at 

both high and mid-latitudes. For example, Eckermann et al. [1994] used rocket 

measurements o f temperature and winds from 20-60 km and found that variances in 

horizontal wind associated with gravity wave fluctuations were at a minimum in summer 

and peaked dining winter at latitudes ~50°N -  80°N. An annual cycle in gravity wave 

activity has also been reported at the mid-latitudes sites of Observatoire de Haute 

Provence (OHP, 44°N, 6°E) and the Centre d ’Essais des Lands at Biscarosse (BIS, 44°N, 

1°W) in France using Rayleigh lidar measurements between 30-75 km by Wilson et al. 

[1991] and at the Syowa Station (69°S, 39.6°E) in Antarctica using radiosonde 

measurements between 15-25 km by Yoshiki et al. [2004], An annual increase in gravity 

wave activity over the 30-35 km in late-December has also been reported by Duck et al. 

[1998] between 1992-1993 and 1996-1997 using Rayleigh lidar measurements. The
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authors attribute this increase to the movement o f the vortex jet over the lidar site at 

Eureka, Canada (80°N, 86°W).

4.7.2. Comparison of Gravity Wave Activity during the 2008-2009 Winter with the 

2003-2004 Winter

The effect o f the early January 2004 major mid-winter warming on the stratospheric 

circulation [Manney et al., 2008] is similar to that of the January 2009 warming. The 

disruption o f the vortex after the major warming, the recovery of the colder, robust upper 

stratospheric vortex, and the reformation of the stratopause at higher altitudes occurred 

during both the January 2004 and 2009 major warming. The type o f warming was 

different, with the January 2004 warming being a vortex displacement event and the 

January 2009 warming being a vortex split event. To analyze the differences (if any) in 

gravity wave activity during the two warmings we compare the synoptic structure of the 

vortex, anticyclone, planetary wave activity and gravity wave activity during the two 

winters.

After the major warming in early January 2004, the planetary wave activity during 

the 2003-2004 winter had repeated periods o f large wave one and wave two amplitudes in 

the upper stratosphere and mesosphere between mid-February and January 2004. The EP 

flux divergence was negative throughout the period from mid-January through early 

March 2004. In contrast, there is only one period of large planetary wave one and wave 

two amplitudes, and negative EP flux divergence during the major warming in the third 

week o f January 2009. The temporal evolution of the stratospheric vortex and anticyclone 

was also different. In contrast to the 2008-2009 winter the Aleutian anticyclone was over 

Chatanika at all stratospheric heights for a longer time during the 2003-2004 warming, 

and the vortex never appeared below 800 K after the warming. Since the 2004 warming 

occurred in early January the horizontal winds decreased earlier (second half of 

December 2003) and remained low through the rest o f the winter, while the winds 

decreased only during the third week of January 2009.
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Thurairajah et al. [2009a] have reported the reduced gravity wave activity at 

Chatanika during the 2003-2004 winter compared to the 2002-2003 and 2004-2005 

winters. For comparison between the two warmings we average the potential energy 

density and horizontal wind speed from the day o f the initial wind reversal until the end 

o f February. We average the wind speeds only on the days were lidar data is available. 

This average potential energy was lower with a value o f 0.72 J/kg (±0.1) in 2004 

compared to the value o f 1.6 J/kg (±0.4) in 2009. The average horizontal wind speeds at 

1600 K (-44 km, -1  hPa) was higher in 2004 with a value o f 41.2 m/s compared to 2009 

value o f 29.8 m/s, but at 800 K (-30 km, -10  hPa) and 500 K (-19 km, -60  hPa) the 

average horizontal wind speed was lower in 2004 (10.1 m/s; 8.7 m/s) compared to 2009 

(15.9 m/s; 13.5 m/s). This suggests that the lower winds in the mid- and lower 

stratosphere in 2004 critically filtered more gravity waves in 2004 compared to 2009.

Manney et al. [2005] and Manney et al. [2009] have documented both the major- 

mid winter warmings in January 2004 and January 2009. The authors report that both the 

warmings were unpredicented at their time in terms o f the effect on the lower 

stratosphere and the duration o f the warming; the January 2009 warming has been 

documented as the strongest and longer lasting on record. Our analysis shows that while 

the response of the synoptic vortex and thermal structure o f the middle atmosphere to the 

2004 and 2009 warmings were similar, the 2004 warming had a stronger influence on the 

gravity wave activity at Chatanika in the 40-50 km altitude.

4.7.3. Geographic Variability in Gravity Wave Activity

In a recent satellite study of gravity wave activity during the 2007-2008 

stratospheric sudden warming, Wang and Alexander [2009] have reported a zonal 

asymmetry in gravity wave amplitudes with reduced gravity wave transmission over the 

North Pacific. Their analysis indicated larger gravity wave amplitude near the polar 

vortex edge. Our measurements o f gravity wave potential energy density at the three sites 

of Chatanika, Kuhlungsbom, and Kangerlussuaq indicate a similar geographical 

variability with higher potential energy density at Kuhlungsbom and Kangerlussuaq
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where the vortex is overhead, and lower values at Chatanika where the Aleutian high is 

overhead. The larger positive correlation of potential energy density with horizontal wind 

speeds at Kuhlungsbom and Kangerlussuaq is consistent with the theory of selective 

transmission o f gravity waves [Dunkerton and Butchart, 1984] where higher gravity 

wave activity is associated with the stronger wind speeds in the vortex jet. But the lower 

correlation of potential energy density with horizontal wind speeds at Chatanika is not 

consistent with the selective transmission theory where weak winds in the Aleutian high 

system over the western Arctic would filter the stratospheric gravity waves propagating 

into the mesosphere.

A longitudinal variability in gravity wave activity has also been reported by 

Chandran et al. [2009] from gravity wave signatures detected on Polar Mesospheric 

Clouds (PMC). The authors report a concentration of gravity wave activity over North 

West Greenland, eastern Canada, and over the Arctic Ocean north of Central Siberia. 

This longitudinal variation and the fact that horizontal winds are not modulating the 

gravity wave activity at Chatanika during the 2007-2008 winter emphasize the role of 

gravity wave sources in changing the vertical propagation of gravity waves.

4.8. Conclusion

We have used Rayleigh lidar data from Chatanika, Alaska (65°N, 147°W) to 

characterize the gravity activity in the upper stratosphere and lower mesosphere (40-50 

km) during the winters o f 2007-2008 and 2008-2009. The two winters were different with 

four stratospheric warming events during late January and late February 2008, and one 

warming in late January 2009. The 2008 fourth warming event was a vortex displacement 

event and the 2009 warming a vortex split event. We find a large nightly variability in 

gravity wave potential energy density during the two winters. The monthly average 

potential energy density exhibits a broad annual cycle with winter maximum and summer 

minimum. We find lower gravity wave activity at Chatanika compared to the wave 

activity in Kuhlungsbom and Kangerlussuaq. We attribute this geographic variability to 

the selective transmission o f gravity waves by the varying background winds. The wave
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potential energy densities and horizontal wind speeds are positively correlated during 

both winters and at all three sites, albeit with lower correlation at Chatanika during the 

2007-2008 winter compared to the 2008-2009 winter, and compared to Kuhlungsbom 

and Kangerlussuaq.

We do not observe any systematic differences in gravity wave potential energy 

between the vortex displacement stratospheric warming of 2008 and the vortex split 

stratospheric warming of 2009. The different correlations o f the potential energy density 

with horizontal wind speeds indicates that while the gravity waves are modulated by 

winds during the January 2009 warming, a mix o f physical processes with different wave 

sources modulate the gravity wave activity during the 2008 warming.

Although the response o f the synoptic and thermal structure o f the middle 

atmosphere to both the 2008-2009 warming and the 2003-2004 warming was similar we 

observe a higher wave activity over Chatanika after the 2009 warming compared to the 

2004 warming. In general the variability in temporal winds associated with each 

stratospheric warming appears to influence the gravity wave variability at a particular 

location. A network o f gravity wave measurements around the Arctic could give us more 

insight into the global variability of gravity wave activity with height during different 

types o f stratospheric warming events.
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Table 4.1. Buoyancy period and potential energy density at Chatanika, Alaska (65°N, 
147°W) averaged over the 40-50 km altitude from October to March of 2007-2008 and 
2008-2009

2007-2008 2008-2009

Number of Observations 18 22

Buoyancy Period (s) a

Average b 307 298

Range c 255 - 347 270 - 343

Potential Energy Density (J/kg) d

Average 1.4 (±0.2) 2.5 (± 0.4)

Range 0 .1 3 -3 .0 0 .4 0 -8 .6

a Calculated from nightly average temperature profile.

Mean value and uncertainty in mean 
c . .

Minimum value and maximum value

Fluctuations over 2 - 1 0  km and 0.5 --4 h .
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Late January and February 2008 at 65°N, 147°W February at 65°N, 147°W

Temperature (K) 

February 2009 at 65°N, 147°W

Temperature (K) 

February at 65°N, 147°W

Temperature (K) Temperature (K)

Figure 4.1. (Left) Nightly mean temperature profiles (solid line) measured by Rayleigh 
lidar during late January 2008 (24th, 26th), February 2008 (3rd, 8th, 10th), and February 
2009 (2nd, 10th, 17th, 23rd). The mean profile is plotted as a dashed line. ‘N ’ is number of 
nighttime profiles for each month. (Right) The mean monthly temperatures at Chatanika 
averaged over late January 2008 and February 2008, and February 2009 (dashed line), 
averaged over February 1998-2005 (solid line with circle), and SPARC February zonal 
mean temperature (solid line with filled square)
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Figure 4.2. Atmospheric stability measured by Rayleigh lidar at Chatanika, Alaska 
(65°N, 147°W) during the 2007-2008 and 2008-2009 winters averaged over 40-50 km 
altitude range.
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Gravity Wave Activity at 65°N, 147°W

Day Number (1 = January 1)

Figure 4.3. Potential energy density measured by Rayleigh lidar at Chatanika, Alaska 
during 2007-2008 and 2008-2009 winters averaged over 40-50 km altitude range.
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Gravity Wave Activity at 65°N, 147°W

Month

Figure 4.4. Monthly variation o f potential energy density at Chatanika, Alaska (65°N, 
147°W) averaged over the 40-50 km altitude. Individual nighttime values are from the 
2007-2008 and 2008-2009 winters (x), monthly averaged value is from the 1997-2005 
winters (dashed line with closed square) and 2007-2009 winters (dashed line with crossed 
square).
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Figure 4.5. Variation o f rms density fluctuation as a function o f buoyancy period during 
October to March o f 2007-2008 and 2008-2009 at Chatanika, Alaska averaged over 40
50 km altitude range. The overall correlation coefficient is given as well as the linear fit 
and correlation coefficient for each winter.
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Figure 4.6. 3-D representation of the Arctic stratospheric vortex (color surfaces) and 
anticyclones (black surface) from 300 K to 2000 K isentropic surface on (top) 25 
December 2007 and 15 January 2008, (mid) 23 January 2009 and 4 January 2009, 
(bottom) 15 and 22 February 2009.
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19 January 2009 24 January 2009

Figure 4.7. 3-D representation o f the Arctic stratospheric voitex (color surfaces) and 
anticyclones (black surface) from 300 K to 2000 K isentropic surface on (top) 25 
December 2008 and 5 January 2008. (mid) 19 and 24 January 2009. (bottom) 6 and 28 
February 2009.



131

Planetary Wave 1 Geopotential Amplitude Gradient Winds
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Figure 4.8. SABER planetary wave number one and two geopotential amplitude, 
gradient winds, and divergence of EP flux at 65°N from mid-January to mid-March of
2008. Geopotential amplitudes greater then 1000 are dotted lines and the contour interval 
is 400 m. Negative winds are dotted lines and the zero wind line is solid thick line. 
Negative divergence values are solid lines. The contour intervals are 20 m s'1 for gradient 
winds and 40 m s''day '1 for EP flux divergence.



132

Planetary Wave 1 Geopotential Amplitude Gradient Winds

XTJU

Day Number (1 = 1 January) 

Planetary Wove 2 Geopotential Amplitude

Day Number (1=1 January) 

EP Flux Divergence

■ jSfl 6*. a. v , ’* * '** •. .% ‘v ' :  • *

> v: j ’?:• ;■■■
V ■ • i* > it . "; (

eo

65

52

40

26

12

Day Number (1 = 1 January)

15 25 35 45 55 65 75
Day Number (1 = 1 January)

Figure 4.9. SABER planetary wave number one and two geopotential amplitude, 
gradient winds, and divergence of EP flux at 65°N from mid-January to mid-March of
2009. Geopotential amplitudes greater then 1000 are dotted lines and the contour interval 
is 400 m. Negative winds are dotted lines and the zero wind line is solid thick line. 
Negative divergence values are solid lines. The contour intervals are 20 ms'1 for gradient 
winds and 40 m s'’day'1 for EP flux divergence.



Figure 4.10. Temporal evolution o f the stratospheric vortex (green) and Aleutian high 
anticyclone (red) over Chatanika. Alaska from 400 K (-14 km, -130  hPa) to 2000 K 
(-48 km, 0.6 hPa) isentropic surface during DJF and mid March o f 2007-2008 winter. 
Black represents the time period when neither system were above Chatanika.
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Votex, Anticyclone, and Horizontal Winds & 800 K (~30 km, 10 hPa)

Figure 4.11. Northern hemisphere polar stereographic plots o f vortex (thick line) and 
anticyclone (dashed line) at 800 K (~30 km, ~10 hPa) from MetO analyses data for (top) 
22 January and 22 February 2008 and (bottom) 22 January and 22 February 2009. The 
horizontal winds are also plotted. The three sites Chatanika, Kuhlungsbom, and 
Kangerlussuaq are marked with a plus symbol.
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Figure 4.12. Daily horizontal wind speed from MetO analyses data at 800 K (-30 km, 
-10  hPa) isentropic surfaces from December, January, February and mid-March of (top) 
2003-2004, 2007-2008, and 2008-2009 Arctic winters at 65°N, 147°W.
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Figure 4.13. Scatter plot o f potential energy density averaged over the 40-50 km altitude 
range and MetO wind speed after the first warming (late January and February) o f 2007
2008 and 2008-2009 winters at Chatanika, Alaska. The overall correlation coefficient is 
given as well as the linear fit and correlation coefficient for each winter.
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Chapter 5. Conclusions and Further Work

Rayleigh lidar measurements o f the upper stratosphere and mesosphere are made on 

a routine basis over Poker Flat Research Range (PFRR), Chatanika, Alaska, (65 °N, 

147°W). Rayleigh lidar measurements have yielded high-resolution measurements of the 

density and temperature profile in the 40-80 km altitude. From these measurements we 

have calculated the gravity wave activity in the 40-50 km altitude. We documented the 

thermal structure o f the stratosphere and mesosphere using an eight year data set, and 

analyzed the role o f small-scale gravity waves on the large scale meridional circulation in 

terms of the synoptic structure o f the Arctic stratospheric vortex, Aleutian anticyclone, 

and planetary wave activity.

5.1. Middle Atmosphere Temperature Measurements at Chatanika, Alaska

In Chapter 2 we used an eight year Rayleigh lidar data (1997-2005) to examine the 

temperature structure o f the upper stratosphere and mesosphere over Chatanika, Alaska. 

Although individual measurements indicate a high degree o f variability in the wintertime 

temperature profiles, the monthly mean temperatures follow an expected annual cycle 

with summer maximum and winter minimum below 60 km and an annual cycle with 

winter maximum and summer minimum above 60 km. The monthly mean temperatures 

are in general colder than those reported at other sites in Greenland and Scandinavia, and 

by the SPARC reference zonal mean temperature climatology. The Chatanika 

measurements were made during recent years with frequent major stratospheric 

warmings, while no warmings were reported during the climatology presented by other 

instruments at other locations. We attribute the colder January temperatures at Chatanika 

to the occurrence o f major stratospheric warmings and the subsequent formation o f an 

elevated stratopause with colder stratosphere.
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5.2. Suppression of Gravity Wave Activity during the Formation of an Elevated 

Stratopause at Chatanika, Alaska

In Chapter 2 we presented a detailed analysis of the temperature structure o f the 

upper stratosphere and mesosphere above Chatanika, Alaska. We associated the elevated 

stratopause with the observed colder temperatures. Model studies have shown that an 

elevated stratopause is the result o f reduced gravity wave activity. In Chapter 3 we 

compared the gravity wave activity during three winters (2002-2003, 2003-2004, and 

2004-2005) with different meteorological conditions and presented the first direct 

observational evidence o f the suppression of gravity wave activity during the formation 

of an elevated stratopause during the 2003-2004 winter. This result observationally 

confirms recent modeling studies. Potential energy densities are positively correlated to 

winds in the lower stratosphere with a positive correlation coefficient o f 0.74. This 

suggests that at least 50% of the observed gravity waves are modulated by winds in the 

lower stratosphere. The reduced gravity wave potential energy density and the reduced 

wind speeds during the 2003-2004 winter suggests that these waves are being modulated 

by critical layer interaction with weak winds. The largest amplitude waves during the 

2004-2005 winter appear to be limited by saturation due to internal instabilities rather 

than the wave interaction with the mean flow.

5.3. Gravity Wave Activity during Different Types of Stratospheric Warmings

In Chapter 4 we extended the analysis in Chapter 3, and have compared the gravity 

wave activity during two different types of stratospheric warming events, a vortex 

displacement event during the 2007-2008 winter and a vortex split during the 2008-2009 

winter. We do not find significant differences in magnitude o f gravity wave potential 

energy density during the two warming events. However, we find different correlations of 

the potential energy densities with horizontal wind speeds, with low correlation during 

the 2007-2008 winter and high correlation during the 2008-2009 winter. This indicates 

that while the gravity waves are modulated by winds during the January 2009 warming, a
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mix of physical processes with different wave sources modulate the gravity wave activity 

during the 2008 warming.

We also find a geographical variability in gravity wave potential energies from 

Chatanika, Kangerlussuaq, and Kuhlungsbom during the 2007-2008 winter. The gravity 

waves at Kangerlussuaq and Kuhlungsbom appear to be modulated by horizontal winds 

in the mid-stratosphere, and the gravity waves at Chatanika during this winter appear to 

be modulated by some other process (e.g. ‘geostrophic adjustment’ due to variable winds, 

a major source o f gravity waves where unbalanced flow is restored to balanced flow). An 

elevated stratopause formed after the disruption o f the middle atmospheric circulation 

after both the mid-winter warmings of January 2004 and 2009. We observe a higher wave 

activity over Chatanika after the 2009 warming compared to the 2004 warming. Our 

gravity wave analyses during different stratospheric warmings with different 

characteristics suggest that, in general the temporal variability in winds associated with 

each stratospheric warming influence the gravity wave variability at a particular location.

5.4. Further Work

While we can speculate that the colder stratospheric temperatures measured over 

Chatanika in Chapter 2 reflect the changing climate in the troposphere it is important to 

conduct a more comprehensive analysis of the contribution of the position of the polar 

vortex and stratospheric warming events to the observed thermal structure. Such an 

analysis would require a higher frequency o f observations uniformly distributed across 

the Arctic. A detailed pan-Arctic multiyear analysis could be conducted using a 

combination o f Rayleigh lidar data, SABER data for the period starting in 2002, and 

simulations from the WACCM model. The SABER data analysis would however be 

limited by its yaw cycle that extends only from mid-January to mid-March o f each 

northern hemisphere winter.

Rayleigh lidars, in addition to temperature measurements, can also provide the 

much needed temporal measurements of gravity wave activity in the zonally asymmetric 

Arctic middle atmosphere. Owing to limitations in sampling resolution (i.e. 15 minute
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density data used in Chapter 3) Rayleigh lidar measurements are limited in resolving the 

highest frequency gravity waves. Moreover measurements o f zonal and meridional winds 

in the stratosphere are needed to obtain gravity wave characteristics like kinetic energy 

and direction o f propagation (i.e. eastward or westward propagating). This can be 

provided by improving the current Doppler wind lidar technology. More direct 

measurements o f temporal variability in gravity wave activity under different 

stratospheric warming events with a network o f Arctic lidars in combination with the 

zonal mean measurements from satellites could give us more insight into the global 

variability o f gravity wave activity and its role on the middle atmospheric circulation.
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Appendix A. Calculation of Constant of Acceleration due to Gravity 

and Radius of the Earth at 65°N

Rayleigh lidar temperature retrieval algorithms are sensitive to the precision of the 

constants used. An accurate estimate of the gravitational constant and the radius of the 

Earth at Chatanika, Alaska, (65°N, 147°W) are necessary to obtain a precision of one part 

in 104 in retrieved temperatures. This appendix explains the methods used to compute the 

required constants of acceleration due to gravity at the surface and radius of the Earth, 

both at 65°N. The acceleration due to gravity can be computed using the following 

formula,

where, g; is the acceleration due to gravity at level i

go is the acceleration due to gravity at the Earth’s surface 

zi is the altitude at level i 

a is the radius of the Earth 

The above equation is derived from Newton’s law of universal gravitation which states 

that for two elements with mass M  and m separated by a distance r, the force exerted by 

mass M  on mass m due to gravity is,

where G is the gravitational constant.

If M  and m represent the mass of the Earth and the mass element of the atmosphere 

then the gravitational acceleration of the Earth exerts a force per unit mass on the 

atmosphere given by,

go (A.1)

GM
(A.3)

m
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Assuming a constant radius of the Earth, a, substituting the distance r = a + z  in equation

given by equation (A. 1).

Both the radius of the Earth and the acceleration due to gravity varies as a function 

of latitude (<p). To estimate an accurate temperature profile from the lidar photon count

necessary. An equation of the acceleration due to gravity as a function of both latitude 

and altitude can be found in the CRC Handbook of Physics and Chemistry [Lide, 2007].

g t = 9.780356 x (1 + 0.0052885 sin2 </> -  0.0000059sin2 </>) -  0.003086z; (A.4)

This equation has been referenced from Jursa [1985] who in turn refer to the Smithsonian 

meteorological tables [List, 1968]. List [1968] has adopted the equation from the 

“Meteorological Gravity System” based on the International Ellipsoid of Reference. This 

equation was recommended by W. D. Lambert (President of the International Association 

o f Geodesy) in 1949 in his report on Gravity Formulas for Meteorological Purposes to the 

International Meteorological Organization.

Using the expressions for the acceleration due to gravity i.e. equations (A .l) and 

(A.4) and their rms error, two different methods (described below) have been used to find 

the acceleration due to gravity at the surface (go) and the Earth’s radius (RE) at 65°N, 

with the least error. From equation (A .l) the root mean square error is given by,

(A.3), go = -(GM/a2) which is the acceleration due to gravity as a function of height z

data, accurate values of the gravitational constant and the radius of the Earth at 65°N are

(A.5)

(A.6)
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A .I. Method 1

In this method the Earth’s radius is calculated for acceleration due to gravity that is 

constant at the surface (go), and varies as equation (A.4) with latitude and altitude. To 

derive an equation for the Radius o f the Earth, RE  I first differentiate erms in (A. 6) with 

respect to RE  and equate it to zero, and let l/RE = a. Therefore,
n  _ n  _y  Siz i _ y  goz t
tra+^.)3 tr(i+^.)5 (A.7)

A.1.1. Linear Approximation

The following approximation is made,

(A.8)

Applying this approximation to equation (A.7),

X  Sizt C1 “  ) = X  Soz i (1 “  ) (A.9)
i=i

Expanding and rearranging the variables, and substituting RE = 1/ a,
n n

R E = - ^ - i=1 (A. 10)

X * A  “ ? o X zi
1=1

A. 1.2. Quadratic Approximation

From Taylor series,

(A. 11)

or,

(1 + GCzt) " = \ - n a z i + n (n -l)(6 fe ,)2 | 
2!

(A. 12)

Thus,
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(1 + c&i) 3 ~ 1 -  3azt + 6a  z f  

(A. 13)

(1 + cezty s * 1 -  5cczi +15a zz] (A. 14)

Substituting (A. 13) and (A. 14) in (A.7), and rearranging,

A a 2 + B a + C  = 0 (A. 15)

where,

A = 6Y j g iz ] -1 5 g 0^ z 3 (A-16)
;=1 ;=i

B  = 58o S z * “  3Z  8iz t  (A. 17)
i=l i=l

C = Z & z, ~ S a'YJZi (A. 18)
i=i /=i

Solving the quadratic equation (A. 14), and substituting RE = 1/ a ,

?  A
RE  = --------- T = =  (A. 19)

— A ± \ B  - 4 A C

A constant value o f go = 9.82281 at 65°N, and equation (A.4) for variable g, are 

substituted in equation (A. 10) and (A. 19) to determine the value of RE  at different 

altitude levels, N. Equation (A.6) is used to determine the rms error, erms. A best fit to 

the RE  determined by quadratic approximation with 10 m resolution was also determined. 

The results with N= 11, and N= 101 are given in Table A. 1.

A.2. Method 2

In this method both the values o f go and RE  are computed by deriving two equations 

with two unknowns, go and RE. To derive the equations with unknowns go and RE, erms 

in (6) is differentiated with respect to go (RE) and equated to zero, and 1/ go = a (1 /RE = 

/?). This implies,

a f 1( l - 4 f r l ) = f ig , ( \ - 2 0 ! l ) (A.20)
1=1 i=l

and,
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n a - 4 a p Y ^ z ,  =  Z &  -  2 p Y Jg iz i ( A . 2 1 )
1 = 1  2 = 1  2 = 1

Similarly,

« Z  0  -  5A , k  = Z  f t  zi (! - 3 A ) (A -22)
2 = 1  2 = 1

implies
n n

« Z  z* -  5fl^ Z z<2 = Z  & z.- -  3^ Z  f t z2 (A -23)
1= 1  1 = 1  1= 1  1=1

From (22) and (23),

a n - ± g i  +  2 p ± giZi  

ccp = -^ -------------  (A.24)

4Z z.
2=1

« «
.2

« Z z< - Z f t * < + 3/> Z f t* 2
0 0  = —!=!-------—--------------*=!------- (A.25)

2
5 1

2=1

Solving (24) and (25) for a,

a = ± _  =  l z £ j . ( A .2 6 )
So C „

where,

7  = 4Z zi Z  f t z. “  5Z zi2 Z f t  (A 2 ? )
2 = 1  2 = 1  2 = 1  2 = 1

n n n n
cp = 10ZftziZzi2 - 12ZziZftzi2 (A-28)

1=1 1=1 1=1 1=1

Q = 5 « Z z2 -  4Z  zi Z  zi (A -29)
2 = 1  2 = 1  2 = 1

Substituting the expression for a  (A.26) into equation (A.21) and solving for the 

quadratic equation for /?,
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1 1  A
RE = —  = ------- - p — ------ - (A.30)

P - A ± tJB2 - 4 A C

where,

4 2 > ,C ,
A = - & ----------  (A.31)

C<z
n

nC 4^ Z‘r  -
5  = (A. 3 2)

^ a  '-'a i'=l

(A.33)
1=1

The values o f go, /?£, and RMS from equations from (A.26), (A.30), and (A.5) 

respectively, for N =11 at latitude 65°N altitude levels are tabulated in Table A .l

A.3. Result

From method 2 a surface acceleration due to gravity of 9.8227 m/s2 is obtained 

which is equal to three significant digits o f the value of 9.8228 m/s2 reported in the CRC 

Handbook o f Physics and Chemistry [Lide, 2007]. The Earth’s radius, RE  is different in 

the linear approximation, quadratic approximation, and ‘best fit’ quadratic approximation 

in method 1, and in method 2. The smallest rms error, erms is in method 1 -  ‘best fit’ 

Earth radius at 11 altitude levels. In summary, at 65°N the acceleration due to gravity of 

9.8228 m/s2 and the radius o f the Earth of 6.354 x 103 km are used in the Rayleigh lidar 

temperature retrieval algorithm.
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Table A.I. Variation of Earth’s radius (RE) in km and root mean square error (erms) at 
different altitude levels for the linear approximation, quadratic approximation, and the 
best fit, at latitude (a) 65° N (b) 65.1°N (c) equator (0°), and (d) pole (90° N).

Altitude 

Levels: N(z)

Linear approximation: 

REi [km], {erms)

Quadratic approximation: 

REq [km], (erms)

Best Fit:

REb [km], (erms)

11 a 6389.62(1.01 x 10'4) 6354.13 (8.69 x 10'6) 6354.26 (8.68 x 10'°)

101 a 6592.16 (9.07 x 10°) 6240.33 (9.00 x 10'4) 6253.16 (8.25 x 10'4)

11 b 6389.66 (1.01 x 10'4) 6354.18 (8.69 x 10'6) 6354.31 (8.68 x 10'6)

101 b 6592.21 (9.07 x 1 O'3) 6240.37 (9.00 x 10'4) 6253.20 (8.25 x 10'4)

11 c 6362.10 (1.02 x 10'4) 6326.62 (8.73 x 10'6) 6326.75 (8.72 x 10'b)

101 c 6564.65 (9.11 x 10'3) 6212.75 (9.05 x 10'4) 6225.64 (8.29 x 10'4)

l i d 6395.63 (1.01 x 10'4) 6360.14 (8.68 x 10'b) 6360.27 (8.67 x 10'b)

101 d 6598.17 (9.06 x 10'3) 6246.35 (8.99 x 10'4) 6259.16 (8.24 x 1 O'4)

a Latitude 65° N

b Latitude 65.1 °N

C Equator

d Pole 90° N
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Table A.2. Acceleration due to gravity, variation of Earth’s radius {RE), and root mean 
square error (rms) at different altitude levels for latitude (a) 65° N (b) 65.1°N (c) equator 
(0°), and (d) pole (90° N).

Altitude Levels: 

N(z)

Acceleration due 

to gravity, g0 [m/s ]

RE  [km], erms

11 a 9.82273 6413.35 (1.12 x 10'4)

101 a 9.81485 6842.63 (9.55 x 10'3)

11 b 9.82280 6413.39 (1.12 x 10'4)

101 b 9.81492 6842.67 (9.55 x 10'3)

11 c 9.78028 6385.84 (1.12 x 10'4)

101 c 9.77237 6815.03 (9.59 x 10'3)

l i d 9.83200 6419.36 (1.11 x 10'4)

101 d 9.82413 6848.65 (9.54 x 10’3)

a Latitude 65° N 

k Latitude 65.1°N 

C Equator 

d Pole 90° N
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Appendix B. Effect of Binning Photon Counts on Rayleigh Lidar 

Temperature Retrieval

This appendix describes the stratospheric and mesospheric temperatures calculations 

from the lidar backscattered photon counts, using IDL© program. The procedure 

describes how the photon counts are binned and temperatures calculated at the center of 

each range bin. The error in temperature profile if  the photon counts are not binned 

correctly is also described. The Rayleigh lidar raw photon count data extends from the 

ground (0.394 km) to 307.575 km. The altitude o f the lidar system at PFRR is 0.394 km 

above mean sea level (ASL). The altitude resolution (Az) o f the data is 75 m.

The temperature profile is calculated at the center o f each range bin, Az = 75 m by 

taking a running geometric mean between two successive altitude levels (i.e. apply 

smoothing to center integration). For example if the ground is assumed to be at 0 km then 

for a range resolution o f 75 m the first temperature ASL is calculated at 37.5 m, the 

second is calculated at 112.5 m etc. Since the Rayleigh lidar at PFRR is at 0.394 km ASL 

the first data will be at a height o f 431.5 m (37.5 m + 394.0 m), the second at 506.5 m 

(431.5 + 75.0) etc. A schematic of the range bins and center o f each range bin for ground 

at 0 km and ground at 0.394 km is shown in Figure B .l. Since the relative density is 

calculated directly from the photon count data (i.e. no integration is required) geometric 

mean is not used.

To test the IDL© algorithm the photon counts are created to generate an isothermal 

atmosphere (i.e. an atmosphere where the temperature remains constant with altitude).

The density profiles are defined using, p  = p o e x p ( - ^ ^ )  where the scale height H  =

RT/g, p 0 is the density at the surface, z the geometric height, R the gas constant for dry 

air, T the isothermal temperature, g  the gravitational acceleration. This density profile is 

used to generate photon counts. These photon counts are then converted to relative 

density and temperature profiles. The following sections illustrate the various steps for
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the creating an isothermal atmosphere and the errors in temperatures if the photon counts 

are not binned correctly.

B .l. Density Calculation

First the density is generated over the altitude range o f 0.4315 km to 307.557 km as 

predictor integration. The one-dimensional altitude array ZKM  of size 4096 is at the 

center o f each range bin. The acceleration due to gravity varies as a function o f altitude 

and is given by,

G
G R A V  =  1-------^ 7 7 ------------ F  (R 1 )i n + Z K M / [n .u+  / r e a r t h *

Where, the gravitational constant G = 9.8228 m/s2, and the radius o f the earth at 65°N 

REARTH  = 6.354 x 103 km (see Appendix A l for more details). The density data is 

placed in the array DEN  o f size 4096 and is defined as,

DENj = DENj.i x exp(-Cl x GRA VH)  (B.2)

where, DEN(O) = 1 is the normalized density at the lowest altitude o f 0.4315 km, and the

constant C l = ^ a*r x ^ x  1000-0 ^  mean molecular weight of air Mair = 0.028964 
RxTKO

kg/mol, the universal gas constant R= 8.3145 J/(mol.K), and the isothermal temperature 

TK0 = 200.0 K. Figure B.2 shows the normalized density profile.

B.2. Photon Count Calculation

The second step is to generate photon counts over the entire altitude range of 0.4315 

km to 307.557 km. The photon count data is placed in an array RYDATA of size 4096 by 

scaling the density by Z2. Figure B.3 shows the generated photon count profile.

RYDA TA = DEN  x (* J  (B.3)

where,

Z 2 =
f  Z K M - 0.394

(B.4)
ZKM ( 0 )-0 .3 9 4

ZKM(0) = 0.4315 km (B.5)
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The photon counts data is then normalized over the 60.0 to 65.0 km range using 

RyNORM  which is the total of RYDATA over 60.0 to 65 km. Array number 795 and 860 

point to 60.0 km and 65.0 km

RYDATA = RYDATA/RyNORM  (B.6)

RyNORM  = TOTAL(RYDATA(WNORM(795-MO))) (B.7)

B.3. Temperature Calculation

The final step is to calculate the isothermal temperature profile from the generated 

photon counts in the desired altitude of 40.0 to 80.0 km. This is a subset of the entire 

altitude range over altitudes from ZKM(528) = 40.0315 km and ZKM(1060) = 79.9315 

km, and constitutes an array of 533 points. The temperature retrieval is a progressive 

downward integration from the highest to lowest altitude. The temperature is temporarily 

stored in an array TEMPI before being stored in RYTEMP. As an example a description 

of how temperatures are calculated at the first top three points, 532, 531, and 530 is given 

below.

In this example the highest temperature at 80 km is assumed to be equal to 200.0 K 

(i.e. TEMPI(532) = 200.0 K). This initial or seed temperature used in the Rayleigh lidar 

retrival is obtained from the SPARC reference atlas [SPARC, 2002]. The photon counts 

are then scaled by Z2 to obtain the relative density stored in an array WORK.

WORK(0:\)= RyDATA{531:532) x Z2(531:532) (B.8)

The relative density is normalized by the value o f the density at the bottom altitude, and 

save the value of the relative density at the altitude of the temperature guess in RatO. 

Then a running geometric mean of WORK is taken to obtain a value at the center of the

integration.

WORK{0\\) = WORK(0:\) / WORK(0) (B.9)

Rat0= WORK{\) (B.10)

WORK(0) = yjwORK(0) x WORK{\) (B .ll)
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Then IntD  is calculated as the part of the solution from the integration and IntO is the part 

of the solution from the guess. Finally the temperature Templ(53\) is calculated as the

sum of IntD  and IntO.

IntD = TOTAL( WORK(0) x GRA F(531)) (B. 12)

IntD  = IntD  x M air/^ x Az x 103 (B.13)

IntO = RatO x TKO (B.14)

Templ( 531) = IntO+IntD (B.15)

To obtain Templ(530) the above steps are repeated with WORK initialized to an array of 

three points.

WORK(0:2) = RyDATA(530:532) x Z2(530:532) (B.16)

WORK(0:2) = WORK{0:2) / WORK(O) (B. 17)

RatO = WORK(2) (B.18)

WORK( 0) = jWORKiO) x WORK (I) (B. 19)

WORK( 1) = yjW ORK(\)xW ORK(2) (B.20)

IntD = TOTAL(WORK(0:1) x GRAV(530:531)) (B.21)

IntD = IntD  x Mair/ R x Az x 103 (B.22)

IntO = RatO x TKO (B.23)

Templ(530) = IntO+IntD (B.24)

Finally all the Tempi values are stored in the temperature array RYTEMP of size 533.

RYTEMP = Templ{0:532) (B.25)

Figure B.4 shows the isothermal temperature profile obtained from the above calculations 

on two different x-axis ranges.

The above IDL© algorithm calculates an isothermal temperature profile that is 

accurate within 1 part in 106 parts. Figure B.5 shows the temperature profile obtained 

when the photon counts are shifted by one and 10 range bins. Introducing a shift o f one 

bin gives an error o f ~0.05%. A comprehensive methodology of calculating the 

temperatures and density from the real Rayleigh lidar data from Chatanika can be found 

in the Appendix of Wang [2003].
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Figure B .l. Range bins and center of range bin in meters starting from (left) ground and 
(right) from 394.0 m. The altitude of the lidar system at PFRR is 394.0 m above mean sea 
level.



156

Norm alized Density

Figure B.2. Normalized density profile from 0.0 to 300.0 km plotted on a logarithmic x- 
axis.
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Photon Counts

Figure B.3. Generated photon count profile from 0.0 to 300.0 km plotted on a 
logarithmic x-axis
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Figure B.4. Isothermal temperature profile from 40.0 to 80.0 km. The bottom plot shows 
the same profile on an x-axis with six significant digits.
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Isothermal Temperature -Bin Shifted

Temperature (K)

Figure B.5. Isothermal temperature profiles from 40.0 to 80.0 km with no bin shift (solid 
line), shifted by +1 bin (dashed line), and by +10 and -10 bins (dotted line).
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Appendix C. Effect of Exponential Smoothing on Gravity Wave 

Variances

The raw photon count data are spatially filtered (smoothed) to obtain more robust 

estimates of density and temperature profile. The photon counts are exponentially 

smoothed by applying a running average over 2.0 km (27 range bins), to the logarithm of 

the photon count profile. Averaging over N bins reduces the standard deviation in the 

counts by N 1/2 thus reducing the noise fluctuations. In this appendix the effect of this 

smoothing on the geophysical variability (associated with gravity wave variance) of the 

lidar data is investigated.

To examine the effect of exponential smoothing of photon counts on gravity wave 

variances, first the unsmoothed data in the relative density perturbation m-spectrum is 

considered. The density perturbations calculated from the unsmoothed photon count data 

are spatially band-limited between vertical wavelengths of 2 km (mc2 = 1.0/2.0 = 0.5 km' 

x) and the vertical altitude range of 15 km (45-60 km altitude range, m cl = 1/15.0 km = 

0.067 km '1) and temporally band-limited by the Nyquist frequency, 0.5 h (double the 

sampling time of 15 minute and the low frequency 0.25 h '1 (corresponding to a period of 

4 h). Then the spectrum of the density perturbation is calculated using the periodogram 

method [Koopmans, 1974], The periodogram estimates the spectrum as the square of the 

magnitude o f the Fast Fourier Transform (FFT) [Wang, 2003]. Filtering the data at a 

cutoff wavenumber m, eliminates all spectral components at wavenumbers greater than 

m.

The relative density perturbation spectrum is a superposition o f the base-band 

spectrum which is the signal component and a white noise spectrum, which is the noise 

component. The total power (signal + noise) in the spectrum is given by integrating the 

spectrum over the wavenumber range mcl = 0.067 km’1 and mc2 = 0.5 km '1, and is 

stored in the array PCFFT TOT. The noise spectrum (NZC TOT) is calculated by 

averaging the value of the relative density perturbation spectrum over the high 

wavenumber range that is dominated by white noise. The calculations are repeated to
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determine the total power in the spectrum using the smoothed photon count data to obtain 

PC FFTTO Ts.

The signal component of the unsmoothed total power is compared to the smoothed 

total power by calculating their ratio.

RATIO =  PCFFT  -  TOT ~ N Z C - TOT  (C .l)
PCFFT _ TOTs -  0.45 x NZC _ TOT

The 0.45 is the cutoff wavenumber required to smooth the noise floor spectrum.

From 15 nights o f observation during the winter o f 2007-2008, the signal to noise 

ratio (SNR) over the 45-60 km altitude range in the 15 minute lidar data varies from a 

minimum of 0.12 to a maximum of 1.66. The mean value is 0.73 and median is 0.63. The 

ratio o f variance (RATIO) varies from 0.91 to 5.65 with a mean value o f 2.03 and a 

median of 1.74. A scatter plot of SNR vs RA TIO is shown in Figure C. 1. If the two outlier 

RATIO points of 3.28 and 5.65 are removed, the RATIO for the 13 points varies from 

0.91 to 2.40 with a mean of 1.66 and median of 1.71.

In the gravity wave analysis in Chapter 3 the lidar wave potential energy was 

compared to the potential energies reported by Wilson et al. [1991] at Observatoire de 

Haute Provence (44°N, 6°E) and the Centre d’Essais des Landes at Biscarosse (44°N, 

1°W) in France. Wilson et al. [1991] used Rayleigh lidar data from the two sites with 300 

m vertical integration and 15 minute integration time. For wave energy comparison the 

values reported by Wislon et al. [1991] are scaled by a factor of 1.7 based on the above 

mean and median values to account for the exponential smoothing in our lidar retrievals.
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Appendix D. Effect of Aerosols on Rayleigh Lidar Temperature 

Retrieval

Rayleigh lidar density and temperatures are calculated from the backscattered 

photon counts based on the assumption that the upper stratosphere and lower mesosphere 

are free o f aerosols (i.e. Rayleigh scattering only). In this appendix the effect of aerosols 

on the retrieved lidar temperature profile (the backscattered signal is a combination of 

Rayleigh and Mie scattering) is investigated using Rayleigh lidar data from the night of 

21-22 January 1999, 10-11 February 1999, and 24-25 February 2000. Analysis of the 

photon count data indicates the appearance of an aerosol (rocket exhaust) layer on all 

three nights, a few minutes after a rocket was launched. The Rayleigh lidar start and end 

times and rocket launch time are tabulated in Table D .l. This Appendix follows the 

experimental method used to characterize Noctilucent Clouds over Chatanika, Alaska 

from Collins et al. [2009].

The photon count data is integrated over 4000 pulses (200 s) and smoothed with a 

running average of 0.225 km. The aerosol layer is characterized in terms of the 

backscatter ratio, volume backscatter coefficient, and integrated backscatter coefficient. 

The backscatter coefficient is calculated by using MSISE-90 [Hedin, 1991] densities. 

This density profile is normalized to the lidar signal below the aerosol layer to determine 

the backscatter coefficient. The aerosol backscatter ratio is calculated by interpolating the 

signal through the aerosol layer from below the layer to above the layer. The total 

backscatter ratio is the ratio of the total lidar signal (Rayleigh plus Mie scatter) to the 

estimated Rayleigh scatter signal by interpolation. The volume backscatter coefficient is 

the product of the aerosol backscatter ratio and the Rayleigh backscatter coefficient. The 

integrated backscatter coefficient is the integration o f the backscatter coefficient over the 

altitude range of the aerosol layer.

The false color plot of the volume backscatter coefficient, and backscatter ratio, and 

the integrated backscatter coefficient, variation o f altitude and backscatter coefficient of 

the peak aerosol layer on the night o f 21-22 January 1999 is plotted in Figure D .l and
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D.2, on the night of 10-11 February 1999 in Figure D.3 and D.4, and on the night o f 24

25 February 2000 in Figure D.5 and D.6.

The characteristics o f the observed aerosol layers are tabulated in Table D.2, and 

summarized in this paragraph. On the night o f 21-22 January 1999 the exhaust from the 

0457 LST rocket launch is seen as an aerosol layer from -0515 to 0545 LST between 

-78-81 km in both the false color plots o f backscatter coefficient and backscatter ratio. 

The integrated backscatter coefficient (Figure D.2 top) varies from 2 x 10'8 sr'1 to a 

maximum of 3 x 10'6 sr'1 at 0518 LST. The maximum peak backscatter coefficient is 

measured at 80.9 km at 0548 LST with a peak backscatter coefficient o f 4.2 x 10'9 m '1 sr'1 

at 0518 LST. On the night o f 10-11 February 1999 the exhaust from the 2145 LST rocket 

launch is seen as an aerosol layer from -2315 to 0045 LST between -66-69 km in both 

the false color plots o f backscatter coefficient and backscatter ratio. The integrated 

backscatter coefficient (Figure D.4 top) is a maximum of 2 x 10'7 sr'1 at 2315 LST. The 

maximum peak backscatter coefficient is measured at 69.0 km at 0018 LST with a peak 

backscatter coefficient o f 1.5 x 10'10 m '1 sr'1 at 2315 LST. On the night o f 24-25 February 

2000 the exhaust from the 2245 LST rocket launch is seen as an aerosol layer from -2315 

to 0015 LST in both the false color plots o f backscatter coefficient and backscatter ratio. 

The integrated backscatter coefficient (Figure D.6 top) varies is a maximum of 6 x 10'7 sr' 

1 at 2339 LST. The maximum peak backscatter coefficient is measured at 70.1 km at 

0012 LST with a peak backscatter coefficient o f 3.6 x 10'10 m '1 sr'1 at 2339 LST.

In Figure D.7 the temperature profile by integrating all the photon count profiles for 

the night and the temperature profile corrected for the presence o f aerosols are plotted. 

On the night o f 21-22 January 1999 the average temperature profile indicates a cold layer 

(from ideal gas law, if pressure is constant then as density increases temperature should 

decrease) with peak minimum temperature of 143.2 K at 78.6 km. On this night since the 

aerosol layer is near the seed temperature a large backlash owing to the downward 

integration technique is observed as a warmer temperatures with a maximum of 391.2 K 

at 76.0 km. On the nights o f 10-11 February 1999 and 24-25 February 2000 a similar cold 

layer due to aerosols is measured with peak minimum temperature at 68.2 km (212.4 K)
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and 69.2 km (200.4 K) respectively. The difference in temperature between the nightly 

mean temperature profile including the aerosol data and that not including the aerosol 

data is larger than errors on all three nights. Clearly the presence o f an aerosol layer can 

cause problems with accurate temperature estimation of the stratosphere and mesosphere. 

The raw photon count data from the Rayleigh lidar at PFRR, Chatanika, Alaska are 

always analyzed for the possible presence o f aerosols before integrating it for neutral 

temperature calculations.
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Table D .l. Rayleigh lidar observation times and rocket launch times at Chatanika, 
Alaska (65°N, 147°W)

Date Time Total Time (hr) Rocket Launch Time

21-22/01/1999 2135-0835 11.0 0457

10-11/02/1999 2005-0737 11.5 2145

24-25/02/2000 2124-0655 9.5 2245
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Table D.2. Characteristics o f aerosol layer from rocket exhaust observed at Chatanika, 
Alaska (65°N, 147°W)

Date Time (LST) Maximum 
Integrated 

Backscatter 
Coefficient (sr'1)

Maximum Peak 
Altitude (km)

Maximum Peak 
Backscatter 

Coefficient (m '1 sr'1)

22/01/1999 0515-0545 3 x 10'6 80.9 4.1 x 10'9

10/02/1999 2315-0045 2 x 10'7 69.0 1.5 x 10'10

24/02/2000 2315-0015 6 x  10'7 70.1 3.6 x 10'10
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Figure D .l. False color plot of (top) volume backscatter coefficient and (bottom)
backscatter ratio of aerosol layer as a function of time and altitude on the night of 21-22
January 1999. The backscatter coefficient is plotted in units of 10'10 in '1 sr'1.
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Figure D.2. (top) Integrated backscatter coefficient, variation o f (mid) altitude and 
(bottom) backscatter coefficient o f aerosol layer as a function of time on the night of 21
22 January 1999. The corresponding integrated Rayleigh backscatter coefficient is plotted 
as a dashed line for comparison.
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Figure D.3. False color plot of (top) volume backscatter coefficient and (bottom)
backscatter ratio of aerosol layer as a function of time and altitude on the night of 10-11
February 1999. The backscatter coefficient is plotted in units of 10'10 m '1 sr'1.
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Figure D.4. (top) Integrated backscatter coefficient, variation o f (mid) altitude and 
(bottom) backscatter coefficient o f aerosol layer as a function of time on the night of 10
11 February 1999. The corresponding integrated Rayleigh backscatter coefficient is 
plotted as a dashed line for comparison.
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Figure D.5. False color plot of (top) volume backscatter coefficient and (bottom)
backscatter ratio of aerosol layer as a function of time and altitude on the night of 24-25
February 2000. The backscatter coefficient is plotted in units of 10'10 m"1 sr'1.



175

k
is

J  
I

7 1

7 0 , 5

7 0

i 6 9 ,5

6 9
£
±: 6 8 .5

6 8  

£ 7  Ky / » ?

6 7

Time ( L S I3 UT-9H) 

24-25 February 2000

e,

fM
.it'
<3
•*

'a.-
£

3 MT

210

110 ■

0.10

23 23.25 23,5 23,75 24 24,25 24,5 24,75

24-25 February 200©

Chotersifca (65'N, 147“w i } ' " ’ j " ' ' j | '

23 23 25 23,5 23.75 24 24.25 24,5 24,75 25 =

Ttme (tST s UT-9H)
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Figure D.7. (Left panel) Rayleigh lidar nightly mean temperature profiles on (top) 21-22 
January 1999, (middle) 10-11 February 1999 and (bottom) 24-25 February 2000 with 
aerosol contamination (dashed line), and corrected for aerosols (solid line). The dashed 
lines are the temperature error and photon count error. (Right panel) The difference in 
temperature between Rayleigh lidar nightly mean temperature profile with and without 
aerosols.
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Appendix E. Gradient Wind and Eliassen-Palm Flux Analysis using 

SABERYTIMED data

The Thermosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED) 

mission is a sun-synchronous (polar orbiting) satellite launched on 7th December 2001 to 

obtain a global picture of the Mesosphere, Lower Thermosphere, and Ionospheric 

(MLTI) regions. The Sounding of the Atmosphere using Broadband Emission 

Radiometry (SABER) is one of the four instruments on board the spacecraft [Russell et 

al., 1999]. The other three instruments are TIMED Doppler Interferometer (TIDI), Solar 

Extreme Ultraviolet Experiment (SEE) and Global Ultraviolet Imager (GUVI). SABER 

uses a multi-channel radiometer to measure the limb infrared emission from the 

atmosphere [Mertens et al., 2004] in 10 broadband spectral channels ranging from 1.27 

um to 17 um. SABER data provides information about the global vertical distribution of 

temperature, pressure, and trace gases such as CO2, O3, OH, and NO.

The SABER instrument does not provide direct measurements of wind. In this 

Appendix the calculation of gradient wind and Eliassen-Palm flux (EP flux) is 

documented using the temperature and geopotential data. Throughout this dissertation 

Level 2A version 1.07 data [Beaumont, 2008] has been used. The TIMED satellite has a 

yaw cycle (due to its solar angle requirement) alternating between the northern viewing 

phase, (~80°N -  50°S) and the southern viewing phase (~80°N -  50°S) approximately 

every 60 days. Examples o f zonal mean gradient wind and divergence of EP flux are 

plotted for 16th January 2003, when the SABER measured started its 2003 yaw cycle in 

the northern hemisphere. This day also coincides with the peak o f the January 2003 

stratospheric warming event. The winds and EP flux are calculated using the SABER 

measured temperature, pressure, and geopotential. The SABER data is grid into 5° 

latitude and 30° longitude bins.
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E .l. Gradient Wind Calculation

The zonal mean gradient wind is calculated by scaling (including only the leading 

order terms) the zonal averaged meridional momentum equation. To obtain winds only 

from geopotential height data various levels of approximations are made [Randel, 1987] 

to the equations o f motion, and the horizontal winds are derived to be in geostrophic

balance. A Geostrophic balance holds when the Coriolis term (f0) is balanced by the

horizontal gradient {dtp '1) of geopotential ((D) and is applied to large scale extratropical 

systems. The zonal mean meridional momentum equation for hydrostatic and nearly 

geostrophic motions can thus be approximated to give the geostrophic zonal wind (ug).

- - i  d<P .
u„ = —f„ ----- (E .l)

8 Jo dtp V '

From Lieberman [1999] the leading terms in the zonal mean meridional equation 

assuming steady state conditions, and neglecting eddy fluxes and advection by the mean 

meridional circulation, are,

u ( f a + utan<p/a) = -d$>/d<p (E.2)

The overbar denotes zonal mean, ^ is  the latitude, and a, the Earth’s radius. From 

Hitchman and Leovy [1986] the zonal mean wind inside the parentheses can be 

approximated by the geostrophic value in E .l to give the gradient wind ur 

_  -d<t>/d<p f 0u
u = ur = -------------------- = ------------ --------- . (E.3)

f  + ug tan<p/a f o +ug tan<p/a

Figure E .l shows a latitude-height plot the zonal mean gradient wind calculated 

using equation E.3 for 16th January 2003. The reversal of the winds (from westerly to 

easterly) associated with the major warming in mid-January 2003 is clearly seen 

poleward o f 60°N. The high westerly winds in the mesosphere are seen at the tropics.

E.2. Eliassen-Palm Flux Calculation

The Eliassen-Palm flux (EP flux, F) is a representation of the eddy-mean flow 

interaction in the atmosphere. It consists o f two components, the eddy momentum flux 

(Fy) and eddy heat flux (Fz). These two components act in combination to drive changes
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in the zonal-mean circulation and is given by the divergence of the EP flux (V«F) 

[Holton, 2004], For a quasi-geostrophic approximation the divergence of the EP flux is 

given by [Andrews et al., 1987],

V F  = A p '7 ? \ + [ p J '7 < f l e „ \  (E.4)

where the subscripts ‘ (f> ’ and ‘z ’ represent the meridional and vertical derivatives, and the 

subscript ‘o’ represents the vertical component i.e. the basic density p0 = p0(z) and the 

potential temperature 0OZ= d(0o(z)/dz. The Coriolis parameter f0 = 2. £1 .sin^ ( f i  = 7.292 

x 10'5 rad/s), u ’ and v ’ are the perturbation zonal and meridional winds, respectively. The 

overbar denotes the zonal average.

Following Randel [1987] the perturbation zonal and meridional winds can be 

calculated by rearranging the perturbation horizontal momentum equations. The leading 

terms in these rearranged equations are [Andrews et al., 1987 (equation 3.4.2a, 3.4.2b)],

[(a cos ̂ )-1 (u cos - / W f c c o s ^ )  = 0  (E.5)

( /  + 2i7a-1 tan^)u = 0  (E.6)

The subscripts denote derivatives, for example Xy=dX/dy. Reordering the above 

equations,

. — a~l$>A — uu _  _________ 0 _   g_____  /"£
{ f  + 2ua~l tan^) ( /  + 2ua~l tan^)

- ( . c o s ( E8)  
[(a cos <j>) (u cos^)0 - / ]

Figure E.2 shows the divergence of the EP flux on 16 January 2003 calculated using 

equation E.4. The contours have been scaled by the basic state density. The zonal force 

per unit mass exerted by the quasi-geostrophic eddies is stronger poleward of 60°N due to 

the stronger planetary wave activity in this region.
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Figure E .l. Latitude height plot of zonal mean gradient wind on 16 January 2003 
calculated from SABER data.
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Figure E.2. Latitude height plot of divergence of Eliassen-Palm flux on 16 January 2003 
calculated from SABER data.
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