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Abstract

Abstract
Satellite Observations of Atmospheric Gravity Waves
Xiuping Yan

A new methodology of gravity wave observations has been developed for the High
Resolution Dynamics Limb Sounder (HIRDLS). Individual vertical profiles of gravity-
wave temperature perturbations that were determined by subtraction of a dynamic 31-
day background field and a 1000 km along-track temperature filter were Fourier
transformed to estimate the gravity-wave temperature amplitudes and vertical
wavelengths (~2 — 16 km) in the stratosphere.

Gravity wave activity is highly variable with season and can be highly
orographically dependent, especially in the winter extratropics. Investigations of
episodes of enhanced gravity waves over the southern Andes, the Cascade Range and
the Rockies in the winter months of 2006 indicate that orographic gravity waves
propagate downwind from the mountains. By way of contrast, observations of gravity
waves around the Himalayas show a strong relationship with the cyclones in that region.

HIRDLS observations over the southern Andes during July-September 2006 were
compared to the orographic gravity-wave parameterization scheme in the UK Met
Office Unified Model®. The results indicate that the observed waves are likely to be
orographically excited. The observed wave activity extends large distances (a few
thousand kilometres) downwind of the mountains and over the ocean. This downstream
wave activity is not represented by the parameterization scheme similar to many
schemes, which assume that the waves propagate vertically above the mountains only.

Gravity waves over the tropics and tropical South America were compared with the
AVHRR Outgoing Longwave Radiation (OLR), TRMM convective rainfall and
ECMWEF winds for convective sources. The comparisons show that the peak gravity
wave temperature amplitudes correspond closely to the OLR < 200 W/m’, in good
agreement with the mesoscale cyclones and are above the updrifts, which indicate deep
convective generation of the gravity waves. These waves show vertical propagation
with higher-frequency and ~ 7.5 km vertical wavelengths in the lower stratosphere.
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Introduction

Chapter 1

Introduction

1.1 Purpose

Small-scale gravity waves are often not resolved in global forecast, climate and
general circulation models. These models take account of the sub-grid gravity waves via
parameterization. The gravity wave parameterizations without being constrained by
observations could result in unrealistic model predictions. Therefore, observations of
gravity waves are necessary for placing constraints on the parameterization of gravity
waves in global forecast, climate and general circulation models. The project aims to
observe global atmospheric gravity waves using satellite data to provide datasets for
gravity wave parameterization in these models and more fully understand the

contribution that these waves make to atmospheric transport and chemical processes.
1.2 Why Gravity Waves are Important

Atmospheric gravity waves modify the atmospheric circulation and influence the
atmospheric thermal structure by transferring momentum from their sources, which are
dominant in the troposphere and lower stratosphere, to anywhere between the
troposphere and thermosphere, where they break or dissipate. In 1960, Hines [1960]
first postulated the role of internal gravity waves in the atmosphere. By developing a
parameterization of gravity waves, Lindzen [1981] and Holton [1982, 1983]
demonstrated the contribution of gravity wave driving forces in determining the
reversed meridional temperature gradient and thus the average 70° — 80°K colder
summer mesopause than the winter mesopause. The influence of gravity wave breaking
in the mesosphere on the mean meridional circulation and temperature distribution in
the stratosphere was explored by Haynes et al. [1991], Garcia and Boville [1994],
Rosenlof [1996] and Alexander and Rosenlof [1996] using the “downward control”
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principle. Figure 1.1 schematically illustrates mean-flow forcing effects of gravity

waves in the middle atmosphere.
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Figure 1.1 Driving forces of gravity waves on the middle atmosphere transport
circulation and effects on wind and temperature structures. The thin contours denote
zonal mean wind at intervals of 10 m/s (dotted contours are for westward winds). The
transport circulation is illustrated with thick arrows and the gravity wave driving is
illustrated with hatched areas with minus signs denoting westward forcing and a plus

sign denoting eastward forcing [Fritts and Alexander, 2003].

Studies using numerical models, for example, Lindzen and Holton [1968], Sassi
and Garcia [1994], Alexander and Holton [1997], Mayr et al. [1997], and Ray et al.
[1998], found that gravity wave dissipation produces a driving force on the tropical
quasi-biennial oscillation (QBO) in the stratosphere and semi-annual oscillation (SAO)
both in the stratosphere and mesosphere. Studies by Walterscheid [1981], Holton [1984],
Miyahara [1985], Miyahara et al. [1986], Forbes et al. [1991], Lu and Fritts [1993],
Mayr et al. [1998], and Meyer [1999] indicate that gravity waves also interact with

larger scale wave motions such as tidal and planetary wave motions.
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Gravity waves not only influence the atmospheric thermal structure, but also play
an important role in the atmospheric compositional structure. Gravity wave-induced
turbulence and thus turbulent mixing and heat transport could affect the local
composition of chemical species. This effect has been studied by Fritts and Dunkerton
[1985], Garcia and Solomon [1985], Strobel et al. [1987], Fuller-Rowell [1994], Liu et
al. [2000] and Hays et al. [2003]. In the northern hemisphere, orographically generated
gravity waves can locally cool the stratosphere and provide favourable conditions for
the formation of polar stratospheric clouds (PSCs). The implications for ozone
destruction in the Arctic have been investigated by Dornbrack et al. [1999], Carslaw et
al. [1999], Dornbrack et al. [2001] and Dornbrack and Leutbecher [2001]. Fritts and
Alexander [2003] summarized and reviewed the role of gravity waves in the middle

atmosphere.

The majority of investigations into the atmospheric circulation are carried out
numerically without resolving all gravity waves in the atmosphere in the numerical
models. The unresolved gravity waves are relatively small in scale compared with the
resolvable gravity waves and must be included via parameterization. Those numerical
models employing gravity wave parameterizations not constrained by observations tend
to produce unrealistic predictions and weather forecasts [e.g. Sawyer, 1959; Pielke,

1984; Grasso, 2000].
1.3 Layout of the Thesis

In this thesis, observations of atmospheric gravity waves are discussed for the
satellite HIRDLS (HIgh Resolution Dynamics Limb Sounder) instrument. HIRDLS is
an infrared limb-viewing instrument with the highest vertical resolution (~ 1 km)
compared with previous infrared limb sounders. This high vertical resolution is suitable
for observing short vertical wavelength gravity waves. Alexander et al. [2008a] have
demonstrated the ability of HIRDLS to observe gravity waves by analyzing one month
of data (May 2006). They extracted gravity waves by removing the zonal mean
temperatures and planetary-scale zonal waves 0 — 3 from the HIRDLS temperatures.
The planetary-scale zonal waves were estimated using S transform analysis and the
gravity wave characteristics were determined using the S transform on adjacent

temperature perturbation profile pairs. The thesis describes a new methodology that is
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developed to extract and analyze global gravity wave temperature amplitudes and
vertical wavelength using HIRDLS temperature data. Maps of gravity waves are
extended to cover a year-long record for seasonal variation and global distribution of

wave activity.

Chapter 2 gives the necessary background theory on atmospheric structure and
composition and global-scale circulations of the atmosphere. A large portion of the
chapter is devoted to gravity waves including wave characteristics, gravity wave sources,
dispersion and propagation, gravity wave observations and climatologies of gravity
waves. Topographic and convective sources are described in more detail for a better
understanding of these sources excited gravity waves observed by HIRDLS. Other
relevant large-scale waves in the atmosphere are also introduced in order to understand
the basic ideas of the gravity wave extraction procedure. The knowledge given in this
chapter is fundamental for understanding the connections between gravity waves and

mean-flow circulations as well as other relevant planetary-scale waves.

Chapter 3 introduces the satellite remote sensing HIRDLS instrument, which is the
data source for observing gravity waves and its level 2 temperature data. Since gravity
wave observations are instrumentally dependent, a detailed introduction of the
instrument and its platform is necessary for understanding the observed gravity waves.
In addition, after launch, an unexpected blockage of ~ 80% of the front aperture was
discovered by the HIRDLS scientists. Due to this unexpected problem, the operational
mode has been readjusted and extra algorithms have been developed for the removal of
the blockage effects from the spectral signal of the atmosphere. These made the

introduction of the instrument and its temperature data more important.

Chapter 4 focuses on the description of a new methodology of gravity wave
observations from HIRDLS. The development of the methodology is physically and
mathematically explained in detail. Small-scale perturbations that are assumed to be
caused by gravity waves, called gravity wave temperature perturbations, are isolated by
subtracting a background field and an along-track temperature filter from HIRDLS
temperature profiles. The gravity wave temperature perturbations are Fourier
transformed to estimate vertical wavelength and temperature amplitude. In this chapter,
the results for the whole year 2006 are presented and compared with observations from

other satellite instruments such as MLS, CRISTA and from the same instrument but

4



Introduction

using a different technique. Seasonal variations and global distribution are investigated
based on maps of gravity waves from HIRDLS. Three cases are discussed for
orographic gravity waves over the southern Andes and the North America Cordillera
and non-orographic gravity waves around the Himalayas as primary wave-source

studies.

Following the case studies in chapter 4, an investigation is carried out for
orographic gravity waves over the southern Andes in chapter 5. The observed HIRDLS
gravity waves are compared with the orographic gravity wave parameterization scheme
in the Met Office forecast model. Three configurations of the operational orographic
gravity wave parameterization scheme are discussed in the comparison. The observed
gravity waves are also compared with the ECMWF (European Centre for Medium-
Range Weather Forecasts) operational analysis. The comparisons provide evidence of
orographically excited gravity waves over the southern Andes and also demonstrate the

application of observations in constraining gravity wave parameterizations in models.

Chapter 6 focuses on convectively generated gravity waves in the tropical
stratosphere, particularly over tropical South America. The observed gravity waves are
compared with convective indicators such as outgoing long-wave radiation (OLR) from
AVHRR and convective rainfall from the TRMM satellite. The ECMWF operational

analysis is also used to support the convection source.

The studies in chapters 4 to 6 suggest that the observed gravity waves from
HIRDLS are consistent with the climatology of gravity waves developed by other

satellite instruments. Conclusions and future work are given in chapter 7.
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Chapter 2

Background Theory

2.1 Basic Atmospheric Structures

The atmosphere is an envelope of gases and suspended particles surrounding the
Earth. The absorption of solar radiation and infrared emission by the gases in different
height regions results in several atmospheric layers characterized by variations in
temperature. The vertical distribution of certain atmospheric properties of the
atmosphere, such as the height distribution of temperature, pressure, density and wind,
is fundamental to the observation of gravity waves. The temperature layers are, from the
Earth’s surface to 100 km, the troposphere, stratosphere, mesosphere and thermosphere,
with the corresponding upper boundary layers called the tropopause, stratopause and
mesopause, respectively. Approximately 90% of the atmospheric mass is in the
troposphere, a little under 10% in the stratosphere and only about 0.1% in the
mesosphere and above. The vertical temperature profile for the midlatitude and the

atmospheric layers are shown in figure 2.1.

The region from the Earth’s surface to the tropopause is called the lower
atmosphere, where temperature decreases with height. The tropopause, the boundary
between the lower and middle atmosphere, has a typical height of 8 km in the polar
regions and a height of 18 km over the equator. The region from the tropopause to the
mesopause (at approximately 90 km) is referred to as the middle atmosphere. The
temperature in the stratosphere increases with altitude and there is a local temperature
maximum at the stratopause (~ 50 km). In the mesosphere, the global mean temperature
falls with altitude to the coldest region of the atmosphere, the mesopause. The
temperature structure of this region is greatly affected by the global-scale meridional
circulation, resulting in a colder summer mesopause and a warmer winter mesopause. In

the middle atmosphere the atmospheric constituents are well mixed by eddy processes.
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Figure 2.1 Midlatitude temperature profile. Based on the U.S. Standard Atmosphere
[1976].

The vertical profile of atmospheric pressure can be determined by use of the
hydrostatic equation and the ideal gas law. Consider a thin vertical slice of the
atmosphere from height z to height z+dz . The upward/downward pressure force
acting on the lower/upper surface of the slice at z /(z+dz) is p(z)A/ p(z+dz)A,
where p is the pressure and A4 is the area. The net upward force is [p(z) — p(z +dz)]A.
In equilibrium, this upward force must be balanced by the downward force generated by

the weight of the slice, pgddz, where p is density and g is the magnitude of the

gravity acceleration. This equilibrium can be written as
[p(2) = p(z +dz)]4 = pgddz 2-1
and reformatted to
op/0z=—pg. 2-2

Equation 2-2 is called the hydrostatic equation. The density of the atmosphere can be

derived from the ideal gas law
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p=pRT, 2-3

where R is the gas constant for dry air (= 287 J/(kg - K)) that is determined by the
Universal Gas Constant R, (=8.314 J/(mol - K)) divided by the molecular weight of dry

air m_,. (= 28.98 g/mol). Combining equations 2-2 and 2-3 gets

gas

P__ 8, 2-4
p RT
which is simplified
p=p,exp(-z/H), 2-5

where H (= RT,/ g,, where g, =9.81ms™ is the global average of gravity at mean sea
level and 7, is a constant reference temperature) is a mean scale height and p, is a

standard reference pressure taken as 1000 hPa. The equation (2-5) shows the
exponential decrease of pressure with height, which is illustrated by the vertical axis of

figure 2.1 on the right.

On substituting for p and p  in 2-3, using 2-5 and rearranging, the density

equation is obtained
p=p,exp(-z/H), 2-6

where p, is the density at the ground surface. The density in the atmosphere is

proportional to the pressure and exponentially decreases with height.

Potential temperature relates the temperature of an air parcel to a reference pressure.
Under adiabatic conditions it is a conserved quantity and is therefore much more useful

than temperature. The potential temperature is defined by
0=T(p,/ p)~, 2-7

where Kk =R/c,~2/7 and c, is the specific heat at constant pressure. Equation 2-5

and 2-7 together give
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O=Texp(kz/H). 2-8
Equation 2-8 implies that the potential temperature increases with height.

The buoyancy frequency (also called Brunt-Viisdld frequency), is the angular
frequency of internal waves (a vertical displaced air parcel oscillating within a stable
stratified environment). Consider an air parcel of in equilibrium was adiabatically

displaced upward from one particular height z, to a different level. The parcel at some
height z is subject to two forces, gravity and the buoyant force from the environmental
atmosphere. Let p (z) and p,(z) denote the pressure and density in the parcel and
p(z) and p(z) the pressure and density of the environment. By the second law of

motion

2

0z op
Fz_ . op 2.9
Prige =Py,

Substituting for the hydrostatic equation in equation 2-2 gives

2 _
Tz__ PP, 2-10
ot o,

Assume that the volumes of the air parcel and the displaced environmental air are equal
and that the pressure in the air parcel is always equal to the environmental pressure so
that buoyancy is due only to the difference in density of the parcel compared to the
environment. By the idea gas law

—p T-T
=P LT 2-11
Py r

Since the pressures are equal

2-12

~ |~=1H

Thus equation 2-10 becomes
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2
%§=—ga—@/m. 2-13

If the left hand term of equation 2-13 is designated by a(z), due to zero acceleration at

z, a Taylor’s series expansion gives
a(z):@ (z—-z,). 2-14
oz|,

Since the process is adiabatic, the potential temperature of the parcel 6, is constant.

Therefore the change in a(z) with height is due entirely to the variation in € with

height so that
o-g(1-6,/6 0
oz 06 0z 0 oz
Since 6, =6 at z =z,, equation 2-15 is reduced to
Ga__890 2-16
0z 0 oz
Substituting this equation into equation 2-14 results in
2
0z_ 899, ., 2-17
ot 0 oz

which is the differential equation of harmonic motion about an equilibrium at z, and

the frequency of oscillation is given by

N=,=—, 2-18

where N is the buoyancy frequency and is sometimes called Brunt-Viisdld frequency.

N varies with height as well as with latitude, longitude and season. For example, in the
stratosphere N ~ (5x107*)"?s™", while in the mesosphere N ~(3x107*)"*s™" [Andrews

et al, 1987]. However, the buoyancy frequency is often assumed to be a constant

10



Background Theory

throughout the middle atmosphere. The square of N is used to measure the stability of

the atmosphere. When N* >0 the atmosphere is statically stable.

Note that the buoyant force described by 2-9 is restricted to vertical displacements
of air parcels. However, in the atmosphere gravity waves can propagate at any direction
and almost always at an angle to the vertical. If a displacement occurs on a surface at an

angle [ to the horizontal, the frequency of oscillation is consequently reduced to
Nsin S. Therefore, the frequency of gravity waves depends on the propagation angle

and the Brunt-Viisélé frequency described by equation 2-18 is the maximum frequency.
2.2 Composition of the Atmosphere

The Earth's atmosphere is composed primarily of nitrogen and oxygen, which
together account for 98.65% of the total mass of the dry atmosphere. The noble gas
argon accounts for another 1.28%. The remainder, less than 0.1% of the total mass,
contains many small but important trace gases. Major trace species in the atmosphere
including water vapor (H,O), carbon dioxide (CO,) and ozone (Osz) and minor trace
species such as nitrous oxide (N,O), methane (CH4) and the chlorofluoromethanes
(CF2Cl, and CFCl3) have important effects on the Earth’s climate. The troposphere
contains approximately 90% of the atmospheric mass and nearly all the water vapor.
The stratosphere contains most of the atmospheric ozone which absorbs solar ultraviolet
radiation to protect the biosphere from the damaging effects of the radiation. In addition
to gases, the atmosphere has a wide variety of tiny particles suspended in the air, known

as aerosols.

In the lower and middle atmosphere, the mixing ratios of all the gases of the
atmosphere tend to be uniform by fluid motions on all scales. Except for the
constituents with significant sources or sinks resulting in spatially and temporally
varying mixing ratios, most species have vertical variability that is much greater than
horizontal and temporal variability. The primary constituents have nearly constant mass
fractions in height in the atmosphere. The major trace gas CO; is well mixed in most of
the middle atmosphere, so that it is relatively stable in space and time compared with

HzO and 03.

11
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2.3 Global-Scale Circulation of the Atmosphere

The zonal mean temperature and wind distributions in the middle atmosphere are
maintained by the competing effects between the net radiative forcing (the solar heating
and infrared heating or cooling) and the dynamical heating and cooling. The radiative
heating gives a clear seasonal variation, i.e. maximum heating/cooling at the
summer/winter pole and for the equinoxes (spring and autumn), the maximum heating is
at the equator and cooling at both poles. This differential heating is balanced by the
diabatic circulation in the meridional plane, which is primarily driven by eddy forcing
[Andrews et al., 1987]. The circulation in summer and winter consists of rising motion
near the summer pole and sinking near the winter pole, with a meridional drift from the
summer into the winter hemisphere in between. In spring and autumn, rising motion is
around the equator with a poleward meridional drift in both hemispheres showing a
fairly weak diabatic circulation. The Coriolis torque exerted by the meridional drift
tends to generate mean zonal westerlies in the winter hemisphere, weak easterlies in the
summer hemisphere and westerlies in both hemispheres in spring and autumn. Figures
2.2 and 2.3 show the zonally averaged solstice mean temperature and wind fields,
respectively, based primarily on Northern Hemisphere data. It should be noted that the
temperature above 60 km increases from the summer pole to the winter pole, resulting
in the reversed temperature gradient and much colder summer mesopause and warmer
winter mesopause than the radiative equilibrium. In the lower stratosphere between the

cold tropical tropopause and the winter pole the temperature increases.

In the middle atmosphere, the principle acceleration/deceleration force on the
general circulation is due to gravity waves. The gravity waves generated by air flow
over terrain features carry upward a stress, which will act against the mean flow and is
called gravity wave drag. However, gravity waves generated by other sources in the
middle atmosphere can decelerate and accelerate the mean flow, respectively. Chun and
Baik [1998] calculated the momentum transport by convectively generated gravity
waves. Their results show that a maximum acceleration of the zonal wind by the gravity
wave momentum flux is about 10 m/s/day at 3.4 km height and a deceleration is about
24 m/s/day at 10 km height. These values suggest that the upward and downward

transport of stress by gravity waves is very important to atmospheric dynamics.
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Figure 2.2 Schematic latitude-height section of zonal mean temperatures (°C) for
solstice conditions. Dashed lines indicate the tropopause, stratopause, and mesopause

levels [Andrews et al., 1987].
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Figure 2.3 Schematic latitude-height section of zonal mean zonal wind (m/s) for solstice
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the east) winds, respectively [Andrews et al., 1987].
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The equatorial atmosphere below 35 km is characterized primarily by a quasi-
biennial oscillation (QBO), whereas a semiannual oscillation (SAO) dominates above
this height. The SAO is at first analogically explained by the thermal forcing since the
sun passes over the equator twice a year, resulting in a significant semiannual
characteristic of radiative heating. However, the equatorial circulations theory indicates
that, in the absence of eddies, thermal forcing alone is far less effective in generating
mean zonal temperature and wind oscillations in the equatorial regions than at higher
latitudes. Therefore, for the equatorial QBO and SAO, wave driving must be considered

the primary forcing.

The QBO has an average period of about 27 months and nearly constant amplitude
in height between about 40 and 10 hPa but rapidly decreasing amplitude below the
pressure altitude 50 hPa. It is a downward propagating and equatorially symmetrical
oscillation with a latitudinal half-width of about 12°. These features are shown in figure
2.4. Planetary waves could not explain the downward propagation of the QBO without
loss of amplitude [Wallace and Holton, 1968]. Studies by Lindzen and Holton [1968],
Holton and Lindzen [1972], Plumb [1977] and Plumb and McEwan [1978] suggested
that the QBO results from vertically propagating Kelvin and inertia-gravity waves that

are radiatively or mechanically damped in the lower stratosphere.

The SAO first observed by Reed [1965] has a maximum in the lower stratosphere
above 30 km. Later observations by Hirota [1978] show that the SAO really consists of
two separate oscillations centered at the stratopause and the mesopause, respectively.
The SAO has an amplitude minimum near 65 km as shown in figure 2.5. The maximum
amplitude of the SAO is near the equator and decays away from the equator with a
halfwidth of about 25° latitude. The oscillation propagates downward from the
mesosphere into the stratosphere. The observational studies from the LIMS instrument
suggest that Kelvin waves do not have sufficient amplitude to completely account for
the observed SAO [Hitchman and Leovy, 1986]. Dunkerton [1982] suggested that the
breaking or saturation of vertically propagating gravity waves might explain the SAO in

the mesosphere.
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Figure 2.5 The SAO at Ascension Island (8°S); amplitude (Solid lines), phase (dashed
line). Phase refers to time of first maximum westerly component in the calendar year.
Break near 60 km is caused by separately fitting data above and below that level to

sinusoidal curves [Hirota, 1978].

2.4 Gravity Waves

Much of the momentum, heat and tracer transport in the middle atmosphere is due
to coherent wave motions of various classes. These waves also interact with the mean
flow. Waves in the atmosphere can be considered to be a perturbation on the quasi-
steady, slowly changing background. Atmospheric gravity waves first studied by Hines
[1960] are one of these types of waves generated in the atmosphere due to the action of
gravity on density variations in the stratified atmosphere. In the atmosphere, flow over
topographic obstacles such as mountains and hills, deep convection, wind shear and
fronts can produce gravity waves. Gravity waves can be generated at different altitudes
and move in many directions. An idealized representation of these waves is shown in
figure 2.6. Figure 2.7 shows a vertical transverse wave which is a horizontal

propagating gravity wave with vertical displacement.
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Figure 2.7 A vertical transverse gravity wave [Hilger, 1974].

Gravity waves can be classified in various ways. They can be categorized
according to their restoring mechanisms as internal gravity waves, which exist in the
stratified atmosphere by buoyancy and inertio-gravity waves which result from a
combination of buoyancy and Coriolis forces. The periods of the internal gravity waves
are typically a few minutes to a few hours. In the middle atmosphere, their vertical
wavelengths typically range from a few kilometres (~5 km) to ~15 km, and the
horizontal wavelengths range from tens to hundreds of kilometres. The inertio-gravity
waves have periods close to the local “inertial period” (2z/ f where f is Coriolis
parameter), vertical wavelengths on the order of 10 km and horizontal wavelengths of
over a thousand kilometres. Both internal gravity waves and inertio-gravity waves have
been observed in the stratosphere and mesosphere by different instruments [e.g. Fritts et
al., 1990, 1992; Hamilton, 1991; Mitchell et al., 1994; Sato, 1994; Eckermann et al.,
1995; de la Torre et al., 1996; Wu and Waters, 1996a, 1996b; Fritts et al., 1997; Isler et
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al., 1997; Sato and Dunkerton, 1997; Taylor et al., 1997; Alexander, 1998; Eckermann
and Preusse, 1999; McLandress et al., 2000; Tsuda et al., 2000; Vincent and Alexander,
2000].

2.4.1 Characteristics of Gravity Waves

The present section introduces some basic concepts of characteristics of gravity
waves. The key properties of gravity waves in the middle atmosphere are described by
the gravity waves solutions to a linearized form of the equations of motion (see

appendix A).
2.4.1.1 \Wave Scales

Like other waves, gravity waves are periodic in time and space and satisfy a wave

equation. Within a Cartesian coordinate system (x, y, z), a wave can be described by

the generalization of a one-dimensional equation,
A=RA4,e"” = A, cos(K -7 — ), 2-8

where 4, is the wave amplitude, w is the angular frequency, x is the wave vector, 7 is
the radius vector, ¢is time, and ¢ =k -7 —at is the phase of the wave. The wave

frequency is given by

where 7 is the wave period, representing the time required for the fluid particles to
make one oscillation or the time required for successive wave crests to pass a stationary

observer. The wave vector defines the direction of wave propagation and the

wavenumber, & =+/(k* + 1> + m”) in the ¥ direction. K is given by
K=kx+1ly+mz, 2-10

where the wavenumbers, k£, / and m in the X, y and z directions, respectively, are

defined by
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P 2-11
A, 2, A

The 4_, /1y, and A are the wavelengths in the x, y and z direction, respectively. The

radius vector is defined by
F=xx+yp+zzZ . 2-12
Now equation 2-8 can be expressed as
A(x,y,2,t) = RA,e” = A, cos(kx+ 1y + mz — awt) . 2-13

Equation 2-13 expressed in the two-dimensional case is suitable for gravity waves

which is given by
A(x,,z,t) = R4,e” = A, cos(k,x, +mz—ot), 2-14
where x, is the horizontal coordinate, k, is the horizontal wavenumber.
2.4.1.2 Phase Velocity and Group Velocity
For the two-dimensional equation 2-14, the wave phase is
p=K-r—ot=kx,+mz—ot . 2-15
Assuming ¢ a constant, differentiating 2-15 gives

a9 g dr_ o 2-16
de|,  dt

The phase velocity, ¢ that is the speed of a point of constant phase moving in the

direction of wave propagation, is obtained by changing the form of 2-16,

M _ o o 2-17

dt Kk} +m’ ’

and by analogy with 2-17,
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c. =2 =2, 2-18
k, m

X, z

It follows from x =+/(k* +1> + m?) , 2-17 and 2-18,

BAGES

It should be noted that the phase speed is the speed of a wave moving with respect to a

fluid frame. Sometimes it is referred to as the intrinsic phase speed.

It is group velocity rather than phase velocity that transports energy and
information. The group velocity is defined as the velocity of the overall shape of wave

amplitudes (or a wave packet) propagating through space. It is calculated in the x-

direction by
y =92 2-20
Ok
and in the vertical direction by
v, = o0 2-21
om

2.4.2 Gravity Waves Sources

The dominant sources of gravity waves are topography, convection and wind shear.
Other sources may also be significant under certain circumstance but not obvious, for
example, wave-wave interaction and adjustment of unbalanced flows in frontal systems
and vicinity of jet streams [Fritts and Alexander, 2003]. Additionally, it is worth
mentioning that gravity wave breaking in the middle atmosphere can also generate
secondary gravity waves [Bacmeister and Schoeberl, 1989; Satomura and Sato, 1999].
Gravity waves generated by different mechanisms have different spatial and temporal
characteristics. Due to the widely distributed gravity wave sources in the troposphere
and stratosphere, gravity waves that propagate into the higher layers are common in the

stratosphere and mesosphere. Understanding gravity wave sources is important for
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understanding 1) the principal excitation mechanisms, 2) the spectral properties of the
gravity waves, 3) the spatial (global) and temporal (diurnal, seasonal and inter-annual)
variability of sources, and 4) developing statistical as well as physical climatologies to

describe the wave sources and distributions [Geller et al., 2006].

2.4.2.1 Topographic Source

The topographic features of both terrain obstacles, such as mountains and hills, and
terrain depressions, such as canyons and valleys can excite gravity waves when a stably
stratified flow is over these features. For satellite observations, large topographic
features such as mountains, “orography” are more suitable candidates for study. The
orographically generated gravity waves have amplitudes that are proportional to the
amplitudes of the orography and have a spectrum as wide as the spectrum of the
orographic features. These orographic gravity waves can be stationary relative to the
ground surface, called standing waves, for example, mountain waves and travelling
downwind from the generating obstacle, such as lee waves. Because its intrinsic phase
speed is equal to the background wind speed in the opposite direction, a standing wave
appears stationary to the observer on the Earth’s surface, but note that the wave still
propagates in the vertical. Small and up to breaking amplitudes of orographic gravity
waves have been estimated by observations and simulations and horizontal wavelengths
are typically from tens to hundreds of kilometres [Lilly and Kennedy, 1973; Nastrom
and Fritts, 1992; Chan et al., 1993; Dérnbrack et al., 1999; Leutbecher and Volkert,
2000].

Orographic gravity waves play an important role in the middle atmosphere. The
orographic gravity waves at high latitudes in the northern hemisphere are believed to
contribute to polar stratospheric clouds (PSCs) and thus the ozone depletion in the
stratosphere [Dérnbrack et al., 1999; Carslaw et al., 1999; Dornbrack et al., 2001;
Dornbrack and Leutbecher, 2001]. The assessments of orographic gravity waves by the
Global Atmospheric Sampling Program (GASP) and other aircraft observations reveal
that horizontal velocity and temperature variations over significant orography to be 2-3
times higher than over plains and oceans [Nastrom et al., 1987; Jasperson et al., 1990;
Bacmeister et al.,, 1990a] and ~5 times higher than the regions that have no obvious
meteorological sources [Fritts and Nastrom, 1992]. There was an argument that

orographic gravity waves likely account for a large fraction of zonally averaged wave-
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induced force in the mesosphere [Bacmeister, 1993]. Due to the importance of
orographic gravity waves for the mean circulation relative to other significant sources,
scientists have attempted to parameterize their effects in large-scale models, for
example global numerical weather forecast and climate models [e.g. Palmer et al., 1986;

McFarlane, 1987; Iwasaki et al., 1989].

2.4.2.2 Convective Source

In recent years, convectively generated gravity waves have been observed
numerically and instrumentally. However, due to the inherent intermittency of
convection, the wave generation mechanism has still not been fully understood and
there is still controversy [Fritts and Alexander, 2003]. Because convection in the
atmosphere has the characteristics of random scales and a slow or rapid rate, the
convectively generated gravity waves can have different phase speeds, wave
frequencies and vertical and horizontal scales throughout the gravity wave spectrum.
This is different from orographic gravity waves typically having a single prominent
phase speed and frequency. Both high-frequency and low-frequency gravity waves
linked to convection as the source have been observed (for high-frequency [Sato, 1992,
1993; Alexander and Pfister, 1995; Sato et al., 1995; Dewan et al., 1998; McLandress et
al., 2000; Alexander et al., 2000] and for low-frequency [Pfister et al., 1986; Tsuda et
al., 1994a; Karoly et al., 1996, Shimizu and Tsuda, 1997; Wada et al., 1999; Vincent
and Alexander, 2000]). The gravity waves observed in the tropics that is a region far
from orography and baroclinic instability have been classified as convection excited
waves [Pfister et al., 1986; Tsuda et al., 1994a; Karoly et al., 1996; Shimizu and Tsuda,
1997; Wada et al., 1999; Vincent and Alexander, 2000].

In the atmosphere, convection involves the movement of air. In the tropics, as the
Earth is heated by the Sun, hot air thermally rises upward from the surface causing
convection. Because the Earth is tilted and revolves around the Sun and orbit axis,
convection in the atmosphere is a time-varying thermal forcing. Depending on the
generation mechanisms, the convection source is described by pure thermal forcing, an
“obstacle” effect (or called “transient mountain” effect) and a “mechanical oscillator”
effect [Fritts and Alexander, 2003]. Pure thermal convection occurs when heating
causes a system to become unstable and therefore begins to mix by the movement of air.

Studies of these gravity waves observed by Alexander et al. [1995] and Piani et al.
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[2000] suggested that the vertical wavelength approximately equates to the heating
depth. Gravity waves excited by pure thermal forcing have been observed by
McLandress et al. [2000]. These pure thermally forced gravity waves would be
expected to be isotropic, while anisotropies can occur primarily via background wind

filtering effects [Fritts and Alexander, 2003].

The obstacle effect is the interaction of wind with the latent heating cells, which
was described by Clark et al. [1986] for short horizontal wavelength waves in the
troposphere, but the ideas are also applicable to the larger horizontal wavelength waves
in the middle atmosphere generated by deep convection. As analogous to orographic
gravity wave generation, the obstacle effect excited convective gravity waves [Vincent
and Alexander, 2000; Alexander and Vincent, 2000] are anisotropic and propagate
opposite to the mean flow with respect to the obstacle. According to the theory of Clark
et al. [1986], the gravity waves generated by the obstacle effect have much larger

amplitudes compared with the waves generated by pure thermal forcing.

The “mechanical oscillator” effect is a description for the gravity waves excited by
mechanical forcing owing to oscillatory updrafts, which was discussed by Fovell et al.
[1992]. Fovell et al. [1992] found that the waves generated by this mechanism have
periods match the primary periods of the forcing. The studies of Salby and Garcia
[1987] and McLandress et al. [2000] showed that this type of gravity waves has a
frequency equal to the oscillation frequency and sometimes is not distinguishable from
the thermal source when that source periodically oscillates. The gravity waves generated
by this mechanism can be anisotropies with the background wind effects resulting in

similar wave fields to the obstacle effect [Fovell et al., 1992].

In this thesis, the gravity waves generated by the three excitation mechanisms will
be simply sorted into the group of convective gravity waves and in fact in the

atmosphere, these three mechanisms are not distinct.
2.4.3 Gravity Wave Dispersion

As it is discussed in section 2.4.1, the phase speed is a function of wave frequency

and wavenumber or wavelength, i.e. c=w/k=(A w)/27x=A1_/7 . The phase speed

function indicates that for a given wave period, 7, waves with different wavelengths
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travel at different phase speeds and the waves with longer wavelengths are faster than
those with shorter wavelengths in a fluid. This is called wave dispersion, described in
figure 2.8. It is clear that the width of the disturbance at a later time in figure 2.8 is
larger than that at an earlier time, but the amplitude decreases in the direction of
propagation. This reflects the phase speed as a function of frequency and the total
energy of the wave packet stays constant. The phenomenon is expressed by a dispersion
relation. The dispersion relation is the single most important formula to characterize a
wave in that it allows most of the important properties of a wave to be calculated, such
as phase velocity, group velocity and refraction. The dispersion relation for internal
gravity waves in the atmosphere derived by Jones [2005] is generalized to include all
components of baroclinicity, vorticity and rate of strain. Note that wave dispersion
doesn’t affect the total energy of the wave packet, which means the total energy of the

wave packet remains constant during wave dispersion.

Early time

/ u Later time
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P /
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Figure 2.8 A cross-section of a wave packet seen at early and late times [Nappo, 2002].

2.4.4 Gravity Wave Propagation

Wave propagation can be defined in terms of wavelengths, frequencies, amplitudes
and phase velocities, which are introduced in the previous sections. Although imaginary
gravity waves can be produced at any level and propagate in many directions (see figure
2.6), in the real atmosphere the gravity waves generated by different sources often show
different characteristics of propagation. Orographically generated mountain waves
propagate upwind at the speed of the wind with respect to the background, resulting in
standing wave properties, while the trapped lee waves extend downwind from the
generating obstacle, showing ducted wave features. Convectively generated gravity
waves can be isotropic or anisotropic depending on the generation mechanism. Gravity
wave-background interactions, instability processes and wave-wave interactions in the

atmosphere often cause wave refraction, reflection, absorption, ducting, breaking and
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new gravity wave generations. The temporally variable winds alter wave phase speeds.
These dynamics make the observation and understanding of gravity wave propagation
difficult. Observations by, for example, Isler et al. [1997], Walterscheid et al. [1999],
Taylor et al. [1995] and Mitchell and Howells [1998] showed that gravity waves with
short horizontal wavelengths of 20 km or less have a higher probability of being ducted
by the wind and/or thermal structures of the atmosphere. The probability of being

ducted decreases as horizontal wavelengths increase [Swenson et al., 2000].

The Earth’s atmosphere, like any other fluid, is in fact dissipative, and therefore,
the waves in the atmosphere, like all other fluid motions, are subject to this dissipation.
Wave dissipation can be caused by atmospheric molecular viscosity and thermal
conductivity [Gossard and Hooke, 1975]. It can also happen in processes such as wave
breaking and instability, wave-wave and wave-mean flow interactions, and radiative
damping [Fritts and Alexander, 2003]. In the stratosphere and mesosphere, viscosity
and conductivity are generally not important dissipation mechanisms. Normally, wave
damping by dissipative processes becomes an important factor only at some later stage
in the wave propagation where cumulative damping becomes significant in the sense
that the wave amplitude is markedly reduced or even that the wave is no longer
detectable. So dissipation is not a process that is strongly influencing the wave
propagation observation at non-great distances from its source. In many cases,
observations with respect to wavelengths and wave amplitudes can be made without
reference to the effects of dissipation. Giving wave sources and wave dissipation
attention will be important to understand the observed gravity waves and the properties

of wave propagation.

In the ideal case, gravity waves exponentially grow with height. However,
observations show that the growth of gravity wave-caused fluctuation variance with
height is limited by a number of processes in the atmosphere. This constraint in
amplitude is called wave saturation. The wave saturation can be responsible for small-

scale turbulence and diffusion and mixing [Fritts, 1984].

2.4.5 Gravity Wave Observations

Gravity waves in the atmosphere can be observed by in-situ or remote instruments

on a stationary or moving platform. Radar, lidar and radiosondes provide observations
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made at a single station. The observations from these instruments are generally based on
the temporal variations of wave perturbations associated with the time-continuous (e.g.
radar and lidar) or time-discrete (e.g. radiosondes) measurements. However, these
methods fail when waves that are stationary with respect to the ground are considered.
Instrumented aircraft and balloons can resolve the spatial structure of both stationary
and travelling waves, such as mountain waves and lee waves. Whilst the observations
from aircraft and balloons are geographically flexible, a global climatology of gravity
waves is still not possible from these instruments. Recently, satellite remote sensing
technique made continuously global coverage utilizable for providing global gravity

wave observations.

Radar has been used to observe gravity waves throughout the atmosphere by
analysing wind profiles. For example, in the troposphere and lower stratosphere,
observations from radar have been made by Ottersten et al. [1973], Gauge and Balsley
[1978], Tsuda et al. [1994b], Murayama et al. [1994] and Sato [1994]; and in the
mesosphere and lower thermosphere, gravity waves have been observed by Vincent and
Reid [1983], Fritts and Vincent [1987], Tsuda et al. [1990a, 1990b], Manson [1990] and
Fritts and Isler [1994]. Radars normally have high temporal and spatial resolutions. For
example, MST (Mesospheric, Stratospheric and Tropospheric) radars have typical
spatial resolutions of order 30 m in the vertical and temporal resolutions of order 1
minute along the beam to provide continuous observations in the troposphere and lower
stratosphere and above 75 km altitude. Therefore, MST radars can be used to measure
wind variances that contain information about gravity wave periods, momentum fluxes
and the kinematic energy of gravity waves. The basic concepts of radar observations are
given in Chadwick and Gossard [1986]. Although radar can provide continuous
measurements with high resolution, observations are restricted to fixed stations in a

limited number of sites.

Lidar measures properties of backscattered light and is similar in principle to radar
[Schwiesow, 1986]. Lidar has a vertical resolution of ~ 1 km and a temporal resolution
of a few minutes. Gravity waves with vertical wavelengths as short as 1 km at altitudes
in the middle atmosphere can be extracted from lidar temperature profiles [e.g. Collis et
al., 1968; Gardner and Shelton, 1985; Gardner and Voelz, 1987; Blumen and Hart,
1988; Know and Gardner, 1990; Marsh et al., 1991; Mitchell et al., 1991; Wilson et al.,
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1991; Whiteway and Carswell, 1995; Ralph et al., 1997; Newsom et al., 2000]. Similar
to radar, lidar provides time-continuous and fine-resolution measurements of small-
scale waves, but the observations are limited to single stations and are spatially
discontinuous in the horizontal direction. In addition, lidar observations are subject to
meteorological conditions (cloud cover) and some lidars can only operate during the

night.

In 1957, Corby [1957] suggested that observed periodic variations of a few metres
per second of the vertical velocities of ascending radiosondes could be related to gravity
waves. To the present day, observations from balloon soundings (radiosondes) have
been extensively used for gravity wave studies in the troposphere and lower
stratosphere. Assuming the perturbations with height are caused by gravity waves, short
vertical wavelength gravity waves are generally obtained by subtracting a low-order
polynomial fit from the temperature and horizontal wind profiles from the radiosondes.
Observations from Sato et al. [1994], Sato and Dunkerton [1997], Vincent et al. [1997],
Vincent and Alexander [2000], and Zink and Vincent [2001] suggested that gravity
waves in radiosondes measurements are dominated by low intrinsic frequency inertia-

gravity waves.

Aircraft have been used as moving platforms for remote sensors to measure winds
and temperatures. Fluctuations of the measured winds and temperatures have yielded
information of horizontal wavelengths of gravity waves and turbulence associated with
wave dissipation over small horizontal scales in the stratosphere [e.g. Nastrom et al.,
1987; Bacmeister et al., 1996]. The majority of observations have been made over
mountains [Gary, 1989; Bacmeister et al., 1990a, 1990b; Nastrom and Fritts, 1992;
Leutbecher and Volkert, 2000]. Other sources, such as convection and frontal system
generated gravity waves have also been detected by instrumented aircrafts [Fritts and
Nastrom, 1992; Pfister et al., 1993a, 1993b; Alexander and Pfister, 1995; Alexander et
al., 2000]. Although aircraft are moving platforms, the observations are also localized
and too limited in their duration to provide much information about global climatology

of gravity waves.

Temperature and horizontal winds from rocket soundings have also been used to
observe seasonal and latitudinal variations of gravity wave activity in the stratosphere

below ~ 60 km at ~ 1 km resolution [Hirota, 1984; Hirota and Niki, 1985; Hamilton,
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1991; Eckermann et al., 1995; Eckermann, 1995; Holton et al., 2001]. The common
method used in rocket sounding gravity waves is to subtract a background profile from
rocket profiles and assuming the resulted small-scale perturbations are gravity waves.

Observations from rocket soundings are also limited by few launches due to cost.

The above observations are either made at a fixed location or over larger but still
localized area, while satellites, due to their consistent global coverage have made global
climatologies of gravity waves possible. In recent years, the spatial resolution of
satellite instruments has been much improved to facilitate small-scale gravity-wave
observations. However, each instrument as a specific design is sensitive to only some
fraction of the gravity wave spectrum that may present itself in the atmosphere and
misses other portions of the spectrum. Limb-viewing instruments, such as the Limb
Infrared Monitor of the stratosphere (LIMS) [Gille and Russell, 1984a] and the
Microwave Limb Sounding (MLS) [Barath, 1993], have good vertical but poor
horizontal resolutions make them suitable for short vertical wavelengths, while only
longer horizontal wavelengths can be observed by these instruments. In contrast,
profiles from nadir-view instruments, such as the Advanced Microwave Sounding Unit-
A (AMSU-A) [Lambrigtsen, 2003] and the Atmospheric InfraRed Sounder (AIRS)
[Aumann and Pagano, 1994], with finer horizontal but coarser vertical resolutions can

be used to extract shorter horizontal but longer vertical wavelength gravity waves.

Typically, temperature and radiance profiles from satellite instruments are used to
extract information about gravity waves. The analysis method has varied between
different studies, but the most common procedure is to subtract a background state that
contains planetary-scale waves 0 — 6 or 0 - 3 from the data and assuming the
perturbations are due to gravity waves. Fetzer and Gille [1994, 1996] first published
their observations from the infrared limb-viewing temperature profiles of LIMS for 15 —
60 km altitude with a vertical resolution of ~ 1.5 km. In the procedure of the LIMS
observations, the planetary-scale waves with zonal wave number 0-6 were Kalman-
filtered. The observed gravity waves have vertical wavelengths of ~ 6 — 50 km and
horizontal wavelengths longer than ~ 200 km. Gravity wave temperature variances have
been similarly derived by Preusse et al. [2002] for the temperature data from the limb-
viewing CRISTA (Cryogenic Infrared Spectrometers and Telescopes for the
Atmosphere) instrument. Compared with LIMS, CRISTA has finer horizontal resolution
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and slightly better vertical resolution and the measurements can extend from ~ 20 to 80
km. Global maps of gravity waves show similar features to those from LIMS. By
applying the same analysis method, Pressue et al. [2006, 2009] derived gravity wave
maps for the SABER (Sounding of the Atmosphere using Broadband Emission

Rodiometry) instrument over altitudes between 20 and 100 km.

Gravity waves in the UARS (Upper Atmosphere Research Satellite) MLS radiance
have been studied by Wu and Waters [1996a, 1996b, 1997], McLandress et al. [2000],
Jiang and Wu [2001], and Jiang et al. [2002, 2004a, 2004b, 2005]. Due to the deeper
weighting functions associated with microwave profiles compared to infrared profiles,
only gravity waves with vertical wavelengths longer than 12 km were observed by the
UARS MLS instrument. With improved vertical resolution and sensitivity, Aura MLS is
capable of deriving gravity waves with vertical wavelengths larger than 5 km and
horizontal along-track wavelengths of ~ 100 — 200 km [Wu and Eckermann, 2008]. The
Aura MLS gravity wave variances are ~ 5 — 8 times larger than those from UARA MLS.
The global maps from both UARS and Aura MLSs show peaks in variance at middle to
high latitudes in winter, while at subtropical latitudes in summer [McLandress et al.,

2000; Wu and Eckermann, 2008].

Using GPS/MET (Global Positioning System/Meteorology) occultation data
temperature profiles, Tsuda et al. [2000] have derived global maps of gravity waves.
The vertical wavelengths are in the range of ~ 2 to 10 km between 15 and 40 km in
altitude. The horizontal wavelengths are similar to LIMS and CRISTA.

Gravity waves from nadir-viewing instruments have also been observed. For
example, Eckermann and Wu [2006] and Eckermann et al. [2006] detected stratospheric
gravity waves with vertical wavelengths larger than ~ 10 km and horizontal
wavelengths of ~ 150 — 200 km for the radiances from AMSU-A (Advanced microwave
Sounding Unit-A) on both the NOAA meteorological satellites and NASA’s EOS Aqua
satellite. Alexander and Barnet [2007] and Limpasuvan et al. [2007] have used AIRS
(Atmospheric Infrared Sounder) to derive maps of gravity waves of long vertical

wavelengths (> 12 km).
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2.4.6 Climatologies of Gravity Wave Activity

Global climatologies of gravity wave activity are needed by global weather forecast
and climate models. Suitable observations of geographical and temporal variations in
gravity wave activity and its characteristics (amplitudes, wavelengths, etc.) and better
understanding of the global climatology of gravity waves are required to constrain
gravity waves in the parameterization schemes in these global models. Understanding
gravity wave sources is important to describe the temporal and geographical variations
in gravity wave occurrence and the characteristics of specific waves for certain

meteorological conditions.

In the past few decades, gravity waves have been observed at single sites for
seasonal and interannual variation, cross globe over limited periods of time, and over
regions for both temporal and geographical variations. The observations show
substantial variations of gravity waves with time, with height, as well as with geography.
Because each observation technique tends to be sensitive only to some portion of the
whole spectrum of gravity wave characteristics, while being almost totally insensitive to
other portions, it is difficult to infer a climatology of gravity waves. Because models do
not always agree with observations, a climatology of gravity waves based only on

models is also not acceptable.

Based on the existing observations together with gravity wave theories, the global
patterns and seasonal variations are summarized as follows. In the middle atmosphere,
internal gravity waves typically have vertical wavelengths between 5 and 15 km and
horizontal wavelengths of tens to hundreds of kilometres. Unless absorption and
reflection occurs, they can move in many directions and can propagate through the
middle atmosphere without encountering critical levels at which the mean wind speed
equals the wave phase speed. As gravity waves propagate higher into the atmosphere,
the amplitudes tend to grow as the density falls. When gravity waves across the critical

levels, there is an exponential decrease in wave amplitudes and the wave stress is
reduced by a factor of exp(—27z,/R, —0.25), where R, is the Richardson number at the

critical level [Nappo, 2002]. Thus, gravity wave breaking occurs at or near a critical
level and waves are dissipated on passing through a critical level. Figure 2.9 presents a

terrain-generated gravity wave with a horizontal wavelength of about 16 km and a
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vertical wavelength of about 6 km observed at Shanwell, UK. The frequency of internal
gravity waves, @, is always smaller than the buoyancy frequency, N . Indeed, under the

hydrostatic approximation, w << N [Gill, 1982], and thus the period is much greater

than the buoyancy period, 227V "' (approximately 5 min in the middle atmosphere).
Inertia-gravity waves are larger space and time scale waves with horizontal wavelengths
~1000 km and periods of several hours. These gravity waves will be influenced by the
rotation of the Earth, i.e. the Coriolis force should be taken into account in the equations
of motion. The frequency of inertia-gravity waves is greater than the Coriolis parameter.
Because of larger horizontal scale (i.e. smaller horizontal wavenumber) and smaller
frequency compared with the internal gravity waves, the vertical group velocity of
inertia-gravity waves is generally smaller than that of pure internal gravity waves.
Therefore, inertia-gravity waves tend to propagate more horizontally than do pure
internal gravity waves. The vertical wavelengths of inertia-gravity waves are on the

order of 10 km.
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Figure 2.9 Radiosonde ascent profiles at Shanwell, UK, 2318 GMT December 12, 1986:
(a) temperature and potential temperature; (b) wind speed; (c) wind direction; (d) ascent
rate, computed from the geopotential (solid line) and radar data (dashed line) and offset

by -4 m/s [Shutts et al., 1988].
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Observations of gravity waves show clearly seasonal and latitudinal variations in
the stratosphere with maximum amplitude in winter and minimum amplitude in summer.
These seasonal and latitudinal dependences have been observed by using MLS, GPS
CRISTA, radiosonde and rocket sounding data [e.g. Mclandress et al., 2000; Tsuda et
al., 2000; Preusse et al., 2002; Wu and Eckermann, 2008]. Mclandress et al. [2000]
found that the MLS gravity waves in the winter hemisphere have smaller intrinsic phase
speeds (~20 m/s or less), while the subtropical gravity waves in the summer hemisphere
have larger intrinsic phase speeds (~50 m/s or less). This is consistent with orographic
sources being more important at high latitudes and deep convective sources being more
important at low latitudes [Mclandress et al., 2000]. Very low intrinsic frequency
gravity waves at latitudes > 30° are related to the variations in the Coriolis parameter,

, while those very low intrinsic frequency gravity waves at latitudes < 30° have
y q y g y

intermittent sources in time and should be expected to be generated by convection. In
the tropics, long vertical wavelength gravity waves with high intrinsic phase speeds that
are linked to deep convection also exist [Fritts and Alexander, 2003]. Observations
have provided evidence for the seasonal and geographical variations in the important
sources of gravity waves such as orography and convection [e.g. Eckermann and
Preusse, 1999; Mclandress et al., 2000]. Figure 2.10 gives an example of global

climatologies of gravity waves from MLS.

Without significant damping, the horizontal amplitude of gravity waves increases
with altitude because of the decrease of atmospheric density. Gravity waves are the
dominant modes in the middle atmosphere and contribute significant impacts on the
global-scale circulation. However, the existing gravity wave -climatologies that
described monthly mean gravity wave activity are still weak for some significant
sources such as shear and wave-wave interaction generations. Satellite instruments are
in a more advantageous position over ground-based instruments and aircrafts to provide
the kind of geographical and temporal coverage to understand gravity wave variability.
However, the full spectrum of gravity waves in the atmosphere will still benefit from
the continued in-situ observations from aircraft and high resolution ground-based

instruments.

32



Background Theory

(@) JJA 92-96 (stdev) desc/south 38Kkm (b) DJF 92-97 (stdev) asc/north 38km
q 10N T ™ %

i
;

108

ans

() JJA 92-96 (stdev) asc/south 38km

208 T
IR

i!‘.'i |i ]

4068

Figure 2.10 Standard deviations of the MLS limb-scanning temperature variances

[Mclandress et al., 2000].

2.5 Other Relevant Atmospheric Waves

In addition to gravity waves, the atmosphere is also capable of sustaining planetary
(or Rossby) waves, equatorial waves and tides which are noise for the purpose of
observing gravity waves using satellite data. Planetary waves, equatorial waves and
tides show global features of so called planetary-scale waves. It is necessary to

understand, identify and filter these planetary-scale waves for gravity wave observations.
2.5.1 Planetary Waves

The poleward gradient of the planetary vorticity (Coriolis force) is responsible for
Rossby waves, which are often referred to as planetary waves. Planetary waves are
horizontally global-scale stationary or travelling waves with respect to the ground with

wavelengths thousands of kilometres long. Travelling planetary waves are further
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classified as free and forced travelling planetary waves. Planetary waves are a common
feature within the extratropical stratosphere in the winter. Most forced planetary waves
propagate with vertical phase structure in the stratosphere and mesosphere. The most
prominent planetary waves in the middle atmosphere are the westward migrating waves
with respect to the mean wind with zonal wave number 1 to 3 and periods around 2, 5
and 16 days. Figure 2.11 shows a planetary wave observed by the Selective Chopper
Radiometer on the Nimbus 5. The wavelengths of planetary waves as a function of
latitude and mean eastward wind speed are listed in table 2.1. It is notable that planetary
waves are extratropical waves travelling slowly with westward phase velocity as usually
4-6 large-scale meanders of the jet stream. Their westward phase velocity is often in the

opposite direction to the background wind. Their group velocity can be any direction.
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Figure 2.11 A zonal wave number 3 as observed by the Selective Chopper Radiometer
on the Nimbus 5 satellite: bright temperature contours at about 42 km altitude on

January 16, 1973 [Rodgers and Prata, 1981].

A qualitative indication of the variation of horizontal wind amplitude with height
for various types of wave motions is given in figure 2.12. As indicated in figure 2.12,
synoptic-scale planetary waves dominate the troposphere and decay rapidly with height

in the stratosphere. It is believed that the largest-amplitude planetary waves are
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stationary with respect to the ground and unable to penetrate beyond the lower
stratosphere in the summer hemisphere [Charney and Drazin, 1961]. Planetary wave
amplitudes are comparable to the magnitude of the mean zonal wind only in the winter
hemisphere where the mean winds are westerly throughout the middle atmosphere and

show planetary-scale structures.

Table 2.1 Wavelengths of planetary waves [km] as a function of latitude and mean

eastward wind speed [Hilger, 1974. p. 145]

Wind speed (m/s)
4 8 12 16 20
Latitude
30° 2822 3990 4888 5644 6310
45° 3120 4412 5405 6241 6978
60° 3713 5252 6432 7428 8304

100

80

60r

HEIGHT (km)

40t

100

VELOCITY (m s~')

Figure 2.12 Vertical profiles of horizontal wind amplitudes corresponding to various
types of atmospheric motions. Solid line: planetary waves in summer (a) and winter (b);
dashed line: zonal mean; dotted line: synoptic-scale Rossby waves; dotted-dashed line:

gravity waves [Andrews et al., 1987].
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2.5.2 Equatorial Waves

In addition to extratropical Rossby waves, there are other planetary-scale waves at
the equator called equatorial Kelvin waves and Rossby-gravity waves. Equatorial waves
play significant roles in forcing the equatorial QBO and SAO. A Kelvin wave is
generated in order to balance the Earth's Coriolis force against a topographic boundary
such as a coastline. An equatorial Kelvin wave is a special type of Kelvin wave in
which the equator acts analogously to a topographic boundary for both the Northern and
Southern Hemispheres. Unlike Rossby waves, equatorial Kelvin waves are equatorially
trapped within about 15° north and south and always propagate eastward with respect to
the basic flow. Figure 2.13 illustrates the wind fluctuations for the Kelvin wave.
Observed Kelvin waves generally have zonal wave number 1 and 2 with periods in the
range 10-20 days. Kelvin waves are often observed during periods when easterly winds
exist at the base of the equatorial stratosphere. The temperature oscillations associated

with Kelvin waves are presented in figure 2.14.

Equator

Figure 2.13 A schematic illustration of geopotential and horizontal wind fluctuations for

the Kelvin wave [Andrews et al., 1987].

Rossby-gravity waves, sometimes also called equatorial inertio-gravity waves, are
the result of the combination of buoyancy and Coriolis force. They are also equatorially
trapped within about 15° north and south of the equator. Convection is generally
believed to be the source for the Rossby-gravity waves. The wind fluctuations in the xy
plane for Rossby-gravity waves are illustrated in figure 2.15. The observed Rossby-
gravity waves propagate westward with respect to the mean flow, are primarily of wave

number 4, and with periods of 4-5 days.
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Figure 2.14 Time-height sections for the equatorial lower stratosphere, showing
evidence of Kelvin-wave activity in the temperature oscillations at Canton Island (3°S)

[Andrews et al., 1987].
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Figure 2.15 Schematic illustration of geopotential and horizontal wind fluctuations for

the Rossby-gravity wave of westward phase speed [Andrews et al., 1987].

2.5.3 Atmospheric Thermal Tides

Thermal tides are the global-scale atmospheric motions whose periods are
submultiples of the solar or lunar day. The atmospheric temperature variability is

primarily driven by the heating effects of the Sun, therefore the dominant tides are the

solar diurnal tides (thermal tides). Because the kinetic energy given by pw./2 is
conserved, and the atmospheric density p decreases exponentially with height, both

gravity waves and tides have amplitudes, y/,, exponentially growing with altitude. For a
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tidal mode the frequency is given by 27zm/24 hours. The most important tides in the
middle atmosphere are the solar semidiurnal tide with m =2 (@ =2Q) and the solar
diurnal tide with m=1 ( @=Q ). Theory and observation show that the forced
semidiurnal tides have larger vertical wavelengths (larger than 100 km), whilst the
diurnal tides at between 30°N and 30°S can vertically propagate with a vertical
wavelength of 28 km. The absorption of solar ultraviolet radiation by ozone in the
stratosphere is responsible for the semidiurnal tides. Because the ozone absorption is
regular, the structure of semidiurnal tides is fairly uniform. At and above the stratopause,
the diurnal tide can be comparable with the semidiurnal tide. Figure 2.16 shows
amplitude and phase of solar diurnal component of temperature disturbance at various

latitudes for equinox.
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Figure 2.16 (a) Amplitude and (b) phase of solar diurnal component of temperature

perturbation at various latitudes for equinox [Lindzen, 1967].

2.6 Summary

In the atmosphere, gravity waves coexist and interact with planetary-scale and
zonal-mean circulations. Gravity waves and planetary-scale waves such as planetary
waves, equatorial waves, and atmospheric thermal tides can be identified according to

their horizontal and vertical structures and their sources of excitation. Table 2.2
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summarizes the spatial and temporal properties of gravity waves, Rossby waves (or

planetary waves), equatorial waves, and thermal tides in the atmosphere.

Table 2.2 Types of atmospheric waves

Wave

Spatial scale

Period

Gravity waves

Small-scale

A few minutes - a few

hours
Rossby waves Extratropical global-scale >12 hours
Equatorial Kelvin waves | Planetary-scale at equator 10 - 20 days
Rossby-gravity waves Planetary-scale (15°N to 15°S) | Few days

Thermal tides

Global-scale

24/m hours (m=1, 2, ...)
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Chapter 3

HIRDLS and HIRDLS Temperature

3.1 Overview of HIRDLS Instrument

The HIgh Resolution Dynamics Limb Sounder (HIRDLS) is a multichannel
infrared (IR) limb-scanning radiometer flying on the NASA Earth Observing System
(EOS) Aura satellite which was launched on July 15, 2004. HIRDLS is an international
joint US-UK development project between the University of Colorado at Boulder and
the University of Oxford.

The instrument was designed to sound the upper troposphere, stratosphere and
mesosphere to provide measurements of temperature, a number of atmospheric trace
gases such as O3, H,O, CHy, N,O, NO,, HNO3, N,Os, CFC11, CFC12, and CIONO,,
aerosols, and the locations of polar stratospheric clouds and cloud tops. HIRDLS
obtains profiles of radiance at high vertical and horizontal resolution between 8 and 80
km over most of the globe, both day and night, and completes near global coverage in
twelve hours. It has 21 infrared special narrow and more-transparent spectral channels
with spectral range from 6.12 to 17.76 microns. Each channel is used to make retrievals
over the possible altitude range. Gille et al. [2003] have described the HIRDLS
experiment, with a description of HIRDLS in operation provided by Gille et al. [2008].

HIRDLS has the highest vertical resolution (~1 km) compared with previous
infrared limb sounders and the spacing of reported levels is only ~ 0.68 km with a large
degree of oversampling. This together with a fast scan period of ~ 15.5 seconds
compared with the Brunt-Viiséla period (typically 5 minutes in the middle atmosphere)
makes the instrument suitable for observing gravity wave properties in the vertical. A
piece of plastic closeout material, probably Kapton®, came loose during launch,
blocking about 80% of the front aperture and causing a small oscillation in the
radiometric signal by vibrating with movement of the scan mirror. The blockage limits

longitudinal resolution to the orbital spacing of 24.72° but increases the designed along-
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track spacing to ~100 km [Gille et al., 2008]. It also restricts coverage from 65°S to
82°N. The HIRDLS team has developed extra algorithms to correct for the effects of the
obstruction. Validation of the oscillation correction and of the retrieved temperature
profiles shows that HIRDLS can still reproduce the atmospheric horizontal and vertical
structure [Gille et al., 2005, 2008]. Therefore, despite the blockage, the HIRDLS data is
still very useful for atmospheric sounding and has led to a more favourable and regular

IR array for gravity wave research.

The main scientific goals of HIRDLS are of monitoring of upper tropospheric,
stratospheric and mesospheric temperature and important atmospheric trace gases. The
measurements provided by HIRDLS can improve our knowledge of the lower and
middle atmosphere for better understanding of a variety of global environmental issues
related to the chemistry and dynamics of the atmosphere. The issues to be investigated

by HIRDLS include [Lambert et al., 1999]:

a. Fluxes of mass and chemical constituents determined down to small scales,
including retrieved gases such as O3, H;O, NO,, HNO;, CFC11, CFC12, N,Os,
N0, CIONO; and CH4 and aerosols between the troposphere and stratosphere to
understand their effects on the dynamics and composition of the atmosphere,
particularly the stratosphere-troposphere exchange (STE) of the chemical

species.

b. Chemical processes, transport and small-scale irreversible mixing in the upper
troposphere, stratosphere and mesosphere, particularly for the chemical and

dynamical processes responsible for the Antarctic/Arctic ozone holes.

c. Balance of momentum, energy, heat, and potential vorticity in the middle
atmosphere, down to smaller horizontal and vertical scales, for understanding

large-scale characteristics of the atmospheric chemistry and dynamics.

d. Seasonal, interannual and long-term climatologies of upper tropospheric,
stratospheric and mesospheric quantities, in particular, the profiles of
temperature, trace gases, gravity waves and cloud top heights, by combining the
measurements from other EOS instruments with pre-EOS and future EOS

observations.
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e. Global distributions and interannual variations of aerosols, cirrus clouds and
PSCs for understanding the depletion of ozone in the lower stratosphere and
impact of cirrus clouds in the upper troposphere on the radiative heating and

cooling of the atmosphere.

f. Studies of tropospheric chemistry through temperature and joint constituent

retrievals with other EOS instruments.

g. Diagnostic studies of atmospheric dynamics, chemistry and transport processes,

for model improvement and validation.

3.2 The Platform of the HIRDLS Instrument: Aura

Aura is a sun-synchronous, near polar-orbitting satellite launched on July 15, 2004
at 11:02 AM BST from Vandenberg AFB, California, with six years design life time. It
flies at 705 km altitude with the ascending node crossing the equator at approximately
1:45 PM and an orbit period of approximately 100 minutes. Aura repeats its ground
track every 16 days to provide atmospheric measurements over the world. The satellite
is a part of the NASA EOS, a program dedicated to monitoring the complex interactions

that affect the globe through a coordinated series of satellites.

As the platform for four scientific instruments, the Aura spacecraft provides the
essential services for operating HIRDLS, MLS (Microwave Limb Sounder), OMI
(Ozone Monitoring Instrument), and TES (Tropospheric Emission Spectrometer) with
the aim of studying the composition, chemistry and dynamics of the Earth's atmosphere
from the ground through to the mesosphere. Particular foci include ozone, climate and

air quality.

Aura 1s a member of a constellation of satellites, the so called the ‘A-Train’ that
currently consists of five satellites flying in close proximity: Aqua, CloudSat,
CALIPSO, PARASOL and Aura, as shown in figure 3.1. All five satellites cross the
equator behind Aqua within a few minutes of one another near 1:30 pm local time and

again in the early morning at about 1:30 am.
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Figure 3.1 Aura in the ‘A-Train’.

3.3 Design of the HIRDLS Instrument
3.3.1 Heritage

The Limb Radiance Inversion Radiometer (LRIR) mounted on Nimbus 6 was the
first successful flight of an infrared limb viewing radiometer. It was launched in June,
1975 to determine temperature, Oz and H,O in the stratosphere and lower mesosphere.
Gille et al. [1980a, 1980b] briefly discussed its measurements of temperature and ozone.
The Limb Infrared Monitor of the Stratosphere (LIMS) is a similar but expanded
instrument flown on Nimbus 7 launched in October, 1978 in order to measure Os;, H,O,
NO; and HNOs [Gille and Russell, 1984a, 1984b]. The Stratosphere and Mesosphere
Sounder (SAMS) was another limb sounder on Nimbus 7 to measure temperature,
methane and nitrous oxide [Drummond et al., 1980]. Later on the Upper Atmosphere
Research Satellite (UARS) launched in 1991, with two infrared viewers, the Improved
Stratosphere and Mesosphere Sounder (ISAMS) [Taylor et al., 1993] and the Cryogenic
Limb Array Etalon Spectrometer (CLAES) [Roche et al., 1993] provide measurements
of temperature and the distributions of Oz, H,O, CH4, N;O, HNO3, NO,, CFC11 and
CFC12, CO and N,Os, and the distributions and composition of aerosols and PSCs.

Measurements provided by these limb radiometers have greatly improved our
knowledge of stratospheric and mesospheric dynamics and chemistry and the

experience gained from these precursors was valuable for the design of HIRDLS.
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3.3.2 HIRDLS Subsystem

HIRDLS consists of nine integrated subsystems that are the telescope subsystem

(TSS), the detector subsystem (DSS), the in-flight calibration subsystem (IFC), the sun-

shield subsystem (SSH), the cooler subsystem (CSS), the instrument processing

subsystem (IPS), the structural thermal subsystem (STH), the power subsystem (PSS)

and the gyro subsystem (GSS). These subsystems are summarized in table 3.1 and a

schematic diagram of the subsystems is shown in figure 3.2. The TSS provides light to

optical system which is spectrally filtered before falling on cold detector array. A

blackbody and view of cold space provides essential calibration.
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Supply
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Bench Vibration (| 4 Signal
Assembly Isolators Processor
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T (IPS)
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Control
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Electronics
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Figure 3.2 Schematic diagram of nine subsystems integrated together in HIRDLS (from

http://www.atm.ox.ac.uk/hirdls/instrument/components.shtml).

44



HIRDLS and HIRDLS Temperature

Table 3.1 A summary of HIRDLS subsystems

TSS | Telescope Subsystem | Instrument telescope and related electronic units

Multi-channel infrared radiometric detector array and
DSS | Detector Subsystem
dewar assembly

In-Flight Calibration | Optical items and electronics to enable radiometric

IFC
Subsystem calibration during flight operations

— Sun-Shield Moveable door excludes solar flux from the interior of
Subsystem the instrument

Provides active cryo-cooling for the instrument
CSS | Cooler Subsystem
detector array

Instrument Processing | Signal and data processing to support mission science

7S Subsystem operations and housekeeping functions
Structural Thermal Primary structural support and environmental

STH Subsystem enclosure for electronic units and telescope

PSS | Power Subsystem Provides basic power conversion and switching

GSS | Gyro Subsystem Provides precision base motion disturbance data

(http://www.eos.ucar.edu/hirdls/)

3.3.3 Optical System

The optical system shown in figure 3.3 is the main part of the instrument. Limb
radiation enters the instrument aperture and then is reflected by the flat scan mirror and
collected by the primary mirror. A rotating chopper located at the first focal plane chops
the incoming radiation and reflects the light via a relay mirror to the detectors. The
image of the atmosphere is produced by the TSS, which consists of a two-axis scan
mirror, an off-axis, 3-mirror Gregorian reflecting telescope and two Ge lenses to relay
onto the detector focal plane on which 21 detectors are placed. The corresponding field
of view of each detector is 0.19° (~10 km) horizontal by 0.019° (~1 km) vertical. The
detector focal plane is maintained by coolers at ~62 K. In-flight radiance calibration is
performed by moving the scan mirror to view cold space and an internal blackbody with
an accurately known temperature, although the blackbody was not useable in-flight

because of the Kapton problem.

45



HIRDLS and HIRDLS Temperature

16661 ‘10-¥IH-T4.Ly] waisks [eondo STAYUIH €€ 931

apeUsSUNS

pax4
sinpady \ 100
I
4000 /N Ioeiqe
U_m_cmr_:w/ \ /......, ﬁr - ] D_ U
£ ~ ff....M -~
N N ™ i
\ N S pog »aelg
NN 101e1qIeD
N ~a. Wbl
ainpady ™ iy v
oo 00 10H, \
plelusUng o /0 .
Wa1sASgNS (Bw
{aad) -8 | BIN1ONAS
slieg JoLIN
Falisl=HNNg B
A4
= Alquiessy
2114 pieo UM [E3IUBYISY
550 ﬁ q\ é%;o /
E%&__WE / - La1sAsgng
o# S i uolepEY adoosala]
sUs7 89 1oddouo L# doig
| 8lyeq pReI4-40n0 JOLIN
dors —f ANepuoiss BIOILS
sinpady 2 opsr
walsis dﬂl_ur \HM; s\\ hedl
PIRdN \C 274 do1s peld
- _4/ mals, aords
/o do1s 1047 N _
SlUa 89 AgLsssy Flelpa LI |
Aawessy 1739 HIEM N— |
- Qovw o 1014 Aejay doig aunedy " _
T# oIS PIslS malp aoedsg maly soedsg _ /
Hod
ML
aoeds

46



HIRDLS and HIRDLS Temperature

3.3.4 Spectral Band-Pass Filters

HIRDLS uses spectral band-pass filters to select specified wavelengths for its
targets [Hawkins et al., 1994; Hunneman et al., 1994; Lambert et al., 1999]. There are
21 individual interference filters placed at an intermediate focal plane corresponding to
21 spectral channels. They operate at ambient temperature and are called warm filters
(figure 3.3). Close to the detectors, there are 21 cold filters (figure 3.3) on the cold focal

plane with approximately twice the spectral band-pass of the warm filters.

3.3.5 Spectral Channels Characteristics

HIRDLS comprises 21 spectral channels ranging from 6.12 to 17.76 um which
separate the spectrum on 21 HgCdTe photoconductive detectors at the detector focal
plane (shown in figure 3.4). The physical size of detector elements is 82 um % 820 pm
determining the instrument angular field of view (FOV) of 0.332 mrad x 3.32 mrad. The
detectors are maintained by a Stirling Cycle cryocooler (CSS) at ~62 K. The spectral
characteristics and applications of the 21 spectral channels are summarized in table 3.2.
The altitude range in the table is limited by the ratio of signal to noise (S/N) and the
atmospheric optical saturation of channels at low altitudes. Each channel was targeted at

measuring particular species. Major contaminants are given in the table.

3.3.6 FOV and IFOV Characteristics

The field of view (FOV) is the angular extent of data acquisition across-track and
determines the swath width. The instantaneous field of view (IFOV) is the angle view
subtended by a single detector element on the axis of the optical system. The I[FOV
determines the area of the atmosphere seen from an operating altitude at one particular
moment in time and thus the spatial resolution of the sensor, but it is independent of
sensor operating altitude. As mentioned in the previous section, the physical size of
detector elements determines an angular field of view of 0.332 mrad % 3.32 mrad
resulting in the vertical IFOV of 1 km and the horizontal IFOV of 10 km. The
composite FOV of the whole HIRDLS detector array is 55 km X 55 km as shown in
figure 3.4. HIRDLS FOV, IFOV and the FOV-determined swath width are given in
table 3.3.
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Figure 3.4 HIRDLS detectors at the detector focal plane [ATBD-HIR-01, 1999].
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Table 3.2 Characteristics of HIRDLS spectral channels

) Radiometric
Spectral range 50% response ) ) Sounding )
Channel . o Species Contaminants noise
[um] [em']® Range [km] . e 1
[107"Wm™Sr]
563.50 +2.0 - 587.25 + N,O,
1 17.01-17.76 N,O H,0 CO, 8-70 12.0
1.0 aerosol
600.50 + 2.0
2 16.26-16.67 CO, CO, O3 N,O Aero 8-40 6.3
-61475+1.0
610.00 + 3.0
3 15.63-15.97 CO, CO, O5 Aero 8-60 59
-639.50+2.0
626.00 + 3.0
4 15.15-15.97 CO, CO, O; Aero 15 - 60 6.0
-660.00+3.0
655.00 + 3.0
5 14.71-15.27 CO, CO, 05 Aero 30-105 43
- 680.00 2.0
821.50+23
6 11.96-12.18 aerosol CO, O; H,O 8-55 1.9
-835.00+24
835.00+£2.4 CFCl,
7 11.72-11.98 HNO; CO, O; Aero 8-50 2.0
-852.00+2.4 (CECI11)
861.50+2.5 CFCy, CFCy, H,O
8 11.05-11.63 HNO; 8-70 4.2
-903.50+2.5 Aero
916.00 + 2.6 CF,Cl, HNO; CO, H,0
9 10.72-10.93 8-50 2.0
-931.50+2.6 (CFC12) Aero
991.00 +2.8
10 9.90-10.10 0O; CO, Aero 8-55 1.5
-1009.00 +2.8
1011.00 +2.9
11 9.54-9.89 0O; CO, Aero 30-85 2.4
-1046.50 +2.9
1120.00 + 3.2 N,O CFC12 H,0
12 8.77-8.93 05 8-55 0.96
-1138.50+3.2 Aero
1202.00 + 3.4 CH, CO, N,O
13 8.20-8.33 aerosol 8-55 1.1
S1259.75 3.4 HNO; O;
1229.50 +£2.0 CH,4 N,0 H,0 CO,
14 7.94-8.14 N,Os 8-60 1.1
-1259.75+1.0 Aero
125625+ 1.0 CH, HNO; CIONO,
15 7.80-7.96 N,O 8-70 1.1
-1281.75+1.0 H,O CO, CF, Aero
127825+ 1.0 CH4 N,0O HNO;
16 7.70-7.82 CIONO, 8-70 1.1
-1298.75+1.0 CF4 H,0 Aero
132550 +3.8 H,0 HNO; N,O
17 7.30-7.55 CH4 8-80 1.2
-1367.50 +3.8 CO, Aero
1387.00 + 4.0 CH,4 O0; O, CO,
18 6.97-7.22 H,O 8-40 1.2
-1435.00 +4.0 Aero
1402.25+ 1.0
19 7.06-7.13 aerosol H,O 8-55 1.3
-1415.75+1.0
1422.00 + 4.1
20 6.49-7.03 H,O CH4 03 Aero 15-85 1.6
-1542.00+4.3
1585.50 + 4.5
21 6.12-6.32 NO2 H,0 CH,4 O, Aero 8-70 1.1
-1630.50 + 4.6

(1): 50% response wavelengths in microns:

http://www.atm.ox.ac.uk/hirdls/inst/spectral channels.htm

(2): [Lambert et al., 1999].
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Table 3.3 HIRDLS Parameters as-designed

Item Parameter

Spectral Range: 21 channels covering from 6 to 18 um

Standard profile 5° longitude x 5° latitude and 1 km vertical resolution;
spacing: programmable to other modes and resolutions

Spatial resolution:

Profile spacing 500 km horizontally (5° lat x 5° long) x 1 km
vertically; averaging volume for each data sample 1 km

vertical x 10 km across x 300 km along line-of-sight

Data rate:

65 kbps

Thermal control:

Stirling cycle cooler, heaters, sun baffle, radiator panel

Thermal operating

20-30C
range:
Elevation, 22.1° to 27.3° below horizontal, Azimuth, -21° (sun
Scan range:
side) to +43° (anti-sun side)
Detector [IFOV: 1 km vertical x 10 km horizontal
Swath width 500 - 3000 km (6 positions)
Control & Such that scan range will allow all channels to observe from
Knowledge: 0.25° below the hard horizon to 3.25° above it
Stability: 30 arcsec/sec per axis
Jitter: 84-Hz sample spacing uniform to +7 arcsec
Coverage Global coverage

3.4 Present Status of HIRDLS

As mentioned in the introductory section (section 3.1), a piece of plastic film,

probably Kapton® that was installed to maintain the cleanliness of the optics, is

believed to have come loose during launch, blocking a large part of the front aperture as

shown in figure 3.5.
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Figure 3.5 Top: HIRDLS internal view [Lambert et al., 1999] and bottom: schematic
diagram of the blockage of aperture (reproduced based on figure 2 in Gille et al. [2008]).

The blockage was confirmed to be emitting a large, nearly uniform radiance and
covering about 80% of the whole aperture, leaving a small visible region at 47° from the
orbital plane on the side away from the Sun, looking backward. HIRDLS was originally
designed to view the atmosphere at several azimuthal angles, providing orbit-to-orbit
coverage with a spacing of about 400-500 km in latitude and longitude as given in table
3.3. Due to the blockage, it is operated only at a single azimuth angle of 47° LOS from
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the orbital plane (see figure 3.6). As a result, the longitudinal resolution is limited to the
orbital spacing of 24.72° but the designed along-track spacing is increased to ~100 km.
The improved along-track spacing actually facilitated gravity wave studies. The global
coverage is consequently also restricted to a range from 65°S to 82°N (see figure 3.7).
The HIRDLS team has developed extra algorithms to correct for the effects of the
obstruction. The current HIRDLS parameters that changed due to the blockage are
summarized in table 3.4. The differences between the current and designed HIRDLS
can be found by comparing with the parameters in table 3.3. Validation of the
oscillation correction and of the retrieved temperature profiles shows that HIRDLS can

still reproduce the atmospheric horizontal and vertical structure [Gille et al., 2008].

The satellite flying direction

NN
A\

4

Figure 3.6 The azimuth angle of 47° (6) line-of-sight.

T [K] for 0.51WPa 05/05,/2006

208 219 3 242 254 265 237

Figure 3.7 HIRDLS orbit coverage.
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Table 3.4 Current HIRDLS Parameters (compared with table 3.3)

ltem Parameter
Soatial Profile spacing 24.72° orbital X ~ 100 km along-track x 1 km
patia
_ vertically; averaging volume for each data sample 1 km vertical x 10
resolution:

km across x ~ 200 km along LOS

Scan range: | Azimuth -47° (anti-sun side)

Swath width | 1 position
Coverage 65°S — 82°N

The plastic film that is blocking the aperture vibrates with movement of the scan
mirror resulting in a small oscillation in the radiometric signal. The oscillation is
removed from the radiometric signals in the L1C process (see the HIRDLS processing
flow in section 3.7). Details of the removal of the oscillation in the HIRDLS radiometric

signal are discussed in Gille et al. [2008].
3.5 Revised Operational Scan Patterns

The blockage of the aperture required a revision to the designed scan patterns. A
few revised science scan modes have been performed in order to obtain the clearest

atmospheric view with the obscured aperture [ V004 data quality document, 2008].

Scan table 30 was used for the period 21 January 2005 — 28 April 2005. This mode
made vertical scans at a fast vertical speed with a smaller LOS azimuth angle of -44.8°.
The higher scan speed results in large amplitude spurious oscillation making the data of
poorer quality in this period compared with later data obtained from the other scan

tables.

Scan table 13 for the period 28 April 2005 - 24 April 2006 made upper and lower
limits of scans vary around the orbit, following the Earth’s oblateness. This caused

different types of oscillations in the signals.

Scan table 22 for the period 25 April 2006 — 3 May 2006 is similar to scan table 23,

but with a lower spaceward limit of the scans.
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Scan table 23 is the scan mode used since 4 May 2006. This scan makes 27 pairs of
vertical up and down scans (each scan takes ~15.5 seconds) at a single LOS azimuth
angle of 47°. There is a 1-2 second space view before the next 27 scan pairs to complete
instrument calibration. The spaceward and earthward limits of the scans are at fixed

elevation angles.
3.6 Limb Viewing

HIRDLS is an infrared limb view sounder. The geometry of limb viewing is shown
in figure 3.8 in which radiation leaving the atmosphere nearly tangentially is observed.
Details for limb sounding were described by Houghton et al. [1984] and Rodgers [2000].
Lambert et al. [1999] described the limb view geometry for HIRDLS. Compared with
nadir sounding, limb sounding is an improved technique for obtaining high vertical
resolution of atmosphere profiles, e.g. HIRDLS provides measurement with a vertical
resolution of 1 km. The altitude to be observed depends on the direction of view (also
called the line-of-sight) of the instrument. For the infrared limb views, the emission
from a gas along the line-of-sight (LOS) is proportional to the emissivity of the gas and
to the Planck function at some representative temperature. Note that, each signal
depends on non-linear radiance emissions from all altitudes between the tangent height
and the instrument. The thermal emission enables HIRDLS to sound the atmosphere
both day and night. The upper altitude limit of vertical coverage is determined by the
low value of the signal-to-noise, while the lower altitude limit is determined by limb
opacity, including the presence of thick aerosol or clouds. The different signal-to-noise
level and limb opacity with each channel makes the upper and lower altitude limits

different for the 21 HIRDLS spectral channels (see table 3.2 and figure 3.4).

- Bx

— TS
- i sy
= Tancent h| —= SATELLITE

Figure 3.8 Geometry of limb view where /4 is the tangent height and Jx is the projected
thickness of an arbitrary layer at height z [Houghton et al., 1984].
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The geometry of limb view and a 2D vertical cross-section along the LOS are
shown in figure 3.9. Note that, as the limb-sounder scans up or down, geometrical
tangent points do not lie on one vertical profile through the Earth’s centre. A reference
tangent ray is used to define the nominal vertical profile location, v, along the LOS and
its location (latitude and longitude) on the Earth. This reference location is used as the

atmospheric profile position in the retrieval.
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Tangent Points L
——— I
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Figure 3.9 Geometry of limb view: vertical cross-section along the LOS [Lambert et al.,

1999].
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3.7 HIRDLS Data Products

HIRDLS data products consist of level 0, level 1 and level 2 products. The flow of
data in HIRDLS processing is shown in figure 3.10.

L1X

L1PP Calibration,
Lo (Data Conditioning) Boresight Pointing

L1c L2PP

Oscillation Removal Channel Pointing
“Kapton” Correction ‘:> HIRDLS1C I:> Filtering
Open Area Correction Convert to Altitude Scale

Radiance Adjustment

L2CLD L2

Cloud Top Location Retrieval of
|:> Cloud Type I:> Atmospheric HIRDLS2
Identification Products

Figure 3.10 HIRDLS processing flow [V004 Data Quality Document, 2008].

3.7.1 LO-1Process (L1PP, L1X, L1C)

L0 data contains the raw data counts of the science measurements as the main input
to the LO-1 processor system for calibration and correction states. L1PP processing
corrects an occasional problem with the time in LO data (raw data counts). The modified
calibration and geolocation are carried out in L1X. The effect of the blockage is
removed by applying three main correction algorithms in L1C [Gille et al., 2008]. L1
provides a time series of calibrated radiances as well as housekeeping data necessary to

the further data processing.

3.7.2 L2 Pre-Processor (L2PP)

The L2PP process prepares data for the needs of retrievals in the L2 process. It
takes the L1 products as input and separates the products into individual geolocated
vertical scans, determines the vertical registration in altitude and performs field-of-view

deconvolution and low-pass filtering.

56



HIRDLS and HIRDLS Temperature

3.7.3 L2 Cloud Detection (L2CLD)

The L2CLD process detects clouds by detecting radiance perturbations from the

average clear sky case. Cloud tops are located and identified.
3.7.4 L1-2 Processor (L2)

The L1-L2 processor takes the conditioned radiance data from the L2CLD for the
use in the retrieval algorithms to obtain L2 products. The retrieval is performed through
a series of iterations. The L1-2 processor is described in Lambert et al. [1999]. From
December 4-18", some data products were corrupted because of problems with the data
system. As a result, the input data were reconstructed and reprocessed. At this time, data
are available from 22" January 2005 until 1% January 2008. Within the period,

spacecraft maneuvers occasionally cause some days to be missing.
3.8 HIRDLS Temperature

At this time, the publicly available versions of level 2 temperature data includes
HIRDLS V003 and HIRDLS V004, based on the HIRDLS v2.04.09 and v2.04.19
algorithms, respective. The validation of the HIRDLS V003 showed good quality
temperature data within the altitude range 10 — 50 km with ~ 0.5 — 0.7 K precision and 1
— 2 K accuracy [Gille et al., 2008]. The V004 data quality document [2008] suggested
that the useful temperature measurements are within the pressure range from 400 to 1
hPa. The following description of the HIRDLS temperature data is mainly based on the
information provided in Gille et al. [2008] which is applicable for both v003 and v004.

3.8.1 Temperature Retrieval

HIRDLS temperature in level 2 is retrieved from 4 CO, channels (channel 2-5)
with spectral range from 15.27 to 16.26 um. The positions of 4 temperature channels
(channels 2-5) along with limb radiances from the principal emitters are shown in figure
3.11. These four channels measure CO, emission from lower altitude tangent points
(channel 2), mid-altitude tangent points (channel 3 and 4) and high altitude tangent

points (channel 5). The main contaminants for the temperature channels are N,O and Os.
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Figure 3.11 Limb radiance spectra for HIRDLS channel 1-5 calculated for a tangent
height of 25 km, 21* March, 40°N. The spectral resolution is 0.5 cm’ [Lambert et al.,
1999].

The temperature retrieval algorithm of the HIRDLS instrument has been described
by Lambert et al. [1999]. The approach is a maximum a posteriori retrieval [Rodgers,
2000] of the radiances from channels 2 — 5, following the retrieval theories described by
Gille and House [1971]. The aim of the physical retrieval algorithm is to obtain
atmospheric temperature profiles for which the radiative transfer model (forward model)
predicts synthesized radiances that are consistent with the measured radiances and the a
priori information. The forward model allows for the temperature variations along the
LOS [Francis et al., 2006]. In the model, the transmittance estimates from Curtis-
Godson and Emissivity-Growth Approximation with a statistical regression are
physically based [Francis et al., 2006]. The radiances calculated from the forward
model are compared against a reference model with high accuracy. The comparison
gives errors considerably better than 0.5% and often less than 0.2% for the temperature

channels 2-5 up to 100 km.
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In the retrieval algorithm, an inverse model is used to invert the radiances as
measured by the satellite instrument to obtain the temperatures. Using the inverse model,
the temperature retrieval starts with an initial guess that is provided by the GEOS-5
assimilated meteorological data. The temperature gradients along the LOS are also from
the GEOS-5 assimilated data. The CIRA86 climatology [Fleming et al., 1990] is used
for the a priori temperature to provide stabilization against the possible gross
amplification of noise associated with direct inversion of the measurements. The
retrieval quality is controlled by examining the consistency of the retrieval and the
measurements and the a priori data. For the retrieval of altitude temperature profiles
from a satellite remote sensor, an averaging kernel is customarily used to describe the
performance limit. The averaging kernel is obtained by multiplying weighting functions
by the contribution function matrix. It is desirable to use the contribution function
matrix that produces a narrow averaging kernel. The averaging kernels for HIRDLS
temperature are shown in figure 3.12 with sharply peaked shape and 1.2 km width. The
sum of averaging kernels (dashed line in figure 3.12) is close to 1, which indicates
retrieval closely follows radiances and thus the retrieval algorithm is very insensitive to
the a priori. The useful retrieved temperatures cover the range from 10 to 50 km for the
v2.04.09 [Gille et al., 2008] and from 400 to 1 hPa for the v2.04.19 [V004 data quality
document, 2008].
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Figure 3.12 Averaging kernels for temperature for midlatitude equinox conditions.
Every third averaging kernel is shown. Dashed line is sum of averaging kernels [Gille et

al., 2008].
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3.8.2 Random Error

The random error of HIRDLS temperature was estimated in the course of the
retrieval, based on the measurement noise, the uncertainty of the climatological a priori
information, forward model error and the weighting functions [Rodgers, 2000; Lambert
et al., 1999]. Figure 3.13 shows the contributions from these factors to the total random
error represented by the solid line. The figure shows the predicted random error is 0.8 K
or less over the range from 16 to 50 km. The random error (precision) for v2.04.09 was
also estimated by comparing with soundings and GMAO profiles. The random errors
estimated by this method range from ~0.5 K at 20 km to ~ 1.0 K at 60 km close to those
predicted [Gille et al., 2008]. For v2.04.09 data, both the predicted and observed
precision shows good data quality for most of the stratosphere and progressively less
good data quality for the lower stratosphere, lower mesosphere and the troposphere. The
observational studies concluded that the noise on the HIRDLS temperatures is much
less than the atmospheric variation, and thus the instrument is able to track the
meteorological variation and is sensitive to temperature variations with vertical

wavelengths as small as 2 km [Gille et al., 2008; V004 data quality document, 2008].
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Figure 3.13 Random error contributions for the HIRDLS temperature retrieval. Solid
line is the total error. The dotted, dashed, and dot-dashed lines represent the

measurement noise, forward model and a priori error contributions [Gille et al., 2008].
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3.8.3 Systematic Bias

The systematic bias is checked through comparisons with temperature profiles
from high-resolution radiosondes, lidars, ACE-FTS and the ECMWF analyses. The
results indicated that HIRDLS is warmer than other sources by 1.5 — 2 K over the range
from 100 to 10 hPa, consistently falling relative to the comparison data above 10 hPa,
generally becoming equal to the comparison ~ 5 hPa, 2 K below around 2 hPa, and from
2 to 5 K low at 1 hPa. The systematic biases in the HIRDLS temperature are possibly
caused by the effects of the blockage on the radiance, the a priori and the forward
model. Details about the evaluation and the qualities of the temperature data, as well as
the ability to resolve small vertical scales are described by Gille et al. [2008]. The
systematic bias is removable and thus will not affect the gravity wave observations.

Detailed discussion will be given in chapter 4.
3.8.4 Effects from Clouds

As discussed in the HIRDLS processing flow diagram, the HIRDLS temperatures
are retrieved with the consideration of the located and identified cloud tops. In the data
version v2.04.19, the cloud detection algorithm is much improved over that used in the
previous version v2.04.09. As a result, the v2.04.19 temperature data are more reliable
at lower levels than the v2.04.19 data. However, although it is rare, undetected clouds
may still be present in the latest data version. Details of the cloud determination of
cloud top pressures and cloud flags are discussed in Massie et al. [2007]. The cloud-free
percent frequency for 2007 is presented in figure 3.14 in which the latitudinal variation
is clearly influenced by the location of the tropopause. The figure shows that the cloud-
free frequency is low at higher pressures. However, because HIRDLS provides a large
number of profiles (~ 5500 profiles per day), the number of cloud-free profiles is still

large at high pressures.
3.9 Summary

The HIRDLS instrument is a multichannel infrared (IR) limb-scanning radiometer
with 21 specific IR spectral channels covering the spectral range from 6.12 to 17.76
microns. The instrument was designed to sound the upper troposphere, stratosphere and

mesosphere to provide measurements of temperature, several atmospheric trace gases,

61



HIRDLS and HIRDLS Temperature

aerosols, the locations of polar stratospheric clouds and cirrus clouds, and cloud tops at

high vertical and horizontal resolution.

HIRDLS 2007

Cloud Free Frequency
HE 4 O

10 20 30 40 S0 g0 70 &0 90
Figure 3.14. Cloud-free percent frequency in 2007. All pressures below the cloud top

pressure of a single radiance profile are considered to be influenced by clouds [V004

data quality document, 2008].

A piece of plastic closeout material, probably Kapton®, came loose during launch,
blocking about 80% of the front aperture and causing a small oscillation in the
radiometric signal by vibrating with movement of the scan mirror. Due to the problem
of the blockage, the HIRDLS operational scan patterns have been revised for better data
quality. The blockage limits longitudinal resolution to the orbital spacing of 24.72° and
restricts coverage from 65°S to 82°N. However, the designed along-track spacing is
improved to ~100 km as a consequence of the blockage. The revised mode makes the
limb-sounder scanning the atmosphere at single LOS azimuth angle of 47°. The altitude
range is from 8 to 80 km with vertical resolution of ~ 1 km. The effects of the
obstruction have been corrected by the HIRDLS team by developing extra algorithms.
Validation results indicated that HIRDLS can still reproduce the atmospheric horizontal

and vertical structure [Gille et al., 2005, 2008].
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HIRDLS has the highest vertical resolution (~1 km) compared with previous
infrared limb sounders, and the spacing of reported levels is only ~ 0.68 km with a large
degree of oversampling. This together with a fast scan period of ~ 15.5 seconds
compared with the Brunt-Véisild period (typically 5 minutes in the middle atmosphere)

makes the instrument suitable for observing gravity wave properties in the vertical.

The data used for gravity wave observations in this thesis are HIRDLS level 2 data
(v2.04.09 and v2.04.19) which are retrieved from four CO, channels (2, 3, 4, and 5)
ranging from 15.27 to 16.26 um. Extra algorithms have been developed and changes
have been made for the temperature retrieval algorithm to correct for the effects of the

obstruction of the optical aperture [Gille et al., 2008].

The random error of the temperature has been estimated at between ~ 0.5 K at 20
km and ~ 1 K at 60 km. The total random error indicates good data quality for most of
the stratosphere and progressively less good data quality for the lower stratosphere,
lower mesosphere and the troposphere. The comparisons with temperature profiles from
high-resolution radiosondes, lidars, ACE-FTS and ECMWF analyses show similar
systematic biases, i.e. warmer bias at pressure levels between 100 hPa and 5 hPa and
colder bias at pressure levels between 5 hPa and 1 hPa. Details about the evaluation and
the qualities of the temperature data, as well as the ability to resolve small vertical
scales are described by Gille et al. (2008). In order to avoid cloud-contamination and to
only use the data with high precision, data contaminated with clouds were discarded in
the data selection process. The systematic bias is removable and thus will not affect the

gravity wave observations.
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Chapter 4

Gravity Wave Observations:

Methodology and Results

Gravity waves can only be observed indirectly by observing their effects on the
atmosphere. Waves are perceived through analyzing these observed effects. The
analysis is based on the wave behavior. The indirect observations that can be used for
gravity wave analysis include wind speed and direction, temperature, density, pressure
and trace gas concentrations. These observations are determined by the characteristics
of the instrument and its platform. A variety of space-based instruments are able to
observe different portions of the gravity-wave spectrum. A limb-viewing instrument can
be used to estimate the vertical structure of a wave field, but the horizontal
characteristics cannot be determined directly by these instruments. In contrast, a nadir-
viewing instrument can be used to observe the horizontal structure of a wave field, but
the vertical structure of the wave can be estimated only by indirect means. Nadir
instruments such as the AIRS (Atmospheric Infrared Sounder) instrument, for example,
provide relatively fine horizontal resolution but can only detect waves with vertical
wavelengths longer than 12 km [Alexander and Barnet, 2007; Limpasuvan et al., 2007].
In contrast, limb sounding instruments such as a GPS (Global Positioning System)
satellite [e.g. Tsuda et al., 2000], CRISTA (Cryogenic Infrared Spectrometers and
Telescopes for the Atmosphere, [e.g. Preusse et al, 2002]) and HIRDLS (High
Resolution Dynamics Limb Sounder, [e.g. Alexander et al., 2008a]) have finer vertical

resolution but may exclude shorter horizontal wavelengths.

In this thesis, gravity waves are extracted by using HIRDLS level 2 temperature
data. Wave fields are inferred by computing temperature perturbations to the mean
atmospheric state and the wave characteristics are estimated by analysing the wave

behavior in the perturbations.
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This chapter describes a new methodology to extract and analyze global gravity
wave amplitudes and vertical wavelength using HIRDLS limb temperature data.
Monthly mean gravity wave parameters are presented for the year long record, in
particular illustrating orographic gravity waves over the southern Andes and the North

America Cordillera and non-orographic gravity waves around the Himalayas.
4.1 Extraction of Gravity Waves: Temperature Perturbations

The gravity waves in HIRDLS temperature in this thesis are extracted by
calculating the temperature perturbations in the stratosphere that are primarily caused by
mesoscale atmospheric gravity waves. The usual approach to the isolation of gravity
waves from a given satellite dataset is a subtraction of a background state from the
measurements, where the background state contains large-scale zonal waves, to extract
gravity wave perturbations [e.g. Fetzer and Gille, 1994, 1996; Eckermann and Preusse,
1999; Preusse et al., 2000, 2002; Ern et al., 2004, 2006; Alexander et al., 2008a].
However, it is found in some tests that large-scale fluctuation structures can be retained
by this process that are inconsistent with gravity waves and could be caused by not
completely removing the background; any improvements in methodology at this stage
will result in better results being obtained subsequently for the final analysed gravity
wave parameters. The problem has also been mentioned by Tsuda et al. [2000] for their
extraction of gravity waves from GPS/MET temperature profiles. In order to solve this
problem, here gravity waves are extracted by removing a dynamic background field, 7
(figure 4.1b) and an along-track temperature filter, 7y (figure 4.1c) from the HIRDLS
temperature measurements, 7 (figure 4.1a). Details about the background field and the
temperature filter are to be provided in subsequent sections. The residual perturbation is
the small-scale wave temperature perturbation assumed to be the gravity wave
temperature perturbation 7" (see figure 4.1d). Equation 4-1 mathematically summarized

the extraction process,

T'(lat,lon, p,t) =T (lat,lon, p,t)—1T,, (lat,lon, p,t) =T, (lat,lon, p,t) 4-1

where the 7", T, Ty, and Trare a function of location (/at, lon), pressure p and time ¢.
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Figure 4.1 The process of extraction of gravity waves from HIRDLS temperature
measurements. The maps show daily data at 16.16 hPa with the along-track sampling of
~100 km and the orbital spacing of 24.72°. (a): top left, HIRDLS temperatures as the
sum of the zonal mean, planetary-scale waves, and gravity waves; (b): top right,
background field that is the sum of the zonal mean and low frequency planetary-scale
waves; (c): bottom left, the temperature filter including the information of high
frequency planetary-scale waves; and (d): bottom right, isolated gravity waves

represented by gravity wave temperature perturbations.

4.1.1 Background Field

The background field (figure 4.1b) is derived in order to block low frequency or
stationary planetary-scale waves. It is computed dynamically for every day by, firstly,
separating temperature measurements into day-time and night-time blocks of 10° x 2°
longitude/latitude over a time period of 31 days (+ 15 days from the day analyzed);
secondly, averaging the temperatures within each block at each pressure level; thirdly,
smoothing by weighting the averaged temperatures based on the number of data points
within the grid box analyzed and its neighboring grid boxes over the area of 30° in
longitude and 6° in latitude; and finally, interpolating and recombining the day and

night weighted temperature means, according to the distance from its grid centre to the
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data point and to the neighboring grid centre, to build up the background field
corresponding to the satellite orbit. The process of deriving the background field is
illustrated for 23" April 2006 in figure 4.2 where the averaged and weighted
temperatures within each 10° x 2° grid cells for day-time (left) and night-time (right) are
shown on the top and middle panels, respectively. The figure shows that the weighting
process smoothes the background field to make it closer to the temporally and spatially
continuous variation of atmospheric temperature. The finally interpolated background
field that is used for the calculation of temperature perturbations is presented in the
bottom panel. The background field is determined in this way for every day using in

total 31 days data with 15 days before and after the analysed day including the day itself.

The period of 31-days and the grid of 10° x 2° longitude/latitude are decided, after
several statistical tests, to ensure enough data points and the seasonal and meridional
variation of temperature as well as the typical horizontal wavelength of planetary-scale
waves. By blocking temperature measurements into 10° x 2° longitude/latitude grid
boxes, the systematic biases in the temperatures are included in the background field
and therefore will not contribute to the gravity wave temperature perturbations. Day and
night separated blocks enable some tidal information to be included in the background
field to reduce the contamination of tides in the isolated gravity wave temperature
perturbations. The smoothing and interpolating is the consideration that a background
field should be a temporally and spatially continuous function which has been shown in

figure 4.2.

The background field that has been dynamically calculated for every day and night
using 31 day temperature measurements works as a high-pass filter. This dynamic 31-
day filter blocks the majority of planetary-scale waves that have periods longer than 31
days. Additionally, the day and night separated calculation will make this 31-day filter
also able to attenuate other planetary-scale waves with shorter periods to a lesser extent.
Figure 4.3 shows equatorial waves of zonal wave number 2 captured in the background
field between 30°N and 30°S latitudes. The plots are day-time followed by night-time
wave activity with a time interval of 4 days from 1% to 21% August 2006. The
amplitudes of the waves decay with time and show diurnal variation as a result of day
and night-time separation in the calculation of the background. A planetary wave with

zonal wavenumber 1 in the background field is shown in figure 4.4 (left). The evolution
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of the wave shows that the period of the planetary wave is

about 50 days, which is

consistent with the filtering function of the background field.
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Figure 4.2 The processing of the background field determination for 23" April 2006.

Top panels: day-time (left) and night-time (right) averaged temperatures within each 10°

x 2° grid cells; middle panels: day-time (left) and night-time (right) weighted

temperatures within each 10° x 2° grid cells; bottom panel: the background field.
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Figure 4.3 Equatorial waves of zonal wave number 2 at 56 hPa captured in the
background field over latitudes 30°S to 20°N within the period from 1* to 21* August
2006 with an interval of 4 days (day-time plots following night-time plots for each day).
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Figure 4.4 Evolution of planetary-scale waves in the Ty and the Ty Left, a low
frequency planetary wave in the northern lower stratosphere in the Ty (day 0 — 25:
20/4/2006 to 15/5/2006 with intervals of 5 days). Right, a high frequency planetary
wave in the southern lower stratosphere in the Tr (day 0 — 25: 1/8/2006 to 26/8/2006

with intervals of 5 days).
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4.1.2 The Along-Track Temperature Filter

After filtering out low frequency and stationary planetary-scale waves by the
background field, an along-track temperature filter is developed to remove higher
frequency planetary-scale waves compared to the waves in the background fields. The

filter is similar to a boxcar filter and is explained by equation (4-2) where T is the

along-track temperature filter as a function of time (¢), longitude (/on ), latitude (lat)

and pressure ( p ). i is the profile number along the satellite track and NV is the total

number of profiles within an along-track window length of L

Tp(t y.lon y.lat y.p y)= %Z (T —T, )t lon,,lat,, p,). 4-2

2 2 2 2

According to the difference in the meridional scales of gravity waves and
planetary-scale waves [Andrews et al., 1987] and considering the along-track sampling
of ~ 100 km and scan period of ~ 15 seconds of the instrument, a window length of
1000 km is defined for the filter. Within the along-track filter window that has a length
of 1000 km, HIRDLS completes up and down scans in ~ 2.75 minutes (~15 seconds per
profile x ~11 profiles).

Typically, gravity waves have horizontal wavelengths up to a thousand kilometres
and periods from the Brunt-Viisild period of about 5 minutes to several hours. Each
profile is sampled in 15 s and hence provides close to an instantaneous snapshot of the
vertical profile. During 2.75 minutes, the HIRDLS samples at 11 locations separated by
100 km, i.e. at a speed much faster than the phase speed propagation of a gravity wave
from one location to another. Furthermore, the duration of the 1000 km window is very
short compared with the period of planetary-scale waves which is longer than the
inertial period. Therefore a simultaneous view of both the instantaneous gravity wave
field in each location and of the more coherent planetary-scale wave fields can be
assumed within the 1000 km window. Due to the shorter than 1000 km gravity wave
wavelength, the along track average of the 11 profiles within the 1000 km window gives

a near zero value for the T

|, resulting in the passage of gravity waves. However,

because of the longer than 1000 km wavelength, the 7, of a planetary-scale wave

within the 1000 km window is close to its real value (7 —17,, ), which means the
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planetary-scale wave is captured by the 7, . Note that the along-track filter will always

be blocking planetary-scale waves to some extent.
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Figure 4.5 Vertical profiles 4360 to 4390 of before-filter temperature perturbations
along a HIRDLS orbit on 20/08/2006 (top panel), vertical profiles 4360 to 4390 of after-
filter temperature perturbations along the same satellite orbit on the same day (middle

panel), and the magnified profiles 4376 and 4385 of the middle panel (bottom panel).

Figure 4.1c shows an example of the along-track temperature filter in which a
planetary wave of wavenumber 2 is present in the southern hemisphere. A comparison
between the before-filter (BF) profiles and the after-filter (AF) profiles is presented in
figure 4.5. The BF temperature perturbations in the top panel show clearly large-scale
structures on which small wave structures are superposed. These large-scale structures
are coherent along the satellite track for a large along-track distance of a few thousand
kilometres, which are consistent with large-scale waves, such as planetary waves, tides

and Kelvin waves and need to be removed. By applying the along-track temperature

72



Gravity Wave Observations: Methodology and Results

filter, the embodied large-scale waves by the large-scale structures and the superposed
small waves can be separated. The small-scale wave structures isolated from the top
panel are shown in the middle panel. These small wave structures are not coherent over
a few thousand kilometres and look highly localized. The magnified individual profiles
in the bottom panel shows that the amplitudes grow with altitude. Therefore, these
small-scale waves, with clear gravity wave features, are assumed to be gravity wave

temperature perturbations.

The evolution of a high frequency planetary wave for August 2006 (1/8/2006 to
26/8/2006) as shown in figure 4.4 (right) is compared to the planetary wave in the
background field for April/May 2006 (left). The relatively rapid motion around the
South pole shows that the wave in the along-track temperature filter is a transient
planetary wave of wavenumber 2 with a much shorter period compared with the
planetary wave captured in the background field. This demonstrates the different
functions the background field and the temperature filter performed for extracting

gravity waves from the temperatures.
4.2 Data Analysis

Figure 4.6 (top panel) shows an individual vertical profile of gravity wave
temperature perturbations with the amplitude increasing with height. Assume a wave-

like solution to the profile
T'(lat,lon, z,t) = T(lat,lon, z,t)exp' ™™, 4.3

where m denotes wavenumber and horizontal temperature amplitude 7 is a function of

location (/at ,lon ), time ¢ and height z . Here z =—H In(p/ p,) is determined by use of

the ideal gas law and the hydrostatic equation. H = 7km is a mean scale height for the
middle atmosphere, p is a pressure, and p_ is a standard reference pressure taken as
1000 hPa. Since the scan period of HIRDLS is much shorter than the buoyancy period,
it is assumed that the instrument is observing an approximately instantaneous view of a
given gravity wave in an individual profile. Using the Fast Fourier Transform (FFT)
technique, each individual vertical profile is analyzed for amplitudes and vertical

wavelengths, A =27 /m,
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f(z,m) = ﬁj‘T'exp_imZ dz . 4-4

Windowing a vertical profile is required prior to the FFT analysis. A rectangular
window is applied to the profile to limit the observation of the signal to a finite interval.
A window with a shorter window length will lose the ability to transform longer waves
and a window with a longer window length will lose the ability to analyze accurately
the data for amplitudes and wavelengths. It is desirable to balance these two aspects of a
window function for gravity waves. The sample interval of the vertical profile is about
0.68 km. In theory, the shortest wavelength that can be transformed is 1.36 km. In the
middle atmosphere, internal gravity waves have vertical wavelengths typically from a
few kilometres to ~ 15 kilometres and the vertical wavelengths of observed inertia-
gravity waves can go up to a few tens of kilometres [Andrews et al., 1987]. If a window
length of 16 km is chosen as a transformation cutoff, it will be able to provide the
desired results for internal gravity waves and shorter wavelength inertia-gravity waves.
For this reason, a window length of 24 measurements is used to transform the
windowed data. This allows the transformation of a selected portion of the wave form
with wavelength ranging from 1.36 km to 16.32 km. The wave forms outside the area
that is selected will not be considered. Because the background field and the along-track
filter, as discussed in section 4.1, will always be blocking undesirable planetary-scale
wave modes to some extent, planetary-scale waves may still be able to remain in the
perturbation profiles and will be represented as long wavelengths. These long
wavelengths will be outside the FFT windowing area and thus be blocked. Therefore,

the windowing function is another form of high-pass filtering.

The window with a length of 24 samples, extending upward from 121.15 hPa is
slid up along the profile with a step of 1 sample until it extends down from 0.215 hPa.
The results of the FFT yield the wavenumber spectrum of the windowed samples. The
wavenumber spectrum can be analyzed for amplitudes and at the same time vertical
wavelengths. However, both amplitudes and wavelengths cannot be estimated by
simply picking up the peaks in the wavenumber spectrum because of the leakage
problem that arises when applying a window to a data set, which is similar to the
filtering function of the background field and the along-track filter. Leakage is related

to not including an integer multiple of the period by a window function. The net effect
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of leakage is a distortion of the spectrum. There is a spreading, or leakage, of the
spectral components away from the correct wavenumber, resulting in an undesirable

modification of the total spectrum.
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Figure 4.6 Top panel: a single vertical profile of gravity wave temperature perturbations
(K) and the amplitude (K, defined in the text) of the gravity wave for the pressure levels
between 38.31 hPa (~22 km) and 0.62 hPa (~52 km). Stars denote samples of gravity
wave temperature perturbations, the solid line is an interpolation of the samples and the
dot-dashed line is the amplitude of the profile. Bottom panel: in total, 21 along-track
vertical profiles (solid lines, profile 1800 — 1820 on Aug 1% 2006) of gravity wave
temperature perturbations and the amplitudes (dot-dashed lines) of the gravity waves for

the same pressure range 38.31 to 0.62 hPa (~22 to 52 km).

Leakage is most severe when a simple rectangular window function is used. For a
vertical temperature perturbation profile, for example, the profile shown in figure 4.6
(top panel), the chosen window length of 24 samples will not always include an integer
multiple of the period in a data set and sidelobes could be found as a result of the
windowing function. The approach here to reducing the leakage effect is sorting the
local peaks of the wavenumber spectrum in descending order. The FFT of a windowed

data set produced a series of local peaks in the wavenumber spectrum. If one treats a
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wavenumber as x and a peak as y, it will be a series of discrete points (x;, y1), (X2,
V2).e.n.. The peaks (yi, ya2...... ) are sorted in descending order. The corresponding
wavenumber spectral lines (x;, Xa...... ) are sorted simultaneously following the sorting
of peaks (yi, yz2...... ). The modified wavenumber spectrum is then analyzed for the
amplitude of the wave form in the window by adding together the first three
components. The corresponding vertical wavelength is estimated by selecting the first
component which is the peak of the spectrum. The FFT of a windowed section of the
profile yields amplitude and vertical wavelength as a function of height. The top panel
of figure 4.6 gives a clear and detailed illustration of the amplitudes (dot-dashed line) of
the single profile. The bottom panel of figure 4.6 shows the amplitudes (dot-dashed
lines) of 21 along-track vertical profiles (profile 1800 to 1820 on August 1* 2006). The
detailed single profile together with the 21 along-track profiles provides convincing
evidence that the leakage effect is reduced and the selected window is able to produce

the desired results.

In addition to leakage, aliasing and “picket-fence” effects could occur when
applying a window to a data set. Since each vertical profile is a discrete data set, the
computation of the spectrum is limited to integer multiples of the fundamental
wavenumber, resulting in the inability of the FFT to observe the spectrum as a
continuous function. This effect is termed the picket-fence effect. However, the
instrument can observe the exact behavior only at discrete points, the major peak of a
particular component could lie between two of the discrete transform lines, and the peak
of this component might not be detected. Any combination of leakage, aliasing and the
picket-fence effect can be present in the FFT of a windowed sample and result in subtle

differences between amplitudes and wavelengths in terms of location.

4.3 Results and Discussion
4.3.1 Gravity Wave Temperature Amplitude and Vertical Wavelength

Using the aforementioned data analysis method, the gravity wave temperature
perturbations isolated from the HIRDLS temperature measurements (v2.04.09) were
analyzed for the whole year of 2006, over pressure levels from 121.15 hPa (~ 15 km) to
0.215 hPa (~ 60 km). The mean of the amplitude and vertical wavelength were then

calculated for each month in the year 2006. The monthly mean of the amplitude and
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vertical wavelength for pressure levels 38.31 to 9.09 hPa (~ 22 — 32 km) are shown in
figure 4.7 and figure 4.8 on a grid resolution of 5° x 5° latitude/longitude.
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Figure 4.7 Monthly mean amplitudes for 2006 over pressure levels from 38.31 hPa to
9.09 hPa (~ 22 km to 32 km).
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Figure 4.8 Monthly mean vertical wavelengths for 2006 over pressure levels from 38.31

hPa to 9.09 hPa (~ 22 km to 32 km).
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The gravity wave activity patterns change with season and are asymmetric about
the Equator. The amplitude patterns reasonably closely match the vertical wavelength
patterns. The mean amplitudes in the altitude range are mainly within the range of 0.50
to 1.80 K. The mean vertical wavelengths are found mainly from 5 to 12 km. The
observations show that gravity wave activity is strong in the winter extratropics and
high latitudes and the summer tropics. Generally, the observed gravity waves in the
extratropics and high latitudes in the south are much stronger compared with those in
the north. In contrast to the extratropics and high latitudes, gravity waves in the summer
tropics in both the north and south have comparable magnitude. Globally, the largest
amplitudes are found over and around the southern Andes. The enhanced gravity wave
activity observed in different seasons in the tropics and the extratropics and high
latitudes indicates that the waves in the tropics and the extratropical and high-latitude
zone are probably generated by different sources. Because there are a number of north-
south mountain ranges and other types of orographic features in the extratropics and
high latitudes (see orography of the Earth in figure 4.9) and winds in winter season are
strong and often westerly, the gravity waves in the winter extratropics and high latitudes
are understood to be generated mainly by flow over orography [Eckermann and Preusse,
1999; Jiang et al., 2002, 2004a; Eckermann et al., 2006; Alexander and Teitelbaum,
2007].

Orography [nmn2sr—2]

-895 8218 17332 26447 35561 44675 53790

Figure 4.9 The orography of the Earth. Some of the major mountain ranges are labelled
with letters on the orography map, which are the North American Cordillera (A), Andes
(B), Appalachians (C), Caledonian Belt (D), Alps (E), Urals (F), Himalaya (G), and
Tasman Belt (H).
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The amplitudes of orographically generated gravity waves are proportional to the
amplitudes of the wave-generating orographic obstacles [Nappo, 2002]. The orography
map in figure 4.9 shows that in the southern hemisphere, the highest Andes mountain
range outside Asia runs from north to south along the western coast of South America
acting as a long mountain barrier. This is favorable for orographic gravity wave
generation when winter winds are strong and westerly. In the northern hemisphere, the
Himalayas, the highest mountains in the world, together with other high mountains
standing on the north and north-east of the Himalayas forming a large massif, the Tibet
(Qinghai-Xizang) plateau in the central Asia (see figure 4.10). However, the majority of
the mountain groups are nearly east-west-orientated, which is not favorable for exciting
orographic gravity waves with respect to the westerly winter winds. This implies that
the massif of the Tibet plateau is a minor but the Andes are a major wave-generating
orographic obstacle, which is probably the reason for the larger gravity wave
temperature amplitudes in the southern extratropics and high latitudes than those in the

northern extratropics and high latitudes.
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Figure 4.10 Mountains of central Asia.
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As mentioned in chapter 3, the plastic film blocking the aperture vibrates with
movement of the scan mirror resulting in a small oscillation in the radiometric signal.
The oscillation could be a potential problem for gravity wave observations. The
HIRDLS science team has developed algorithms to remove the oscillation from the
radiometric signals and the temperature data has been extensively validated [Gille et al.,
2008]. The oscillation is systematically excited in a repeatable way around the orbit
resulting in the regularity of the oscillation in the radiometric signal and thus in the
temperature. By searching systematically repeatable signals it will be possible to
examine if there is blockage caused oscillation still in the temperature. The wave
patterns in figure 4.7 and figure 4.8 show clearly seasonal and topographical
dependence. In other words, the waves are not systematically and uniformly distributed
over the whole globe. The observed mean wavelengths 5 to 12 km are mainly in the
wavelength domain of gravity waves (typically a few kilometres to ~ 15 kilometres for
internal gravity waves and up to a few tens of kilometres for inertia-gravity waves
[Andrews et al. 1987]). This is strong evidence that the observed patterns are due to

gravity wave activities and not the plastic film oscillations.
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Figure 4.11 Maps of gravity wave temperature amplitude (left) and vertical wavelength
(right) derived by Alexander et al. [2008a] from HIRDLS averaged over 30 days in May
2006 and over the height range 20 — 30 km [a copy from Alexander et al., 2008a].

The mean amplitudes for May 2006 in figure 4.7 were compared with the study of
Alexander et al. [2008a] for the same month and year (left panel in figure 4.11).
Comparisons show similar patterns but generally approximately 0.3 K larger amplitudes
in figure 4.7. This is probably the result of a slight increase of the amplitudes shown in
figure 4.7 over the altitude range 22 to 32 km compared with Alexander et al.’s mean

amplitudes over the altitude range 20 to 30 km. The mean vertical wavelengths for May
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in figure 4.8 were also compared with Alexander et al.’s observations (right panel in
figure 4.11). The vertical wavelength patterns are generally similar but their
observations show about 1 km longer wavelengths over northern tropics and most
southern extratropics and very likely extending over high latitudes in the south. This

could be due to the different techniques used in the data analysis.

Monthly mean amplitudes of January and July 2006 in figure 4.7 were compared
with gravity wave radiance variances of January and July 2005 from the Microwave
Limb Sounder (MLS) on Aura [Wu and Eckermann, 2008]. Note, the comparison can
only be carried out qualitatively and specifically in terms of geographical location. This
is because what Wu and Eckermann observed is the gravity wave induced radiance
perturbations which are unlike the gravity wave temperature perturbations that are
discussed in this thesis. Wu and Eckermann plotted monthly mean gravity wave
radiance variances at 21.7, 23.0, 25.6, 31.9, 37.0 and 44.1 km, respectively. The plots in
figure 4.7 show the monthly mean temperature amplitudes that were calculated over the
pressure altitude range ~22 km to 32 km, so that HIRDLS observations will only be
compared with the MLS gravity wave radiance variances at altitudes between 21.7 km

and 31.9 km.

The comparison for January (see figure 4.12) found that enhanced gravity wave
variances from MLS cover almost the whole tropics both in the south and north at 21.7
km and 23 km. While the HIRDLS gravity waves in the tropics in figure 4.7 are mainly
limited to the summer tropics. The enhanced gravity waves over the tropics in MLS
were investigated by Wu and Eckermann for convective gravity waves using MLS ice
water content (IWC) as an indicator of deep convection [Wu et al., 2006]. However,
their gravity wave variances cover too large an area of the tropics to show a strong
correlation between the gravity wave variances and the IWC. The mainly summer-
tropics limited HIRDLS gravity waves in January 2006 are more consistent with their
IWC. In the northern extratropics and high latitudes, the enhanced gravity waves from
HIRDLS and MLS are obviously different in terms of geographical location. It is
known that gravity waves in the winter extratropics and high latitudes are mostly
generated by flow over orographic features such as mountains [Eckermann and Preusse,
1999; Jiang et al., 2002, 2004a; Eckermann et al., 2006; Alexander and Teitelbaum,

2007]. Any change with wind strength or direction will change the generation of gravity
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waves. Therefore, the obvious difference in the winter extratropics and high latitudes
could be due to different wind conditions in different years. Comparison with MLS over

the same period for 2005 could be future work for investigating the inter-annual

differences.
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Figure 4.12 MLS gravity wave variance maps for January 2005 by Wu and Eckermann,
showing ascending (left) and descending (right). The white contours are 5 mg/m’ of

MLS IWC as an indicator of deep convective forcing [a copy from Wu and Eckermann,
2008].
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Similar to the comparison for the tropical gravity waves in January, comparison
between HIRDLS observations in July 2006 and MLS observations in July 2005 (see
figure 4.13) found that MLS gravity waves in the summer tropics greatly extended to
the opposite winter tropics, but they become comparable to the observed gravity waves
from HIRDLS at higher altitudes 25.6 km and 31.9 km. In the extratropics and high
latitudes, gravity waves from both HIRDLS and MLS are similarly distributed with the

largest values over the southern Andes.
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Figure 4.13 As in figure 4.12 but for July 2005 [a copy from Wu and Eckermann, 2008].
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Figure 4.14 Monthly maps of ascending (A) and descending (D) gravity wave variances
at ~21.7 km pressure altitude for 2006 by Wu and Eckermann. The color scales, ranges
and contours have their same values and meaning as the 21.7 km altitude panels in

figures 4.12-13 [a copy from Wu and Eckermann, 2008].
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The comparison with MLS gravity wave observations is extended into 2006 for
seasonal variations. The monthly mean temperature amplitudes over pressure altitudes
~22 to 32 km in figure 4.7 were compared with the monthly mean gravity wave
radiance variances at 21.7 km from MLS (figure 4.14). Considering that gravity wave
amplitudes grow with altitude, the amplitudes in figure 4.7 (over pressure altitude range
22 — 32 km) are expected to have larger scales than the MLS variances at 21.7 km.
However, comparison shows the converse. The enhanced gravity wave variances from
MLS are found over almost the whole tropical belt in the first half year of 2006. It
seems that these MLS-derived gravity waves do not follow the movement of the
convective activity represented by the IWC and do not show any seasonal variation in
these six months. In the second half of 2006, the MLS gravity wave variances are found
over both the southern and northern tropics and split into two latitudinal bands. Similar
to the first half of the year, the waves in these two latitudinal bands in the second half of
the year do not really follow the movement of the IWC and do not show apparent
seasonal variation. By contrast, the observed gravity waves in the tropics in figure 4.7
show clearly seasonal variation, moving from the southern tropics to the northern
tropics and then back to the southern tropics at the end of the year with the summer
season moving from the south to the north and then back again. In contrast with the
MLS gravity waves, the movement of the observed gravity waves from HIRDLS (figure
4.7) perfectly matches the movement of the convective activity represented by IWC.
The time series of monthly zonal mean of MLS gravity wave variances shows clearly
decreasing amplitudes from 21.7 to 27.3 km and large-scale annual variation rather than
seasonal variation in the altitude range. This indicates that these MLS waves may
contain significant contributions from other classes of waves. For the extratropics and
high altitudes, sometimes gravity waves shown in figure 4.7 in the winter hemisphere
are missing in the MLS monthly mean variance plots, such as the enhanced gravity
wave amplitudes over northern America in February, March, November and December
2006 in figure 4.7. However, sometimes significant large-scale waves at summer high
latitudes that were not observed from HIRDLS are present in the MLS monthly mean
plots, for example the large-scale waves at southern high latitudes in December.
Observations from both HIRDLS and MLS show similar wave activity over the
southern Andes in May, July and August, but HIRDLS observations show the biggest

temperature amplitudes over the southern Andes.
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Monthly zonal means of gravity wave temperature amplitudes and vertical
wavelengths for pressure range 38.31 hPa (~ 22 km) to 0.62 hPa (~ 52 km) are shown in
figures 4.15 and 4.16. An important property of gravity waves is that amplitudes
exponentially increase with altitude before they saturate or approach the critical level. In
the atmosphere, gravity waves are often observed increasing but rarely exponentially
increasing with altitude due to complex interactions with the background winds and
large-scale oscillations. It is apparent that the zonal mean temperature amplitudes in
figure 4.15 increase with altitude in the stratosphere. The amplitude increases in the
summer tropics and winter extratropics are significantly different. Except for January
and February, the amplitude increases in the winter extratropics are clearly larger than
those in the summer tropics. Large amplitudes in the winter extratropics extend
poleward. From January to December, the large amplitudes in the tropics move from the
south to the north and then back to the south, following the change of summer season.
The opposite is observed for the gravity waves in the winter extratropics and high

latitudes.

The zonal mean amplitudes for May 2006 were compared with the study of
Alexander et al. [2008a] for the same month (see left panel in figure 4.17). Comparisons
show similar patterns, especially in the winter extratropics and the summer tropics and
minimum values very close to each other in the lower stratosphere. However, the
observations in May in figure 4.15 found that gravity waves grow more rapidly into the
upper stratosphere than their observations. The differences in growth with height are
possibly related to different techniques used in the method discussed in this thesis and
that of Alexander et al. [2008a]. Similar patterns are found qualitatively comparing the
zonal mean amplitudes with gravity wave temperature variances from Aura MLS for
July 2005 [Wu and Eckermann, 2008] in the upper stratosphere, and observations from
CRISTA and SABER (Sounding of the Atmosphere using Broadband Emission
Radiometry) for August 1997 and 2003 [Preusse et al., 2006], except for the differences
between MLS observations in January 2005 and HIRDLS observations in January 2006

as noted early in this section.
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Figure 4.15 Monthly zonal means of temperature amplitudes as a function of latitude

and pressure for 2006.
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Figure 4.16 Monthly zonal means of vertical wavelengths as a function of latitude and

pressure for 2006.
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Figure 4.17 Zonal means of gravity wave temperature amplitude (left panel) and vertical
wavelength (right panel) as a function of latitude and altitude averaged over the month

May 2006 by Alexander et al. [a copy from Alexander et al., 2008a]

The zonal mean vertical wavelengths in figure 4.16 vary from latitude zone to
latitude zone and month to month. The peak wavelengths correspond closely to the
zonal mean peak amplitudes. The plots show rapidly growing vertical wavelengths
corresponding to strong gravity wave activity in the winter extratropics and high
latitudes in all months except October. The vertical wavelengths in the summer tropics
and subtropics slowly steadily grow with altitude in the stratosphere. The vertical
wavelengths that are in the latitude zone ~ 62°S — 50°S in October and often in the
winter extratropical and high-latitude middle and upper stratosphere in other months are
nearly constant. Both the amplitudes (figure 4.15) and wavelengths (figure 4.16) in the
summer tropics often show clear increases from higher altitude than those in the winter
extratropics and high latitudes. This suggests that the source regions in the tropics are
higher than those in the extratropics and high latitudes. The comparisons with MLS
IWC for the summer tropical gravity waves support higher convective source regions in
the tropics. This is also consistent with the investigations on convective gravity waves
in the tropics by McLandress et al. [2000], Jiang et al. [2004b; 2005], Ratnam et al.
[2004], Alexander et al. [2004] and Tsuda et al. [2004]. The suggestion of lower source
regions in the extratropics and high latitudes is consistent with the studies of orographic
gravity waves in these latitude zones by Eckermann and Preusse [1999], Jiang et al.

[2002; 2004a], Eckermann et al. [2006] and Alexander and Teitelbaum [2007].
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Comparisons with the study of Alexander et al. [2008a] for May 2006 (see right panel
in figure 4.17) show that the vertical wavelengths in figure 4.16 are generally shorter
than their vertical wavelengths by ~ 1 km between 22 and 45 km. It is likely due to

different techniques used in the data analysis procedures.

4.3.2 Case Studies: Wave Events over the Southern Andes, the Cascade Range

and the Rockies and the Himalayas

In order to improve the understanding of mainly orographic gravity waves
observed in the winter extratropics, the orography of the Earth, shown in figure 4.9, was
generated using the European Centre for Medium-Range Weather Forecasts (ECMWF)
orography data set (version of 1999). The major mountain ranges are labelled with
letters and the orography is represented by the surface geopotential (m?/s?). The map is
used here to examine the link between orography and gravity waves. It is found that
most gravity wave activity in the winter extratropics in figure 4.7 is strongly related to
the major north-south or nearly north-south mountain ranges presented in the orography
map in figure 4.9. For example, strong orographic gravity waves are found in July,
August and September 2006 over the southern Andes and enhanced gravity wave
activities are observed in February and November 2006 over the North American

Cordillera.

When a day contains mean gravity wave temperature amplitudes over the pressure
range 38.31 to 10.00 hPa greater than 1.5 K, the day is termed a strong-wave day.
Orographic gravity waves over the southern Andes were investigated for strong-wave
days 6 — 8 July, 22 — 24 July and 7 — 9 August 2006 using the ECMWF operational high
resolution wind data. Gravity waves of the strong-wave days represented by the mean
amplitudes over pressure levels 38.31 to 10.00 hPa (~ 22 — 32 km) and mean ECMWF
horizontal wind vectors of the strong-wave days for pressure levels at 670, 443 and 256
hPa (~ 3, 6 and 10 km) are presented in figure 4.18. The mean horizontal winds change
gradually with altitude in the troposphere and stratosphere. Therefore, winds at only
three pressure levels are selected according to the average height of the mountains.
Winds at 670 hPa are used to study the generation of the observed gravity waves. Winds
at 443 and 256 hPa are used to investigate the relationship between the winds and the
propagation of the observed gravity waves. The winds in the stratosphere were found to

be not significantly relevant and therefore are not presented in figure 4.18.
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Figure 4.18 Orographic gravity waves and ECMWF horizontal wind vectors over the
southern Andes within time periods of 6 to 8 July, 22 to 24 July and 7 to 9 August 2006.
The gravity waves are represented by the mean amplitudes over the pressure range
38.31 — 10.00 hPa. The wind vectors are averaged over the three-day period for every

pressure level.
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The wind direction and strength at 670 hPa indicate that gravity waves are
observed, when and where strong winds flow perpendicularly (6 -8 July and 7 — 9
August) or near perpendicularly (22 — 24 July) with respect to the southern Andes.
There are no orographic gravity waves generated by the winds parallel to the Andes in a
northerly direction. However, amplitude plots show that the observed orographic
gravity waves were not propagating vertically exactly over the mountains. Refracted
peak amplitudes to the east and a wave tail to the south-east with eastward/south-
eastward winds were observed in the strong-wave days in these two months. In the
strong-wave period of 6 - 8 July 2006, in addition to the orographic gravity waves over
the Andes, strong gravity waves were also observed over the Antarctic Peninsula. The
wind maps show strengthened perpendicular flow to the Antarctic Peninsula by winds
flowing from the Andes to the Antarctic Peninsula. This indicates that the gravity waves
over the Antarctic Peninsula are very likely the combination of the gravity waves
generated due to the flow over the Peninsula and the gravity waves generated over the
Andes and propagated with winds to the Antarctic Peninsula. The situation for the
Antarctic Peninsula is different in the period of 7 — 9 August 2006 when the north-
eastward winds were parallel to the Peninsula and the winds from the Andes did not
flow over the Antarctic Peninsula. In the strong-wave period of 22 — 24 July 2006,
enhanced amplitudes were observed where a cyclone was developed in the wind maps.
It is likely that these waves were generated by the storm directly and also enhanced by
the interaction of the south-eastward propagating gravity waves with the winds and the
cyclone. Preusse et al. [2006] observed gravity waves over a large area in the winter
hemisphere in August 1997 and 2003 using CRISTA and SABER (see figure 4.19).
These waves were explained by Preusse et al. as a result of stratospheric jets associated
with the winter polar vortex, that are very different from the clearly orography-
generated eastward gravity waves over the southern Andes in August 2006 in figure

4.18.

Similarly to the case of the southern Andes, orographic gravity waves over the
south-north running mountains, the Cascade Range and the Rockies in the strong-wave
days 13 — 17 November 2006 were observed when the winter winds over northern
America were strong and eastward or slightly north-eastward (figure 4.20). These
orographic gravity waves were also refracted towards the east from the Cascade Range

and the Rockies following the wind direction.
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Figure 4.19 Maps of gravity wave-squared temperature amplitude in dB derived from
CRISTA (c: 8 — 15 Aug 1997) and SABER (d: 7 — 10 Aug 2003) at 40 km by Preusse et
al. [a copy from Preusse et al., 2006].

Additionally, cyclone-associated gravity waves were studied over and near the
Himalayas within the strong-wave days 1 — 4 and 17 — 20 August 2006 (figure 4.20).
The plots of ECMWF winds at 670 hPa for both strong-wave periods show that the
winds are weak and parallel to the mountain ridge. The winds of 1 - 4 August at higher
pressure levels became perpendicular to the mountains, but these high-altitude winds
compared with the mountain height are not able to generate orographic gravity waves.
The observed gravity waves are not exactly over the Himalayas but slightly to the south
and east. These waves are weaker than the orographic gravity waves observed over the
southern Andes, the Cascade and the Rockies. They are clearly associated with the
cyclones on the ECMWF wind maps in this region and slightly refracted following the
wind paths. This suggests that the observed enhanced gravity waves in the summer
months in the region of the Himalayas are probably excited by convection activities.
Further investigation is necessary for better understanding of these non-orographic

waves.
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Figure 4.20 Orographic gravity waves and ECMWF horizontal wind vectors over the
North American Cordillera (the Cascade Range and the Rockies) within the time period
of 13 to 17 November 2006, and gravity waves and ECMWF horizontal wind vectors
over the Himalayas within the time periods of 1 to 4 August, and 17 to 20 August 2006.
The gravity waves are represented by the mean amplitudes over the pressure range
38.31 — 10.00 hPa. The wind vectors are averaged over the time period for every

pressure level.
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4.4 Summary

Atmospheric gravity waves were extracted from HIRDLS temperature
measurements (version 2.04.09) using a new approach. Gravity wave properties such as
horizontal amplitude and vertical wavelength were estimated by performing an FFT on
each individual gravity wave temperature perturbation profile for pressures from 121.15
hPa (~ 15 km) to 0.215 hPa (~ 60 km). The monthly mean amplitudes and vertical
wavelengths were studied for global distribution, seasonal variations and sources of
gravity waves. The studies show that the observed wave activity is highly variable
spatially with a pronounced seasonal dependence. Both global maps of mean amplitude
and zonal mean plots show strong gravity wave activity in the winter extratropical and
high-latitude stratosphere and the summer tropical stratosphere. Some extratropical
gravity wave activity is highly related to the major north-south or near north-south
mountain ranges of the Earth. The investigation into gravity wave activity in the winter
extratropics indicates that orography is an important source of the gravity waves

observed in the extratropical stratosphere.

The monthly zonal mean plots show that the peak wavelengths correspond closely
with the peak amplitudes. In most months, the increased growth rates of amplitude with
altitude in the winter extratropical stratosphere are significantly larger than those in the
tropical stratosphere. Correspondingly, the wavelengths in the winter extratopical
stratosphere grow faster than the wavelengths in the tropical stratosphere. Lower
altitude sources in the extratropics and high latitudes and higher altitude sources in the
tropics are reflected in both the zonal mean amplitudes and vertical wavelengths. Maps
and zonal mean plots of temperature amplitudes and vertical wavelengths show gravity

wave characteristics that are in good agreement with gravity wave theories.

Except for good agreement for the southern Andes and some areas in winter
extratropics and high latitudes, the comparisons with the observations from MLS [Wu
and Eckermann, 2008] show noticeable differences in the tropics. The differences were
investigated by comparison with the convective activity represented by the MLS IWC
used by Wu and Eckermann [2008] for their MLS gravity wave studies. The comparison
shows that the tropical gravity waves in figure 4.7 are better matching the seasonal

variation of convective activity than those of MLS. In general, the observed HIRDLS
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gravity waves are in good agreement with the observations by Alexander et al. [2008a]
and from the satellite instruments CRISTA and SABER [Preusse et al., 2006]. The
differences in detail with those from the same HIRDLS instrument, but different
techniques [Alexander et al., 2008a] and from other satellite instruments, for example
MLS [Wu and Eckermann, 2008] and CRISTA and SABER [Preusse et al., 2006]
indicate that gravity wave observations depend on the method adopted. The meaningful
annual cycle of gravity waves in the monthly means has demonstrated the strength of
the methodology described in this thesis. The systematic and regular oscillation in the
HIRDLS radiometric signal that is caused by the motion of the blockage has been
removed by the HIRDLS team by developing extra algorithms. The retrieved
temperature has been extensively validated by the HIRDLS science team. The observed
gravity waves in HIRDLS temperature do not show any obvious signals of the

oscillation.

Investigations of strong-wave days on orographic gravity waves over the southern
Andes for July and August 2006 found that orographic gravity waves generated due to
the intense wintertime winds flowing perpendicularly to the mountain ridge are
refracted and propagate following the direction of the winds. Many gravity wave
parameterization schemes assume vertical propagation [Palmer et al., 1986; McFarlane,
1987; Iwasaki et al., 1989] but the observations indicate significant refraction of the
wave path following the winds. Observations of the gravity waves over the Cascade
Range and the Rockies found similar responses of the intense perpendicular wintertime
winds to the north-south mountain ranges. This indicates that the observed gravity
waves over the southern Andes, the Cascade Range and the Rockies are all excited by
the wintertime flow influenced by orography. The gravity waves over the Himalayas are
summertime cyclone associated waves. This suggests that the observed gravity waves in
this region are convectively generated gravity waves. In order to deeply understand
these sources, further investigation was carried out and will be discussed in the
following two chapters for orographic gravity waves over the southern Andes and
convective gravity waves in the stratospheric tropics, particularly in tropical South

America.
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Chapter 5

Gravity Waves over the Southern
Andes: a Comparison with Predictions
from an Orographic Gravity-Wave

Parameterization Scheme

Gravity waves are widely recognised as an important driver of atmospheric
circulations and affect atmospheric thermal structures [Lindzen, 1981; Holton, 1982;
Fritts and Alexander, 2003]. 1t is believed that orographic gravity waves likely account
for a large fraction of zonally averaged wave-induced force in the mesosphere
[Bacmeister, 1993]. At high latitudes in the northern hemisphere, orographic gravity
waves affect the PSCs and thus the ozone depletion in the stratosphere [ Dérnbrack et al.,
1999; Carslaw et al., 1999; Dornbrack et al., 2001; Dornbrack and Leutbecher, 2001].
The temperature variation and horizontal velocity produced from orographic gravity
waves are 2-3 times higher than over plains and oceans [Nastrom et al., 1987,
Jasperson et al., 1990; Bacmeister et al., 1990a] and ~5 times higher than the regions
that have no obvious meteorological sources [Fritts and Nastrom, 1992]. Thus
orographic gravity waves are more important to atmospheric circulation, thermal
structures and composition and distribution of chemical species relative to other

significant sources.

These orographic gravity waves together with other classes of gravity waves, such
as convective gravity waves, need to be accounted for momentum balance in numerical
weather prediction (NWP) and climate models, in order to reduce systematic biases in
the model circulation [e.g. Palmer et al., 1986; McFarlane, 1987; Iwasaki et al., 1989].
However, due to the limited resolution of such models, these waves are currently not

well resolved and must therefore be parameterized. The global observations of gravity
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waves by using satellite remote-sensing technology can provide useful constraints for

the gravity-wave parameterization schemes used in global NWP and climate models.

In numerical models, gravity waves are typically parameterized by calculating
wave momentum fluxes. Gravity-wave momentum fluxes calculated from satellite
observations have been used to constrain non-orographic gravity-wave parameterization
schemes [Ern et al., 2004, 2006; Preusse et al., 2009]. The calculation of the
momentum fluxes requires knowledge of both the horizontal and vertical wavelengths
of the gravity waves, as well as the temperature fluctuations. However, as discussed in
chapter 4, gravity wave observations are determined by the characteristics of the
instrument. A limb-viewing instrument is suitable for an estimate of the vertical
structure of a wave field, while a nadir-viewing instrument can be used to observe the
horizontal wave parameters. Therefore, obtaining reliable momentum flux estimates

using a single measuring technique (limb or nadir technique) is difficult.

In recent years, satellite instruments have been used to observe orographic gravity
waves (OGWs) over Greenland [Limpasuvan et al., 2007], Antarctica [Wu and Jiang,
2002; Alexander and Teitelbaum, 2007] and South Georgia [Alexander et al., 2009].
Several satellite studies have focused on waves generated by the Andes mountain range
[Eckermann and Preusse, 1999; Preusse et al., 2002; Jiang et al., 2002; Alexander and
Barnet, 2007]. The southern Andes are a strong source of OGW since in the winter
months the winds in the troposphere and stratosphere are dominated by strong
westerlies with little turning with height. Such conditions are ideal for both the
generation of OGWs and their propagation into the stratosphere, where they can be
observed by satellites. Using Microwave Limb Sounder (MLS) measurements of
radiance Jiang et al. [2002] revealed strong annual and inter-annual variability in
monthly mean gravity wave amplitudes over the Andes, which they successfully
reproduced with the Naval Research Laboratory Mountain Wave Forecast Model
(MWFM). They showed that OGW activity peaked in the winter months with almost no

activity during November-April.

The HIRDLS instrument that has been introduced in chapter 3 is a limb sounder. It
has a vertical resolution of ~1 km and an along-track spacing of ~100 km. The along-
track spacing is comparable to the grid spacing of current climate models and a little

coarser than current global forecast models. The instrument characteristics make it
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suitable for observing gravity wave parameters in the vertical as discussed in chapter 4
(also see Alexander et al. [2008a]). In this chapter, the HIRDLS gravity wave
temperature amplitudes introduced in chapter 4 were compared with orographic gravity-
wave model parameterizations in the UK Met Office Unified Model® (MetUM). The
parameterization scheme in the model was modified by Dr. S. Vosper and Dr. H. Wells
to output gravity-wave temperature fluctuations, in order to compare directly with the
HIRDLS observations. The comparison is focused on the southern Andes (shown in
figure 5.1) in July, August and September (JAS) 2006, a time period where the wave
activity over the Andes is likely to be dominated by OGWs. The aim of the comparison
is validating the HIRDLS observations and in turn, using the HIRDLS observations to
constrain the parameterized OGWs in the MetUM.
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Figure 5.1 Orography of South America represented by the surface geopotential (m?/s?).

5.1 Orographic Gravity-Wave Parameterization in the Met Office
Unified Model

The MetUM is the numerical modelling system developed and used by the UK Met
Office for NWP and climate prediction. The main details of the model are described by
Davies et al. [2005]. The orographic gravity-wave parameterization scheme in the
MetUM is based on the ideas of McFarlane (1987) and described in detail by Gregory
et al. [1998] and Webster et al. [2003].
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In order to avoid re-running the model and additional calculations, an offline

F

sat

technique was employed in which tunable parameters, F

it and n_ (see appendix B)
are adjusted for better results. The off-line scheme was applied to archived profiles of
wind, Brunt-Viisild frequency and density at all model grid points over land. The
archived profiles are from the operational MetUM with the operational orographic
gravity-wave parameterization switched on. The description of the operational scheme

is given in the appendix B.

The HIRDLS observations were compared with three versions of the orographic
gravity-wave parameterization scheme, which are named version 1 (V1), 2 (V2) and 3
(V3), respectively. Three configurations of the parameterization scheme are
summarized in table 5.1. V1 is the operational scheme with the assumption of wave
breaking (i.e. saturation) at launched level (see appendix B). The tuning parameters

F,

crit

and n_ for the operational scheme were chosen originally to optimize overall NWP

performance. The saturation assumption is dropped in versions V2 and V3. The values

of F

crit

is set to 1. In V3, F__ is

crit

and n_ in V2 are the same as those in V1 and F,,
reduced from 4 to 1, a value more consistent with the dynamics of flow splitting in
stratified flows around mountains. The values of F,, and n_have then been adjusted to

optimize the performance of the scheme relative to the HIRDLS observations.

Table 5.1 The three versions of the off-line parameterization scheme.

Version Waves saturated at launch ? F i B n,
V1 Yes 4 - 2.5
V2 No 4 1 2.5
V3 No 1 2 2

By assuming T/T=6/6, the temperature amplitude from the parameterized

gravity waves, T, was calculated as

0 dz 5-1
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where 77 is wave vertical displacement amplitude (defined in appendix B), 7(z) and

6(z) are the model temperature and potential temperature profiles, respectively, and 6

is the amplitude of the wave-induced fluctuations in potential temperature. The
calculation was performed at 6-hour intervals for every day during the JAS 2006 period
using data from the global forecast which was initialised at 00 UTC. Thus, for each day
the off-line scheme was applied at 00, 06, 12 and 18 UTC.

It should be noted that, since the operational forecasts were themselves computed
with the parameterization switched on, the off-line approach suffers from the fact that
the flow fields used to diagnose the wave motion have already been affected by the
parameterized gravity-wave stress divergence (see appendix B). Whilst this is clearly
undesirable, the alternative of re-running the global forecasts for long periods of time
would require substantial computing resources. Indeed, the impact of the waves
predicted by the operational version of the scheme, particularly in the stratosphere, is

relatively small.

Like most orographic gravity-wave parameterization schemes [e.g. Palmer et al.,
1986; Iwasaki et al., 1989], the McFarlane (1987) scheme assumes vertical only
propagation within each grid column of the MetUM. Whether or not the assumption is

realistic will be tested by the comparisons with HIRDLS observations.
5.2 The HIRDLS Observations

The v02.04.19 temperature measurements from HIRDLS were used to analyze
gravity wave temperature amplitudes for the comparison with the MetUM
parameterization. The v02.04.19 data has better quality at lower altitudes than that of
the v02.04.09. This makes it possible to observe OGWs in v02.04.19 low to the lower

stratosphere and closer to the wave generation source in the troposphere.

Figure 5.2 shows monthly mean gravity-wave amplitudes diagnosed from the
HIRDLS measurements over the southern Andes for JAS 2006 and 2007. Also shown
are monthly mean horizontal wind vectors at 700 hPa, obtained from ECMWF global
analyses (operational 2.5° x 2.5° gridded wind data). For all months shown, temperature
perturbations were observed above the Andes, indicative of OGW activity. Peak

monthly mean amplitudes are approximately 2 K and the largest values occur above the
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mountains. The wave motion clearly extends significant distances downwind and wave
amplitudes of order 1.3 K are also observed across the ocean. Generally, the winds are
westerly and perpendicular to the north-south oriented Andes range, thus providing
conditions which are conducive to the generation of OGWs. In fact, it was the winds
larger than ~10 m/s in these months, except for September 2007, that are mainly
responsible for the enhancement in the temperature amplitudes. In Sep 2007, the winds
larger than 10 m/s are almost parallel to the tip of South America resulting in no
apparent enhancement, and the relatively weaker enhancement is related to the
relatively weaker winds. The comparison between 2006 and 2007 shows a clear, but

small, amount of inter-annual variation.

Figure 5.3 shows the vertical and latitudinal variation of zonally averaged gravity-
wave amplitudes for JAS 2006 and 2007, where the averaging was performed over the
areas shown in figure 5.2. Due to the sparse coverage of the HIRDLS data in the
horizontal, a large area is used for averaging so that sufficient data are included for the
analysis to be representative of the region. The largest wave amplitudes are observed at
the highest latitudes. The wave amplitude decreases rapidly northwards. The wave
amplitudes generally increase with height, consistent with a decrease in air density.
Note, however, that the rate of increase with altitude is not uniform with latitude,
suggesting that other local environmental factors, such as the stratification and the
details of the wind profile are important. Interestingly, figure 5.3 hints at the possibility

of a local minimum in wave amplitude just below 38 hPa.

A time series of the measured wave amplitude and its variation with altitude during
JAS 2006 is shown in figure 5.4(d). The wave amplitudes shown are average
measurements made over South America between 30°S and 60°S. For the purposes of
comparison with results from the OGW parameterization scheme (see section 5.3) only
measurements obtained above land are included in the averaging. Figure 5.4(d) reveals
that periods of wave activity generally last for between 2 and 14 days and, consistent
with the zonal mean amplitudes of figure 5.3, the amplitude generally increases with
height. Comparison with figure 5.3 indicates that the averaging increased the lowest
amplitudes approximately 0.5 K and decreased the highest amplitudes approximately 2
K. In figure 5.4(d), enhanced values typical of the lower stratosphere are around 2 K,

increasing to around 5 K in the upper stratosphere. The largest temperature amplitudes
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are typically observed above 10 hPa (around 30 km above sea level), although the

strongest event (which occurred during days 78 to 79) has large-amplitude wave motion

present as low as 25 hPa (~24 km).

o
M
|
©
M
|
o
S
|
<
3
|
©
~
|
o
[fel
|
©
iel
|

—40 -36 —32

56 —52 —48 —44

—56 52 —48 —44 —40 —36 —32

—80 —70

—80

Y¥— Ov— 9¢— Z¢—

9G— 76— 8¥—

—80 =70 —60 -50 —40 =30
HIRDLS GW T~ [K] Jul 2006 100.00-16.16hPa
—— |
0.50 0.78 1.07 1.35 1.63 1.92 2.20

—70 —60 —50 —40

|
W
[N)
|
W
[}
|
IS
o
|
IS
IS
|
IS
@®
|
a
[N}
|
o
e

-70 —-60 -50 —40
HIRDLS GW T+ [K] Aug 2006 100.00—16.16hPa
e
050  0.78 1.07 1.35 1.63 192 220

—60 —50 —40 —30

Y¥— Ov— 9¢— Z¢—

9G— 76— 8¥—

=70 -60 =50 —40

HIRDLS GW T [K] Sep 2006 100.00-16.16hPa
s}

0.50 0.78 1.07 1.35 1.63 1.92 2.20

=30

Yy— Ov— 9¢— C¢—

o
M
|
©
M
|
o
<
|
<
<+
|
©
<~
|
o
0
[
©
0
[

96— 76— 8¥—

-80 -70 —60 -50 —40 -30
HIRDLS GW T~ [KJ Jul 2007 100.00-16.16hPa
m——— |
0.50 0.78 1.07 1.35 1.63 1.92 2.20
—70 —60 —50 —40
o |
) oy
| N
© |
9 o
| I
o |
~ N
| o
< |
< -~
| ~
© |
~ -~
| o0
o |
0 e
| N
© |
re sy
| s}
| |
—60 =50 —40
HIRDLS GW T~ [K] Aug 2007 100.00—16.16nhPa
.
Q.50 0.78 1.07 1.35 1.63 1.92 2.20

-80 —7/0 —60 —50 —40 —30

Yy— Ov— 9¢— C¢—

56 52 48 —44 40 —36 —32

96— 76— 8¥—

-80 =70 —60 =50 -40 -30

HIRDLS GW T~ [K] Sep 2007 100.00—16.16hPa
T

0.50 0.78 1.07 1.35 1.63 1.92 2.20

Figure 5.2 HIRDLS monthly mean gravity-wave temperature amplitudes (K) averaged

between pressure levels 100 to 16 hPa (approximately 16 to 27 km above sea level) over
the southern Andes during (a) July 2006, (c) August 2006, (e) September 2006 and (b)
July 2007, (d) August 2007, (f) September 2007. The monthly mean ECMWF analysis

wind vectors at 700 hPa are also shown.
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Figure 5.3 HIRDLS zonal mean gravity-wave temperature amplitudes (K) during JAS
2006 (left column) and JAS 2007 (right column), averaged over the area presented in
figure 5.2.
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Figure 5.4 Time-series of gravity waves averaged over South America between 30°S
and 60°S and upstream ECMWF winds for JAS 2006. Quantities shown are the
parameterized orographic gravity-wave temperature amplitudes (K) predicted by the
off-line (a) V1, (b) V2 and (c¢) V3 schemes, (d) the HIRDLS observed temperature
amplitudes and (¢) ECMWF wind speeds and (f) direction.
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Time series of the upstream wind speed and direction obtained from ECWMF
analyses are shown in figures 5.4(e) and (f), respectively, where in order to represent
upstream conditions, the wind vectors were averaged over a rectangular area in latitude-
longitude space whose south-west and north-east corners had coordinates (78°W, 50°S)
and (73°W, 35°S), respectively. The wind direction is measured clockwise. From figures
5.4(d) to (f) it is clear that periods of strong gravity-wave activity are generally
associated with periods of relatively strong westerly low-level flow. Weaker wave
activity is observed when the westerly component of the low-level flow is small. For
example, a period of relatively strong wave activity is observed from around day 16 to
day 24 which has strong low-level winds that are westerly over the period. In contrast,
during a period of weak wave activity from day 25 to day 35 the winds are much
weaker throughout the troposphere and are initially southerly before turning north-

easterly.

Whilst it is generally true that strong low-level winds directed perpendicular to the
mountain range will result in the generation of OGWs, the propagation of the waves
through the troposphere and stratosphere will depend on the properties of the vertical
profile of wind and atmospheric stability. For example, turning of the wind with height
may result in the absorption of wave motion at critical layers (e.g. Shutts [1998]), thus
restricting the vertical propagation of wave energy. The dependence of the vertical
propagation on the details of the background profile means that relating the
stratospheric wave amplitude to the flow properties is not straightforward. In order to
demonstrate clearly that the observed waves behave in a way consistent with stationary
OGWs a more complete analysis is required. One approach is to compare the

observations with the predictions of an OGW parameterization scheme.

5.3 HIRDLS Observations vs. MetUM Parameterizations

The temperature amplitude predictions for the V1, V2 and V3 OGW
parameterization scheme during JAS 2006 are shown in figures 5.4(a), (b) and (c),
respectively. As for the HIRDLS observations (figure 5.4(d)) the amplitudes shown are
the average values across the southern Andes between 30°S and 60°S. Comparison of
figure 5.4(a) with 5.4(d) shows that the wave amplitudes predicted by the operational

version (V1) of the scheme are significantly smaller than those observed. For example,
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the average parameterized amplitude between 10 and 1 hPa during JAS 2006 is 0.77 K,
whereas the observed average value is approximately 2.4 K. Note that, due to the
horizontal resolution of the HIRDLS observations, the observations provide a minimum
estimate for the wave activity. It is therefore likely that the under-prediction of gravity
waves by the operational scheme is even more severe than that suggested by figure 5.4.
Whilst the impact on NWP performance of changes to the scheme clearly needs to be
assessed, this under-prediction provides compelling evidence that improvements to the

scheme are required.

The effect of removing the assumption that the waves are saturated at launch is
evident in the results for the V2 scheme (figure 5.4(b)). This results in greatly increased
wave amplitudes in the stratosphere. Comparison of figure 5.4(b) with 5.4(d) reveals
that, for individual wave events, the parameterized amplitudes are now in much closer
agreement with the HIRDLS observations. The average amplitude for the V2 scheme in
the range 10 to 1 hPa during JAS 2006 is 1.48 K, which although still smaller than the
observed value (2.4 K), is a significant improvement on that obtained with the
operational (V1) scheme. Whilst there are clearly differences in the detailed evolution
and structure, the parameterized temperature fluctuations are now more comparable to
those diagnosed from the satellite retrievals. It would seem that low-level wave
breaking in the operational scheme excessively reduces the stratospheric wave motion

compared to observations.

Whilst the performance of the V2 scheme represents a marked improvement over
V1, as shown in table 5.1, the V2 scheme retains the same values of the tuning
parameters. As noted in appendix B, the choice of F,;,;=4 is rather unphysical compared
with typical values suggested by numerical and theoretical studies. However, reducing
F..to the more physically acceptable value of unity, whilst keeping the values of the

other tuning constants Fy, and n_ unchanged, results in excessively large wave

amplitudes in the stratosphere compared to those observed in the HIRDLS data.
However, acceptable results with F,,,=1 have been achieved by increasing the value of
F. to 2, which tightens the criterion for wave saturation by allowing smaller amplitude
waves to break. The main impact of increasing Fi,, to 2 is to increase the wave breaking
in the troposphere and lower stratosphere. Figure 5.4(c) shows the results for the V3

scheme in which F,;=1, F,~=2 and n_ is reduced slightly from its operational value of
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2.5 to 2. The impact of the change in n_ from 2.5 to 2 is relatively small but this change

brings the value in to line with the values recommended by other studies [e.g. Wallace
et al., 1983]. The level of agreement between the parameterized amplitudes and those
observed by the satellite is broadly similar to that obtained with the V2 scheme and on
the basis of these comparisons alone there would be little to choose between the two
tunings. The more physically acceptable value of F,,; perhaps makes the V3 scheme
marginally more attractive. In order to better discriminate between these choices further
work would clearly be required. For example, greater insight might come from

examination of the behavior over other mountain ranges or during different seasons.

Comparison of figures 5.4(b), (c) and (d) shows that, although the changes to the
operational parameterization scheme improve the agreement with the observations, the
schemes still suffer from some marked deficiencies. Firstly, the wave amplitude is
under-predicted over the lower portion of the height range sampled by the satellite and
appears to generally grow too rapidly with height. Secondly, there is some evidence to
suggest a local minimum in the HIRDLS wave amplitude near 38 hPa. This is most
apparent in the zonally averaged data (see figure 5.3) but also appears intermittently in
the time series shown in figure 5.4(d). No such minimum occurs in the parameterization
results. Neither the mechanism for the minimum nor its significance is clear but it is
perhaps worthy of further study. Finally, whilst the timing of individual wave events is
generally well represented by the V2 and V3 parameterization schemes, their duration
tends to be somewhat shorter than observed and episodes of parameterized wave
activity are rather intermittent. This is partly responsible for the under-prediction of the
three-month mean amplitudes and is perhaps a consequence of the steady-state
assumption used in the scheme, which means that the wave motion will adjust

instantaneously to changes in the vertical profiles of wind and stability.

Despite the above discrepancies, the fact that the predictions of the OGW
parameterization scheme are broadly similar to the observations indicates that observed
temperature fluctuations are likely to be a result of OGW motion rather than some other
non-orographic source (e.g. from waves generated by convection). Additionally, the
poor agreement of the HIRDLS observations with the operational version of the scheme

compared to the closer agreement with the V2 and V3 versions illustrates how the

109



Gravity Waves over the Southern Andes

HIRDLS observations can be used to improve and tune OGW parameterization schemes

in general.

(a) July 2006: HIRDLS (b) July 2006: Parameterization
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Figure 5.5(1) Monthly means of the HIRDLS observed gravity-wave temperature
amplitudes and the V3 parameterized mountain-wave temperature amplitudes (K)
averaged over the pressure range 100 to 38 hPa (approximately 16 to 21 km above sea
level). Panels (a), (c¢) and (e) show the HIRDLS measurements for July, August and
September 2006, respectively. Figures (b), (d) and (f) show the equivalent results for the

parameterization scheme.
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(a) July 2006: HIRDLS (b) July 2006: Parameterization
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Figure 5.5(ii)) Monthly means of the HIRDLS observed gravity-wave temperature
amplitudes and the V3 parameterized mountain-wave temperature amplitudes (K)
averaged over the pressure range 34 to 16 hPa (approximately 22 to 28 km above sea
level). Panels (a), (c) and (e) show the HIRDLS measurements for July, August and
September 2006, respectively. Figures (b), (d) and (f) show the equivalent results for the

parameterization scheme.
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(a) July 2006: HIRDLS (b) July 2006: Parameterization
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Figure 5.5(iii)) Monthly means of the HIRDLS observed gravity-wave temperature
amplitudes and the V3 parameterized mountain-wave temperature amplitudes (K)
averaged over the pressure range 14 to 2 hPa (approximately 29 to 40 km above sea
level). Panels (a), (c) and (e) show the HIRDLS measurements for July, August and
September 2006, respectively. Figures (b), (d) and (f) show the equivalent results for the

parameterization scheme.
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Figure 5.6 The longitudinal and height variation of the meridionally averaged HIRDLS
monthly mean temperature amplitude (K) during (a) July, (b) August and (c) September

2006. The meridional average was performed between 30°S and 56°S.
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The geographical extent of the observed and parameterized wave motion can be
compared in figure 5.5(1) to 5.5(iii) which shows monthly mean amplitudes for JAS
2006 over the pressure ranges 100 to 38 hPa, 34 to 16 hPa and 14 to 2 hPa, respectively.
A large area and three pressure ranges were chosen to track horizontal propagation and
vertical development of wave activity. The pressure-based HIRDLS and height-based
MetUM vertical coordinates result in a small difference in altitude. For the purposes of
the comparison the HIRDLS measurements have been averaged onto a 2° x 2° grid,
whereas the parameterization results (those shown are for the V3 scheme) are presented

on the global MetUM grid.

Across the continent the locations of the parameterized peak amplitudes are
broadly similar to those observed, with the largest wave activity occurring above the
southern Andes. Both the observations and parameterization show increased amplitudes
with altitude. The peak values in the HIRDLS observations are generally larger than
those in the V3 parameterization for all the three pressure ranges reflecting the under-
prediction in the parameterization. The under-prediction is consistent with figure 5.4.
The obvious difference between the HIRDLS observations and the v3 parameterization
is that the wave activity downwind of the Andes and across the ocean in HIRDLS
observations is completely absent in the parameterization. Clearly it is the assumption
of vertical only propagation in the parameterization resulting in a severe limitation of
the spatial distribution compared to that observed by the satellite. However, the vertical
only propagation over the orographic obstacles is not only the assumption used in the
gravity-wave parameterization scheme of McFarlane [1987], it is widely made in

numerical models, for example by Palmer et al. [1986] and Iwasaki et al. [1989].

The extent of the observed downwind propagation is emphasized further in figure
5.6, which shows the meridionally averaged (between 30°S and 56°S) mean monthly
temperature amplitude across the southern Andes and ocean. Peak values are observed
between approximately 70°W and 65°W (slightly to the east of the Andes) for all three
months. The peak amplitudes slightly decreased with altitude from 100 hPa up to about
38 hPa and then increased with height to higher levels resulting in minima in amplitude
just below 38 hPa. The minima have already been presented in the time-series plot of
amplitude in figure 5.4(d), but it became clearer in figure 5.6. The minima are likely

related to the profiles of winds and background instability, but an exact explanation is
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not possible at this stage. Over all the three months, the wave amplitude decays
gradually downstream, with waves still evident for several hundreds of kilometres

across the ocean.

Previous studies of OGWs over the Andes have indicated that the waves have
preferential horizontal wavelengths of ~110-130 km and 400 km [Eckermann and
Preusse, 1999; Jiang et al., 2002]. Preusse et al. [2002] used the GROGAT (Gravity
wave Regional Or Global Ray Tracer) model to investigate the downstream propagation
of OGWs from the Andes. The study indicates that this downwind wave activity is
likely to be associated with long horizontal wavelengths (~400km). Preusse et al. [2002]
showed that packets of long-wavelength waves propagated significant distances
laterally from the source region, with waves with south-westerly oriented wave vectors
(a direction favored by the curved shape of the southernmost part of the Andes)
propagating furthest downstream to the south-east of the Andes. These waves are able
to propagate downstream because their intrinsic frequencies are small and close to the
Coriolis frequency, implying that their vertical group velocity is small. The slow
vertical propagation of the wave energy means that the wave packets can be blown
significant distances downwind. Lateral refraction of the waves may also lead to some

southward drift of the waves due to the development of meridional wave components.
5.4 Discussion and Summary

In order to understand wave sources and propagation as well as the application of
observations in constraining gravity-wave parameterizations in models, HIRDLS
gravity wave observations were compared with the OGW parameterization scheme in
the MetUM. The comparison was made by directly comparing the observed gravity
wave temperature amplitudes with a modified OGW parameterization scheme that
output temperature fluctuations rather than momentum fluxes. The observations used
v02.04.19 temperature data and the methodology described in chapter 4. Three different
off-line versions of the MetUM OGW scheme were run and the predicted fluctuations
were compared to the HIRDLS gravity waves for a three-month period (JAS 2006). The
operational version of the parameterization scheme significantly under-predicts the
observed wave motion in the stratosphere above the southern Andes. After dropping the

assumption of wave saturation at launch in the V1 but incurring no changes to other
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parameters, the V2 parameterization shows a much improved agreement with the
HIRDLS observations. A similarly improved agreement was obtained in the comparison

with the V3 that has been further improved by physically tuning F, ,, adjusting £, , and

sat

n_ and removing the assumption of saturation at launch. The fact that the predictions of

the OGW parameterization are qualitatively similar to the observations suggests that the
observed temperature fluctuations are indeed a result of OGWs. This study
demonstrates the utility of satellite measurements in constraining the tuning of OGW

drag parameterization schemes.

Whilst reasonable agreement between the parameterized OGW activity and the
measurements above the southern Andes has been achieved, differences clearly exist
between the observations and parameterization. A striking difference between the
HIRDLS observations and the OGW parameterizations is that the minima just below 38
hPa in the observed temperature amplitudes were not present in the parameterization.
Comparisons with the ECMWF winds suggest that the minima in the observation are
possibly related to the vertical profile of winds and background stability. In the
comparisons, the parameterized gravity waves are generally smaller than those observed
by HIRDLS reflecting under-predictions of the OGW parameterization scheme in the
MetUM. A marked difference is that in the parameterization, the enhanced gravity
waves appeared only over the orographic obstacles, while the observation shows
downward propagation which persist for several hundreds of kilometres downwind of
the mountains and across the Southern Ocean to the east of South America. This
difference can be explained by the restriction to the orographic obstacles themselves and
the assumption of vertical only propagation in the parameterization scheme that follows

the approach of McFarlane [1987].

The above comparisons suggest that a significant re-tuning of the operational OGW
drag scheme in the MetUM would be required in order to improve the representation of
stratospheric OGWs in the global forecasts. However, as noted in previous section, the
stress from gravity waves in the parameterization scheme is also controlled by a further
tuning parameter, a horizontal scale that represents the gravity-wave horizontal
wavelength [Webster et al., 2003]. Thus, although the satellite data have proved useful
for the purposes of constraining the parameters which determine both the launch

amplitude and the vertical structure of the wave amplitude, an additional degree of

116



Gravity Waves over the Southern Andes

freedom exists which can be used to optimize the scheme for NWP or climate model
performance. Once satisfactory parameterized wave amplitudes have been obtained, the
momentum fluxes associated with the waves can then be adjusted independently to

optimize the forecast performance or model climate.

Previous studies suggest that the downwind wave activity is likely to be associated with
long horizontal wavelengths, whose vertical group velocity is sufficiently small that
wave packets can be blown significant distances in the horizontal as they propagate
vertically. The complete absence of these downwind waves in the OGW
parameterization scheme highlights a deficiency in column based schemes, which is
also a problem for other global circulation models which used other column based
parameterization schemes such as Palmer et al. [1986] and Iwasaki et al. [1989].
Further investigation will be required in order to determine the importance of this

downwind propagation for NWP and climate modelling.
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Chapter 6

Convective Gravity Waves

6.1 Introduction

Chapter 2 has introduced gravity wave sources in which convection is one of the
most readily identified sources, particularly in the tropics (see Fritts and Alexander
[2003] for a comprehensive review). Convection is also mentioned as a wave source in
the primary studies of gravity waves in chapter 4. Convectively generated gravity waves
play an important role in forcing the equatorial QBO and the SAO in the stratosphere
and mesosphere [Alexander and Holton, 1997; Sassi and Garcia, 1994], and thus are
one crucial aspect of momentum transport processes in the large-scale circulation of the
middle atmosphere. Convective gravity waves are not fully resolved in modern general
circulation models (GCMs) and so the effects of those unresolved waves have to be
parameterized [e.g. Hines, 1997; Kiehl et al., 1996; Alexander and Dunkerton, 1999;
Warner and Mclntyre, 2001; Kim et al., 2003]. Reliable observations can provide

constraints on convective gravity-wave parameterizations in GCMs.

Characterizing convective sources is difficult because of the inherent intermittency
of convective activity. Due to the characteristics of convective sources, convectively
generated gravity waves can be found throughout the full range of the wave spectrum.
Previous observations by Sato [1992, 1993], Alexander and Pfister [1995], Sato et al.
[1995], Dewan et al. [1998], McLandress et al. [2000] and Alexander et al. [2000]
showed that high-frequency waves in the stratosphere closely correspond to deep
convective clouds, while the low-frequency waves that may be observed in the middle
atmosphere can be a long distance away from the convective source, making it difficult

to correlate with clouds or other indicators of convection [Fritts and Alexander, 2003].

Convectively generated gravity waves using satellite data have been discussed by
McLandress et al. [2000] and Jiang et al. [2004b, 2005] for the UARS MLS and by Wu
and Eckermann [2008] for the Aura MLS. The tropics and subtropics are dominated by
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organized convective systems. The tropical convection is on a hierarchy of scales
including mesoscale deep convection and tropical cyclones. Gravity waves are
generated from rapid adjustment processes to disperse the imbalance caused by the
mesoscale deep convection or tropical cyclones. Tropical deep convection and the
convectively generated gravity waves have been discussed in Pfister et al. [1993a],
Tsuda et al. [1994a], Karoly et al. [1996], Alexander et al. [2000], Vincent and
Alexander [2000], McLandress et al. [2000] and Jiang et al. [2004b]. Pfister et al.
[1993b], Sato [1993] and Chane-Ming et al. [2002] have observed gravity waves

excited by tropical cyclones.

The Andes in South America (see figure 5.1) run from north to south along the
western coast and act as a climatic wall with dry conditions to the west and moist
conditions to the east (see for example Garreaud et al. [2008]). Whilst the southern
Andes, as discussed in chapter 5, is a region dominated by OGWs during the southern
winter season, the hot and moist conditions in the north-east of South America (0°S and
30°S) are favourable for deep, moist convection during the summer and thus the

production of convective gravity waves.

In this chapter, convectively generated gravity waves from HIRDLS temperature
measurements (v02.04.19) are studied over the tropics between 30°N and 30°S in
latitude for the summer and winter of 2006/7 and especially over the tropical South
America for December, January and February (DJF) 2006/7 by comparing with

outgoing longwave radiation (OLR), convective rainfall and vertical winds.
6.2 Indicators of Convection

The indicators of convection used in this study include OLR, convective rainfall
and vertical winds. The OLR is taken from the NCEP (National Center for Atmospheric
Research) archived, twice-daily (0600 UT and 1800 UT), uninterpolated, soundings of
the AVHRR on the National Oceanic and Atmospheric Administration (NOAA)
satellite. OLR is inversely related to convection and has been widely used as an
indicator of deep convection in previous studies [e.g. Gruber and Krueger, 1984;
Karoly et al., 1996; Wheeler and Kiladis, 1999; Alexander et al., 2008b; Dutta et al.,
2008]. In this study, the AVHRR OLR data are averaged monthly at 2.5 x 2.5 grid

resolution and the values below 200 W/m? (200-OLR) are considered to be determined
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by deep convection activity [Chane-Ming et al., 2002]. The convective rainfall is from
the TRMM (Tropical Rainfall Measuring Mission) convective monthly 5° x 5° mean
rainfall product 3A25. The TRMM satellite was launched in late 1997 for observing
precipitation over the tropical and subtropical regions [Kummerow et al., 2000]. The
3A25 data product is from the precipitation radar on the TRMM satellite and has been
validated using surface data from for example oceanic buoys [Bowman et al., 2003] and
surface rain radars and rain gauges [Wolff et al., 2005]. The wind data are the ECMWF
operational analysis. The data are regular 2.5° x 2.5° gridded products from 1000 to 1
hPa at 21 pressure levels. The observed gravity waves for convective source were
analysed for pressure altitude range 100 to 2.87 hPa over the tropics and the tropical

South America.
6.3 Gravity Waves over the Tropics

Figures 6.1 to 6.8 show the AVHRR OLR and the averaged HIRDLS gravity
waves over pressure levels 100 to 16 hPa for the tropics (30°N — 30°S) for June -
September (JJAS) and November - February (NDJF) 2006/7. The minima OLR indicate
strong deep convection activity over the tropics in the summer hemisphere. The
seasonal variation of convective activity is observed by the movement of the minima
OLR from the southern tropics in JJAS to the northern tropics in NDJF. However, the
deep convection indicated by the minima OLR shows different characteristics over the
summer northern and southern tropics. In the northern hemisphere, the convective
region over southern Asia is particularly large in the summer northern hemisphere and
often crosses the equator extending to the southern tropics. In the southern hemisphere,
convective regions are approximately equal in magnitude and the covered areas include

both land and ocean.

The HIRDLS observations over all the three pressure altitude ranges 100-38 hPa,
34-16 hPa and 14-2 hPa were compared with the convective indictor OLR for the
summer northern and southern tropics. Enhanced gravity wave activity was found above
the convective regions indicated by the small OLR values. The gravity wave panels in
each figure shows that the gravity wave temperature amplitudes grew from top
troposphere/lower stratosphere to upper stratosphere which is consistent with the

decrease of atmospheric density with height. The enhanced wave temperature
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amplitudes over a large area of southern Asia correspond to the large convective region

in the summer northern hemisphere.

The comparison with the OLR shows a marked poleward shift of the enhanced
gravity wave temperature amplitudes in both hemispheres. The poleward shift varies
from a small distance to approximate 10 degrees in latitude. There is no apparent shift
in temperature amplitude in the zonal direction. It is known that the gravity waves
generated by convection are not characterised by a single frequency and the low-
frequency waves particularly observed in the middle atmosphere may be at large
distances from the convective sources, making correlations with indicators of
convection more difficult [Fritts and Alexander, 2003]. The convective gravity waves
observed by Jiang et al. [2004b, 2005] also showed a poleward shift of ~ 10° in latitude,
which was explained by the authors as the result of the background wind filtering of the
gravity wave propagating into the stratosphere and also the MLS gravity wave visibility

function.

The propagation-angle from the horizontal plane of an upward-propagating gravity
wave is approximately proportional to the ratio of its vertical to its horizontal
wavelength [Hines, 1967]. Therefore, higher-frequency gravity waves propagate closer
to vertical and lower-frequency gravity waves propagate closer to horizontal.
Additionally, the vertical velocity of a wave (see chapter 2) is proportional to its
frequency times its vertical wavelength. For a fixed frequency, the larger the vertical
wavelength, the faster the wave can propagate into the middle atmosphere, assuming it
avoids critical levels and evanescence. The characteristics of the HIRDLS instrument
and the techniques of gravity wave extraction determine the observable gravity waves
are with a frequency of a few 10s minutes to several hours and vertical wavelengths
from ~2 km to 16 km. The HIRDLS measurements are able to detect all horizontal
wavelengths greater than 200 km for waves propagating along the line of sight (LOS)
and much shorter wavelengths propagating perpendicular to the LOS [Alexander et al.,
2008a]. This wide observational range makes the gravity waves with different
propagation-angles visible to the instrument. These waves with different propagating

angles can present as poleward waves depending on wind directions.

Tropical South America was investigated in detail in the following section for the

study of convective source and the propagation of the convective gravity waves by
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comparing with the AVHRR OLR and the TRMM convective rainfall, as well as the
ECMWEF operational analysis.

Mean OLR for 1/6,/2006-30/6/2006 [W/m~2]
I
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(b)

HIRDLS GW T~ [K] 6/2006 14-2hPa
. S S S

0.99 1.05 .11 1.17 1.23 1.30 1.36 1.42 1.48 1.54 1.60 1.66 1.72

(©

HIRDLS GW T~ [K] 6/2006 34—16hPa

0.69 0.74 0.80 0.85 0.90 0.96 1.01 1.07 1.12 1.17 1.23 1.28 1.33

HIRDLS GW T~ [K] 6/2006 100-38hPa

0.63 0.67 0.70 0.74 0.77 0.81 0.84 0.87 0.91 0.94 0.98 1.01 1.05

Figure 6.1 OLR from AVHRR and HIRDLS gravity wave temperature amplitudes for
June 2006 over pressure ranges 14 — 2 hPa, 34 — 16 hPa and 100 — 38 hPa, respectively.
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Mean OLR for 1,/7/2006—31/7/2006 [W/m~2]
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Figure 6.2 OLR from AVHRR and HIRDLS gravity wave temperature amplitudes for
July 2006 over pressure ranges 14 — 2 hPa, 34 — 16 hPa and 100 — 38 hPa, respectively.
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Figure 6.3 OLR from AVHRR and HIRDLS gravity wave temperature amplitudes for
August 2006 over pressure ranges 14 — 2 hPa, 34 — 16 hPa and 100 — 38 hPa,

respectively.
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Figure 6.4 OLR from AVHRR and HIRDLS gravity wave temperature amplitudes for
September 2006 over pressure ranges 14 — 2 hPa, 34 — 16 hPa and 100 — 38 hPa,

respectively.
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Figure 6.5 OLR from AVHRR and HIRDLS gravity wave temperature amplitudes for
November 2006 over pressure ranges 14 — 2 hPa, 34 — 16 hPa and 100 — 38 hPa,

respectively.
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Mean OLR for 1/12/2006—31/12/2006 [W/m~2]
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Figure 6.6 OLR from AVHRR and HIRDLS gravity wave temperature amplitudes for
December 2006 over pressure ranges 14 — 2 hPa, 34 — 16 hPa and 100 — 38 hPa,

respectively.
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Figure 6.7 OLR from AVHRR and HIRDLS gravity wave temperature amplitudes for
January 2007 over pressure ranges 14 — 2 hPa, 34 — 16 hPa and 100 — 38 hPa,

respectively.
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Figure 6.8 OLR from AVHRR and HIRDLS gravity wave temperature amplitudes for
February 2007 over pressure ranges 14 — 2 hPa, 34 — 16 hPa and 100 — 38 hPa,

respectively.
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6.4 Gravity Waves over the Tropical South America

Figures 6.9 to 6.11 show the averaged HIRDLS gravity waves over pressure levels
100 to 16 hPa for tropical South America for DJF 2006/7, respectively. The gravity
waves were compared with the AVHRR OLR and the TRMM convective rainfall at 15
km. Figure 6.10 shows that the peak gravity wave temperature amplitudes in January
correspond closely to the 200-OLR and to the maximum TRMM convective rainfall.
The enhanced gravity wave field agrees well with the enhanced TRMM convective
rainfall. The good agreement indicates that the observed gravity waves were excited by
the source of deep convection. The peak gravity wave amplitude and the minimum OLR
in January geographically match each other implying an upward propagation. Following
the discussion of the relationship between propagation and frequency in section 6.3, the
convective gravity waves in January are very likely higher-frequency waves with larger
vertical wavelength and smaller horizontal wavelength. The waves nearly equally
spread around the local peaks which is clearly different from the orographic gravity

waves over the southern Andes.

The HIRDLS gravity waves for Dec 2006 and Feb 2007 were compared with the
AVHRR OLR and the TRMM convective rainfall in figure 6.9 and 6.11, respectively.
In contrast to Jan 2007, the peak amplitudes in Dec 2006 and Feb 2007 are a few
degrees in latitude poleward shifted compared with the 200-OLR. This is somewhat less
than the observed 10° poleward shift by Jiang et al. [2004b, 2005] using MLS data. The
TRMM convective rainfall does not show clearly localized enhancement making the
comparison with HIRDLS gravity waves difficult, because the life cycle of deep
convection is characterized with developing stage, mature stage and dissipating stage.
Different classes of clouds correspond to the deep convection at each stage. The
dominant clouds cumulus, cumulonimbus and anvil cloud at the three stages may not
always cause convective rainfall observed by the TRMM instrument at 15 km. Thus the

15 km TRMM rainfall in these two months is likely to underrepresent deep convection.
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Figure 6.9 Left column: HIRDLS gravity wave temperature amplitudes (top), the
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Figure 6.10 Left column: HIRDLS gravity wave temperature amplitudes (top), the
AVHRR OLR (middle) and the TRMM convective rainfall at 15 km (bottom) for
January 2007; and right column: monthly averaged winds at 100 hPa, 150 hPa and 250
hPa, from the top to bottom, respectively.
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Figure 6.11 Left column: HIRDLS gravity wave temperature amplitudes (top), the
AVHRR OLR (middle) and the TRMM convective rainfall at 15 km (bottom) for
February 2007; and right column: monthly averaged winds at 100 hPa, 150 hPa and 250

hPa, from the top to bottom, respectively.
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The wind vectors from the ECMWF operational analysis were also investigated for
the gravity waves over tropical South America. The right panels of figures 6.9 to 6.11
are the monthly averaged winds at 100 hPa, 150 hPa and 250 hPa, from the top to
bottom, respectively. The wind vector plots clearly show a mesoscale cyclone in each
month which perfectly matches the geographic location of the enhanced gravity waves.
This suggests that it might be the low OLR equatorward rather than the gravity waves
poleward drifted away from the convective source supporting convectively generated
gravity waves in these three months. The geographic agreement in the comparison
between the gravity waves and the tropical cyclones also indicates vertical wave
propagation. The same discussion that applied to Dec 2006 is suitable to Jan and Feb
2007, i.e. higher-frequency with larger vertical wavelength waves vertically propagating
into the stratosphere. The monthly averaged vertical wavelengths over pressure levels
100 to 16 hPa for DJF 2006/7 are approximately 7.5 km corresponding to the enhanced

temperature amplitudes.

Figures 6.12-14 show the zonally and meridionally averaged gravity waves for DJF
2006/7 compared with the ECMWF zonally and meridionally averaged vertical winds
over the same region. The peak gravity wave temperature amplitudes in these three
months grew with height without dissipation. By contrast, the MLS gravity waves over
the tropics and subtropics by Wu and Eckermann (2008) show minima at ~ 30 km.
Comparison with both the zonally and meridionally averaged vertical winds shows that
the peak gravity wave temperature amplitudes in DJF 2006/7 are clearly related to the
upward air flow below 100 hPa. Above 100 hPa, the vertical winds are stable and steady.
Whilst the aforementioned peak gravity waves in both Dec 2006 and Feb 2007 are
slightly poleward shift compared with the 200-OLR, the good agreement between the
enhanced gravity waves and the ECMWF vertical winds in geographic location

indicates a deep convective source and vertical wave propagations.
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Figure 6.12 Dec 2006: meridionally and zonally averaged HIRDLS gravity wave
temperature amplitudes in K (top left/right) and ECMWF vertical winds in Pa/s (bottom

left/right, negative indicates ascending and positive indicates descending).

135



Convective Gravity Waves

1.9 2.2
1.8 2.0
5.6 1.7 Xl — - 1.9
1.5 1.7
o Al E < 1.6
IS o =
< o <
v 14.7 © 1.3 N 14.7 gW#
> & =
3 S 12p 2 £ 1.3
0 E g £ 1
X < ' H& <
38.3 0.9 38.3 1.0
0.8 0.8
0.7 0.7
100.0 0.6 100.0 0.5
-80 —60 —40 -20 -3 -20 -10 O 10
Longitude (deg) Latitude (deq)
1 0.0507] LK
% 0.036 __ 0.3
} %
o 0.022 > 0.003
10 L
Z  0.009 |~ —0.007
—~ c : e} E
2 g < € -0.017
* € —0.005H< 5 —0.
= & — 1@
® 100 5 —0.0190 % € —0.027
3 C 7 6
o Q » c
o © —0.033f § -0.037
T © o N
£ —0.047 > —0.048
400 - <
< -0.061 5 —0.058
c =
2 0074 ~0.068
1000 = \ ~0.088 i -0.078
-80 -60 —40 -20 -30 -20 -10 0O 10
Longitude (deq) Latitude (deg)

Figure 6.13 Jan 2007: meridionally and zonally averaged HIRDLS gravity wave
temperature amplitudes in K (top left/right) and ECMWF vertical winds in Pa/s (bottom

left/right, negative indicates ascending and positive indicates descending).
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Figure 6.14 Feb 2007: meridionally and zonally averaged HIRDLS gravity wave
temperature amplitudes in K (top left/right) and ECMWF vertical winds in Pa/s (bottom

left/right, negative indicates ascending and positive indicates descending).

6.5 Summary

In this chapter, convective sources were investigated for the observed HIRDLS
gravity waves over the tropics and tropical South America over the period DJF 2006/7,
by comparing with the AVHRR OLR, the TRMM convective rainfall and the ECMWF
winds. The peak gravity wave temperature amplitudes in Jan 2007 are in good
agreement with the 200-OLR and the maximum convective rainfall at 15 km, indicating
convectively radiated gravity waves observed in the stratosphere. The enhanced gravity
waves match the enhanced convective rainfall in terms of geographical location
implying vertical propagation. The comparison with the OLR for Dec 2006 and Feb
2007 shows a few degrees poleward drift in latitude, which is somewhat lower shifted
than the observations by Jiang et al [2004b, 2005] using the MLS data. Moreover, the

comparison with the ECMWF winds shows a good match in geographic location
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between the HIRDLS observations and the mesoscale cyclones suggesting deep

convective generation.

The zonally and meridionally averaged gravity waves show growing characteristics with
altitude without dissipation in the stratosphere. The enhanced temperature amplitudes
are present around the maximum amplitudes, indicating no significant impact from the
background. Comparisons with the zonally and meridionally averaged ECMWF vertical
winds show that the observed gravity waves over tropical South America are almost

immediately above the updrifts below 100 hPa indicating convective excitation.
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Chapter 7

Conclusions and Outlook

This thesis has studied stratospheric gravity waves and their global distribution,

sources and propagation in the stratosphere using the satellite instrument, HIRDLS.

Gravity waves were extracted in terms of temperature perturbations from HIRDLS
level 2 temperature measurements. The extraction was made by subtraction of a
dynamic 31-day background field, followed by the application of a 1000 km along-track
temperature filter. The dynamic 31-day background field worked as a high-pass filter to
capture low frequency planetary-scale waves with periods longer than 31 days. Due to
the dynamic characteristic of the background field, waves with shorter periods can also
be attenuated. Subtraction of a background field of a reasonable period has been used in
previous studies [e.g. Fetzer and Gille, 1994, 1996; Eckermann and Preusse, 1999;
Preusse et al., 2000, 2002; Ern et al., 2004, 2006; Alexander et al., 2008a] to remove
planetary-scale waves. After subtracting the background field, it was found in the tests
that large-scale fluctuation structures can be retained by this process which are
inconsistent with gravity waves and could be caused by a not completely removed
background; any improvements in methodology at this stage will result in better results
being obtained subsequently for the final analysed gravity wave parameters. Since the
background field has blocked the planetary-scale waves with periods longer than 31
days, the retained large-scale fluctuation structures are very likely caused by higher
frequency planetary-scale waves. The 1000 km along-track filter works as another high-

pass filter to remove the higher frequency planetary-scale wave signal.

The combination of the background field and the 1000 km along-track filter made
the extraction of gravity waves from HIRDLS temperature more complete than only
subtraction of the background field and largely reduced planetary-scale wave-
contamination. This made the methodology attractive. The resulting individual vertical

profiles of gravity-wave temperature perturbations were then Fourier transformed (using
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an FFT) to extract the gravity-wave temperature amplitudes and vertical wavelengths of

~2 - 16 km.

A year-long record has been made for monthly mean amplitudes and vertical
wavelengths. Global distribution, seasonal variation, sources and propagation of gravity
waves have been investigated based on the year-long record of temperature amplitudes
and wavelengths. The vertical wavelengths are, to the knowledge of the author the first
observations of a year-long period of vertical wavelength, which together with the year-
long record of temperature amplitudes will be a milestone in gravity wave climatologies.

The findings from the investigations can be summarized as follows.

The observed wave activity is highly variable spatially with a pronounced seasonal
dependence. Gravity waves are strong in the winter extratropical and high-latitude
stratosphere and the summer tropical stratosphere. Some extratropical gravity wave
activity is highly related to the major north-south or near north-south mountain ranges
of the Earth. The investigation into gravity-wave activity in the winter extratropics
indicates that orography is an important source of the waves in the extratropical

stratosphere.

The peak gravity-wave wavelengths correspond closely with the peak amplitudes
in terms of geographic location. In most months, the increased growth rates of
amplitude with altitude in the winter extratropical stratosphere are significantly larger
than those in the tropical stratosphere. Correspondingly, the wavelengths in the winter
extratopical stratosphere grow faster than the wavelengths in the tropical stratosphere.
These differences in the growth rates between low and high latitudes very likely
reflected lower altitude sources in the extratropics and high latitudes while higher
altitude sources in the tropics. The observations, over the whole year, are in good

agreement with gravity wave climatologies.

The year-long record of temperature amplitudes has been either qualitatively or
quantitatively compared with those available satellite observations from, for example
MLS [Wu and Eckermann, 2008], CRISTA and SABER [Preusse et al., 2006] and the
same satellite instrument but different method [Alexander et al., 2008a]. The
comparisons show both differences for specific location, for example the difference

with MLS observations over the tropics, and generally good agreement over most of the
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globe. It should be noted that different techniques were used in the above observations.
These different methods adopted in the observations can contribute to the differences
between each other. Indeed, different satellite instruments with different characteristics
are sensitive to different portions of the gravity wave spectrum. The contribution to the
differences from this aspect is unavoidable but can be explained by the sensitivity of the
instrument to different portions of the wave spectrum, which requires further work.
Some differences caused by the observation techniques can be investigated based on
gravity wave theories, for example the difference with MLS over the tropics was
investigated by comparing with the convective activity represented by the MLS ITWC
(ice water content) used by Wu and Eckermann [2008] for seasonal variation of both
gravity waves and convective activity. The results show that the HIRDLS gravity waves
analysed using the method described in this thesis are better at matching the seasonal

variation of convective activity than those of MLS.

The meaningful annual cycle of gravity waves presented has demonstrated the
strength of the methodology described in this thesis. The systematic and regular
oscillation in the HIRDLS radiometric signal that is caused by the motion of the
blockage has been removed by the HIRDLS team by developing extra algorithms. The
retrieved temperature has been extensively validated by the HIRDLS science team
[Gille et al., 2008]. The observed HIRDLS gravity waves presented in this thesis do not

show any obvious signals of the oscillation.

Case studies over the southern Andes and the Cascade Range and the Rockies and
the Himalayas are included for particular wave activity periods. The gravity waves over
the southern Andes and the Cascade Range and the Rockies show orographic wave
sources that are related to the strong westerly winds. These waves were refracted and
clearly propagate downwind from the source regions. The results are clearly a challenge
to the assumption of vertical propagation of orographic gravity waves in numerical
models, such as Palmer et al., [1986], McFarlane, [1987], and Iwasaki et al., [1989].
The gravity waves over the Himalayas are summertime cyclone-associated waves

suggesting a generation by convection sources.

Following the case studies, orographic gravity waves over the southern Andes for a
three month period (JAS 2006) were thoroughly studied by comparing with model
results from the UK Met Office unified model (MetUM™). The aim of the comparison
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was to validate the observed gravity waves and to aid in the understanding of the
application of observations in numerical models. The study was made by directly
comparing the observed gravity wave temperature amplitudes with the temperature
amplitudes from the orographic gravity-wave parameterization scheme in the MetUM.
This avoided the calculation of momentum fluxes in which additional assumptions have
to be made by using data from a single instrument. In the process of comparison, the
operational parameterization scheme was modified by adjusting tunable parameters to
result in three different off-line versions. Whilst the operational version of the
parameterization scheme significantly under-predicts the observed wave motion in the
stratosphere, much improved agreement has been obtained in the comparison with

=4,n_=25 and F, =1,n,=2and F,, =2).

sat sat

version 2 ( F, =1) and version 3 ( F,

rit rit
The fact that these predictions are qualitatively similar to the observations suggests that
the observed temperature fluctuations are indeed a result of mountain waves. This study
demonstrates the utility of satellite measurements in constraining the tuning of

mountain-wave drag parameterization schemes.

The much improved agreement with the modified versions suggests that a
significant re-tuning of the operational mountain-wave drag scheme in the MetUM
would be required in order to improve the representation of stratospheric orographic
waves in the global forecasts. The satellite data have proved useful for the purposes of
constraining the parameters which determine both the launch amplitude and the vertical
structure of the wave amplitude. However, since both vertical and horizontal wave
scales are required for the assessment of gravity wave effects in the stress [Webster et
al., 2003] in the model, further work will be necessary for obtaining reliable momentum
fluxes with other instrument observations (e.g. observations from AIRS) involved for

NWP or climate model performance.

Whilst reasonable agreement has been achieved, differences are found between the
parameterization and observations above the southern Andes. The observations show
minima in temperature amplitude just below 38 hPa that are not present in the
parameterized gravity waves. The ECMWF winds suggest that the minima are very
likely related to the vertical profile of winds and the background instability. Future
work is needed to explore the real reasons causing the minima. Another important

difference is that the observed waves show a marked downwind propagation which is
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not represented by the column based parameterization. The enhanced temperature
perturbations in the observations persist for a few thousand kilometres downwind of the
mountains and across the Southern Ocean to the east of South America. Studies by
Preusse et al. [2002] suggest that this downwind wave activity is likely to be associated
with long horizontal wavelengths, whose vertical group velocity is sufficiently small
that wave packets can be blown significant distances in the horizontal as they propagate
vertically. The complete absence of these downwind waves in the OGW
parameterization scheme highlights a deficiency in column based schemes [Yan et al.,
submitted]. Further investigation will be required in order to determine the importance

of this downwind propagation for NWP and climate modeling.

The convectively generated gravity waves over the tropics are very important for
the equatorial QBO and SAO in the stratosphere and mesosphere. The HIRDLS gravity
waves in the stratospheric tropics were investigated for convective sources over the
period JJAS 2006 and NDJF 2006/7. The comparison with the AVHRR OLR shows
that the enhanced temperature amplitudes are geographically above the 200-OLR region
in the summer hemisphere. The comparison also shows a few-degrees poleward shift of
the enhanced temperature amplitudes in both hemispheres, while there is not apparent
shift in the zonal direction. The poleward shift has also been observed by Jiang et al.
[2004b, 2005] who explained the observation as the result of the background wind
filtering of the gravity wave propagating into the stratosphere and also the MLS gravity
wave visibility function. Fritts and Alexander [2003] summarized convectively low-
frequency waves in the middle atmosphere that may be away from the convective

source at a large distance.

The convective gravity waves over the tropical South America are particularly
interesting as a contrast to the orographic gravity waves over the southern Andes. In this
study, the HIRDLS gravity waves in this area were compared with the AVHRR OLR,
the TRMM convective rainfall and the ECMWF vertical winds over the period of DJF
2006/7. Although the enhanced gravity waves in Dec 2006 and Feb 2007 are slightly
poleward shifted, the peak gravity wave temperature amplitudes in DJF 2006/7 are
generally in good agreement with the 200-OLR. Except for Jan 2006 in which the
location of the observed gravity waves matches the covered region of the TRMM

maximum convective rainfall at 15 km, the comparison with Dec 2006 and Feb 2007
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suggests under-represented convection in the 15 km TRMM data. Whilst poleward shift
was observed for the tropics and tropical South America, the observed gravity waves
perfectly match the geographical location of the mesoscale cyclones in the wind maps
of DJF 2006/7. The comparison with the ECMWF vertical winds shows a good
relationship between the enhanced stratospheric gravity waves and the upward air flow

below 100 hPa.

The comparisons with the deep convective indicators of AVHRR OLR and TRMM
convective rainfall and the ECMWF winds indicate that the observed HIRDLS gravity
waves over the tropical South America are very likely generated by convective sources.
The same conclusion can be drawn by the observed gravity waves over the tropics.
These convective gravity waves are probably higher-frequency with larger vertical
wavelength waves vertically propagating into the stratosphere. The monthly averaged
vertical wavelengths over pressure levels 100 to 16 hPa for DJF 2006/7 are
approximately 7.5 km corresponding to the enhanced temperature amplitudes. The
vertical propagation into the stratosphere implies that the convective gravity waves were
less influenced by the background winds, which makes the waves markedly different

from the orographic gravity waves over the southern Andes.

Although absolute values of gravity wave momentum fluxes have been estimated
using data from a single satellite instrument [e.g. Ern et al., 2004], an additional
assumption has to be made for horizontal wavelengths. This caused the estimated
momentum fluxes suffering from large uncertainty [Alexander et al., 2008a]. In the
thesis, temperature amplitudes and vertical wavelengths have been derived from
HIRDLS temperature data. In the future, horizontal wavelength of gravity waves should
be derived using measurements from a nadir-view satellite instrument, in order to
calculate momentum fluxes to be used directly in gravity wave parameterization
schemes in numerical models. Ideally, both a limb and nadir-view instruments

simultaneously view the same wave field for the vertical and horizontal scales.

In order to utilize observations for the constraints on gravity wave
parameterizations in global models, wave generation mechanisms should be understood.
This requires understanding of the sources for the observed gravity waves. The thesis
discussed studies of orographic gravity waves over the southern Andres and convective

gravity waves in the tropics. For a better understanding of global source distribution, in
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the future, gravity waves over other major mountains and convective gravity waves at
higher latitudes should be investigated and compared with the results presented in the
thesis. In addition, other sources such as fronts and wind shear excited gravity waves
also need to be understood. Source studies of gravity waves will also require
complementary observations from other techniques such aircrafts, radars and
radiosondes. Therefore, combining satellite observations and the observations from
other techniques could be future work. Models can always be a good tool to reveal the
generation mechanism of observations. So comparing observations with model

simulations in the future will definitely benefit gravity wave source studies.

145



Appendix A

Appendix A

A General Gravity-Wave Solution to

Equations of Motion

Based on a simple linear theory, atmospheric gravity waves can be described as
small departures from a stably stratified background state. When an air parcel is
displaced away from its equilibrium position, the consequent buoyancy acts as restoring
force cause gravity wave oscillations. A general gravity wave solution can then be

derived from the linearized forms of the equations of motion.

The primary equations of motion in Cartesian coordinates (x, y, z) are given as

follows [Holton, 1992]

du _ +l6—p—X, A-1
dt p Ox

ﬂ+fu+la—p=Y, A-2
dt L Oy

d—w+la—p+g=0, A-3
dt poz

ld_p+8_u+@+8_w:0’ A-4
pdt Ox Oy oz

d6

T s A-5
dt ©

where d/dt represents a total derivative; (u,v,w) is the fluid velocity vector; and the
terms X,Y and Q represent unspecified forcings that could include wave-driven forces

and diffusive missing effects accompanying wave dissipation. Equations A-1 to A-3

follow from conservation of momentum. Equations A-4 and A-5 follow from
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conservation of mass and thermal energy, respectively. The remaining symbols have the

same meanings given in the chapters. f =2Qsin¢ is the Coriolis parameter where QQ
is the Earth rotation rate and ¢ is latitude. These five equations together with the

definition of potential temperature 6 (equation 2-7) completely describe inviscid fluid

motions.

By neglecting the forcings X,Y and O, equations A-1 to A-5 and 2-7 can be
linearized about a horizontally uniform hydrostatic basic state with background wind
(,v,0), potential temperature @ , pressure p and density p varying only in z as

follows

E2LA LU SCE D A6
Dt oz ox\ p
&+w'a—v+fu'+i pt =0, A-7
Dt oz o\ p
CLSCH A ) ) A8
Dt oz\p) H\p P
" 2
2(9:)+W'N—:o, A9
Dt\ 6 g
Dfp, o O o Wy, A-10
Dt\p) ox oy o0z H
i:iz(pt]—’é. A-11
0 c\p) p

Here D/ Dt is the linearized form of the time derivative,

2:2+ﬁi+\7£, A-12
Dt ot ox Oy
primed quantities are perturbations to the background state, c, is the sound speed, and

N is the buoyancy frequency given by 2-7.
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If we assume the background flow represented by (#,v ) and N vary only slowly

over a wave cycle in the vertical (the WKB approximation [e.g. Gill, 1982]) and also

assume the gravity wave solutions have the form

(uv)vv’wv’9"p",%'}:(ﬁ,~’v~v, ,ﬁ,ﬁ)~exp[i(kx+ly+mz—wt)+ﬁ} , A-13

the linearized equations A-6 to A-11 yield a set of equations for (#,V,w, 0,0.9):

—idi — [ +ikp =0, A-14

—iav+ fu +ilp=0, A-15

—iow+ im—L p=-gp A-16
H p 8P

—iof +(N?/ g)w=0, A-17

. A -] ~ L i . 1 ~

—iwp +iku +ilv+|im———w=0, A-18
2H

0=plct-p, A-19

where @ = —ku —Iv is the intrinsic frequency that defined as the frequency of a wave

measured by an observer drifting with the fluid ( #,v ). Setting the imaginary

coefficients to zero, equations A-14 to A-19 can be expressed as a single equation for

the perturbation vertical velocity amplitude

N2
g

L , A-20
H

"2
c?){k2+lz+m2+4;[ —(a) S )]:Nz(k2+lz)+f2(m2+411{2j. A-21

It is noted that both gravity waves and acoustic waves exist in equation A-21. The

acoustic waves can be eliminated by treating the atmosphere as a uniform and
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incompressible (i.e. ¢, — o0 ) fluid in the horizontal direction, but a compressible fluid

in hydrostatic equilibrium in the vertical direction. This gives the gravity wave

dispersion relation,

, (Bar v-e?) 1

Iy A-22

The dispersion reveals the relationship between the gravity-wave characteristics (wave

numbers and frequency) and the background state properties ((#,v ) and N ). If gravity

wave propagate vertically, (k,/,m) are real, and the intrinsic frequency is within the
range N > c?)>| f | The wave with frequency in this spectrum can be important to

middle atmospheric dynamics.

The group velocity of gravity waves that describes energy transport and wave

packet propagation can be given as

2 A2
y =02 oy KV - o) A-23
& ok 1 ’
oK+ +mt+—
4H
2 A2
QK+ +m’
4H
_ ’\2_ 2
_aa): m(a) f) A5

ng —a— 1 .
n aS(k2+12+m2+ 2)
4H

The relations between perturbation amplitudes of the different variables are

described by polarization relations that can be derived from equations (A-14) to (A-19).

The polarization relations between #,vV,w, p and & are

go| k=S A-26
iol + fk
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Appendix B

The operational scheme of OGW

parameterization in the MetUM

The MetUM (Met Office Unified Model®) has been described in Davies et al.
[2005]. An orographic gravity wave-relevant summary has been given in Yan et al.
[submitted]. For the period of interest (JAS 2006), the operational global forecasts used
a grid spacing of 0.5625° x 0.375° in the zonal and meridional directions, respectively.
This equates to a grid spacing of approximately 40 km in both directions at 50°S. The
drag force exerted on the flow which results from gravity waves generated by the sub-
grid orography cannot be resolved on the model grid and therefore must be
parameterized. Note that due to the use of a long timestep in the operational MetUM
(facilitated by semi-implicit time integration coupled with a semi-Lagrangian advection
scheme) fewer gravity waves are in fact resolved by the model than might be expected
from consideration of the grid spacing alone. Essentially, OGW (orographic gravity-
wave) activity is heavily damped and this is true even of waves whose horizontal and
vertical wavelengths are sufficiently long that, theoretically, they should be well
resolved on the model grid. The representation of stratospheric OGWs in the operational

forecast, therefore, relies almost entirely on the parameterization scheme.

The MetUM orographic scheme was described in detail by Webster et al. [2003]
and also introduced in Yan et al. [submitted]. The OGW parameterization is based on
the ideas of McFarlane [1987]. The Earth topography used in the MetUM is obtained
from the 30 arcsecond resolution ‘Global Land One kilometre Base Elevation’ (GLOBE)
dataset [GLOBE task team et al., 1999]. The investigation by Davis and Brown [2001]
indicated that two-grid-length features cannot be adequately resolved, whilst six-grid-
length features can be adequately resolved. Therefore, a scale-selective filter is applied
to the orographic fields in the MetUM to remove near-grid-scale (below six-grid-length)

features.
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The surface pressure drag due to the sub-grid orography is partitioned into a
blocked-flow component and an OGW drag component. A proportion of the low-level
flow is assumed to rise across the summits of the sub-grid mountains (OGW
component), with motion in the very lowest layers forced around the mountain flanks
(blocked-flow component). The depth of the summit region of the OGW component is

determined by the Froude number:

U

n_olN

F = B-1

where U and N are a depth averaged wind speed and Brunt-Viiséld frequency,

respectively, measured from the ground up to n_o , a measure of the sub-grid mountain

height. o is the standard deviation of the sub-grid mountains from the model grid-box

mean height. The parameter n_ is a tunable constant that is set to 2.5 in the operational

scheme. The OGW amplitude is assumed to be proportional to the depth of the summit

region.

In the MetUM, OGWs are launched for every model grid box over land at each

model timestep. When F' is larger than a critical value, F ., the flow is assumed to

>+ crit 2
contain sufficient kinetic energy to rise entirely over the summits of the sub-grid

mountains. In this situation the vertical displacements, 77, associated with the gravity
waves are equal to the sub-grid mountain height, n o . Under strongly stratified

conditions, when F < F

... » a proportion of the flow is assumed to be diverted around
the mountain sides and only the flow above a dividing streamline [Snyder et al., 1985]
passes over the summits. In this case the effective height of the sub-grid mountains is

reduced to 7=n,0F [F,

,. and the amplitude of the parameterized gravity-wave
vertical displacements are reduced in the same way. It should be noted that the
amplitude of the gravity waves is proportional to 7 rather than the full depth of the sub-
grid mountains. Physical understanding of stratified flows around mountains would

suggest that F

crit

should be around unity [e.g. Smith, 1980]. However, tuning

considerations have led to the adoption of a value of F,

crit

= 4 in the operational NWP

scheme.
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The gravity-wave propagation aspects of the scheme are based on the ideas of
McFarlane [1987]. The waves are assumed to be steady and monochromatic, with a
horizontal wave vector aligned with the depth averaged low-level horizontal wind

vector, again averaged between the ground and the height n_o . Coriolis effects are

neglected and the horizontal wavelength is assumed to be sufficiently long that the wave
motion is hydrostatically balanced, implying that the wave energy will radiate vertically
above the sub-grid mountains and thus remain within the grid column. This
approximation conveniently allows each grid column to be treated independently (since
no wave energy is exchanged between adjacent columns) but clearly does not allow for
the lateral propagation of wave energy. In the absence of wave breaking, the change in
wave amplitude between adjacent grid levels is determined by the decay of air density
with altitude (which results in a growth of wave amplitude with increasing height) and
changes in both the Brunt-Viisédla frequency and the background wind. Decreases in the
wind (resolved in the direction of the horizontal wave vector) will result in a growth in
wave amplitude, as will decreases in the Brunt Viiséld frequency. Diagnosis of wave
breaking and the deposition of wave stress follows that described by Gregory et al.
[1998]. Wave breaking is assumed to take place when the local Froude number,

U/(nN), falls below a critical value, Fy,. When this occurs a proportion of the wave

stress is exerted on the flow and the wave amplitude is reduced accordingly such

thatU/(nN) = F,,, . Note that the current operational implementation of the Webster et al.

[2003] scheme (implemented operationally in August 2002) is primarily aimed at the
representation of the large amplitude gravity waves generated in low Froude number
cases, where wave breaking is likely to take place close to the mountain tops. This has
been observed in several numerical and theoretical studies [Smith, 1980; Miranda and
James 1992]. Since the waves which propagate away from low-level breaking regions
are themselves likely to be close to the point of breaking, in the operational scheme it is

assumed that the wave field launched by the mountains is in fact already saturated. This

is equivalent to setting F_, to the low-level value of U/(zN) . At the time of

implementation, attempts to relax this assumption resulted in a significant degradation
in forecast skill, particularly over most major mountain ranges such as the Himalayas.
Whilst this saturation assumption might seem appropriate for the large amplitude waves
(which may make the dominant contribution to the drag), for the smaller amplitude

waves corresponding to larger Froude numbers, it is somewhat questionable. In
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assessing the performance of the scheme against the HIRDLS observations, it will
therefore be important to understand the impact of this assumption [e.g. Yan et al.,

submitted].
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