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Abstract

The vertical phase structure of atmospheric waves of various scales in the middle
atmosphere and their source regions have been investigated using a range of instruments.
The methodology of this thesis involved the analysis of ozone mixing ratio data obtained
from the British Antarctic Survey (BAS) ground-based microwave radiometer located at Troll
station (72.0°S, 2.5°E) along with the nightly averaged mesospheric temperature derived
from the hydroxyl nightglow at Rothera station (67.6°S, 68.1°W) and PMSE extracted from
the near-range measurements of the Sanae (71.7°S, 2.8°W) Super Dual Auroral Radar
(SuperDARN). Noctilucent cloud (NLC) images from digital camera in Trondheim and output
from Gravity Wave Regional or Global Ray Tracer (GROGRAT) are also used in an attempt to
identify the characteristics and source regions of gravity waves. A number of data processing
methods are involved in this study, such as a digital filtering, fast Fourier transform (FFT),

cross-spectral analysis, image projection and analysis.

Oscillations associated with 16-day wave are present in mesosphere and stratosphere during
wintertime in Antarctica, but with large phase shifts and diminished amplitude around 55km.
The 16-day oscillation is found to have vertical phase fronts consistent with a normal-mode
structure, but interacts with the background wind near 55 m where it deposits some of its
energy. The ozone mixing ratio variations were used to trace the phase variation of the
quasi-periodic fluctuations in PMSE during the Antarctic summer. The results indicate that
the modulation of PMSE occurrence frequency is the result of two planetary waves (5- and

6.5-days) with similar zonal structure, but with different vertical phase structures.

The parameters of 34 short-period gravity-wave events during summer were extracted from
NLC images between 64° and 74°N and have been analyzed and compared with previous
NLC and airglow imaging studies at different latitudes. The results of the NLC studies are

consistent, with the waves found to be moving north and north-eastward in both studies.

The ray tracing analysis shows that waves propagating from the tropopause are more likely
to be the sources of the prominent wave structures observed in the NLC, and the coastal
region of Norway along the latitude of 70°N is identified as the primary source region of the

waves.
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1. Introduction

Atmospheric waves can have spatial sizes from a few kilometer to planetary scales, and
temporal variations from days to minutes. They are typically generated in the lower
atmosphere by topographic lifting of air masses, the action of weather systems
(tropospheric eddies) or by land-sea heating contrasts, and propagate upward transporting
energy and momentum. Indeed, waves are the primary way in which the atmosphere
exchanges energy and momentum vertically. The main objective of this PhD thesis is to
investigate the vertical phase structure of atmospheric waves of various scales in the middle
atmosphere (30-90 km) so as to identify their source regions and where they deposit their

energy and momentum.

As waves propagate upward, they interact with the strong thermally driven geostrophic
winds. As a result of this interaction, they can reach critical layers, or grow in amplitude and
become unstable, dissipating their energy and depositing their momentum. The energy and
momentum from planetary waves (PW) are responsible for disturbing the strong
stratospheric polar vortex winds that play a role in ozone depletion. Not only are they
responsible for the vortex erosion, but also play an important role in the transport of trace
gases in and out of the vortex (Plumb, 2002; Shepherd, 2007). The shorter scale gravity
waves (GW) deposit their energy and momentum in the mesosphere, where they decelerate
the winds, and drive the mesospheric winds and temperatures far from radiative equilibrium

to create a global ageostropic (meridional) circulation.

Since atmospheric waves play a key role in regulating global circulation and thermal balance,
they are an important element of global circulation models (GCMs). However, due to the
coarse resolution, topography and prescribed sea-surface temperatures of most GCMs, the
source distributions of waves, as well as their propagation and dissipation, are not well
represented or resolved in current GCMs. Hence, they require proper specification of wave
sources and their geographical distribution to effectively simulate the wave-driven
circulation effects. This is of particularly high importance in the Antarctic regions where

information is scarce.

Measurements of PW in the upper stratosphere and lower mesosphere are very limited. This
is partly because the altitude is too high for radiosondes, aircraft and stratospheric-

tropospheric radars. Similarly, middle atmospheric radars do not cover the full altitude



range, and satellite remote-sensing measurements alias spatial and temporal coverage due
to their orbital parameters. In this study we use continuous ground based measurements of
ozone mixing ratio profiles from ~30 km to ~75 km that were recorded with a microwave
radiometer located at Troll station, Antarctica (72.0°S, 2.5°E). Due to the temperature
dependent ozone chemistry, it is possible to use variations in the ozone to trace and
characterize the vertical phase structure of temperature perturbations caused by PWs.
These studies focus on combining the planetary wave oscillations observed in middle
atmospheric ozone with concurrent ground-based mesopause (~87 km) airglow temperature
data recorded at Rothera station Antarctica (67.6°’S, 68.1°W), and PMSE observations, which
are used as a proxy for mesopause temperatures near 85 km, derived from the SuperDARN
radar at Sanae, Antarctica (71.7°S, 2.8°W). Using these combined data sets it is possible to
determine the PW source altitude regions, their propagation characteristics, and their
interaction with the background wind throughout the middle atmosphere during the

Antarctic winter and summer.

In a further study, the characteristics and sources of gravity waves are estimated from
Noctilucent Cloud (NLC) images collected using an automated camera system in Trondheim.
Typically such studies have been conducted using the perturbation of the night airglow
chemistry and density caused by gravity waves to determine the wavelength, direction and
phase speed of the waves. The use of the thin (~¥1 km) NLC provides the opportunity to
extend such climatological studies to the sunlit polar summer. In addition, since the NLC
perturbations are primarily density rather than chemically induced variations, the wave
amplitudes can be determined and used to infer the altitude of their source regions for the
first time. Ray-tracing can then be used to estimate the geographical distribution of these

source regions.

The choice of scientific questions that are to be addressed in this thesis depended on the
importance of the study in understanding the vertical phase structure of waves in the middle
atmosphere, determining their source and energy-deposition regions and the unique
datasets now available. The study greatly benefited from using the high temporal resolution
ozone mixing ratio observations from the British Antarctic Survey (BAS), and the high
resolution NLC images from the Leibniz-Institute of Atmospheric Physics, Kiihlungsborn

Germany (lAP).



2. Background
2.1. Thermal structure and atmospheric dynamics in the MLT region

The thermal structure of the atmosphere can be understood by the distribution of chemical
species in the atmosphere such as CO,, H,0, Os; and O,, their interaction with solar
irradiance, radiative transfer within the atmosphere, and the turbulent heating driven by
convection or wave motion. The radiative cooling and heating rates in the atmosphere are
determined by the distribution of these chemical species. Figure 1 show that O3 is the main
radiative heating species up to 80 km, while above that height, O, is larger. On the other

hand, CO, is the major radiative cooling species throughout the atmosphere.
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Figure 1: Global-mean vertical profiles of heating and cooling rate in K/day, from
contributions of the chemical species in the atmosphere (London, 1980).
Under radiative equilibrium alone, without including the effects of convection or wave
motions, the zonal average temperature of the atmosphere has been calculated by Geller
[1983] and this is shown in Figure 2a. The corresponding geostrophic mean zonal winds

under radiative equilibrium alone are shown in Figure 2b.
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Figure 2b: Radiative equilibrium geostrophic mean zonal winds (After Geller [1983])

The corresponding modeled zonal mean temperature and wind distributions of the
atmosphere in which heating due to eddy or wave motions have been included are shown in
Figures 3a and 3b respectively. As can be observed in Figure 3a and Figure 3b, the
temperature and wind distributions of the semi-empirical COSPAR International Reference

Atmosphere, CIRA 86 (Fleming et al., 1988) cannot be reproduced using radiative equilibrium



alone. Substantial deviations are observed in the summer mesosphere due to circulation
driven by wave motions. Here both ground and satellite measurements have observed that
the polar summer mesopause is the coldest place in the earth with temperatures falling to

below 130K during the summer months at polar latitudes [e.g. Liibken, 1999].
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Figure 3a: Zonally averaged temperature predicted by CIRA-86 model during solstice,
adapted from Tunbridge (2011)
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Figure 3b: Zonal mean winds from CIRA-86 model during solstice, adapted from Tunbridge
(2011)



A mean vertical upwelling over the summer pole that induces an adiabatic cooling has been
a cause for this large deviation of temperature from radiative equilibrium (e.g. Garcia and
Solomon, 1985). On the other hand, warming of the winter mesopause is caused by the
down-welling over the winter pole. The overturning of atmospheric waves (e.g. gravity
waves) and the subsequent deposition of momentum and energy is the key driver for this
ageostrophic flow in the mesosphere. Similarly, the wintertime high latitude zonal wind jet,
the polar vortex, is substantially weaker than would be expected from radiative equilibrium
alone. Here it is the breaking of westward travelling planetary waves that leads to a
weakening of the polar vortex. During periods of high planetary wave activity, this can cause
the complete breakdown of the vortex known as a stratospheric warming event. It is

therefore very important to study waves and their interaction with the mean flow.

2.2. Atmospheric waves

Atmospheric waves can be classified into three major oscillations mainly based on their
wavelength and periodicity: planetary waves with periods of 2-30 days, gravity waves with
periods of about 5 minute to several hours and atmospheric thermal tides with periods of 12

and 24 h (Andrew et al., 1987). These wave motions can be described by the amplitude (8, ),

the frequency (v), and the phase (¢ = vt-a) of the motion as shown below:
O(x y,z,t)=6,cos(kx+ly +mz—vt—a) (1)

Here 6 represents a perturbation with amplitude 6, of temperature (T°), ozone (O3’), zonal

(u’) or meridional (v’) winds in space and time. The wavenumbers k, | and m, which are
related to the wavelength (e.g. k = 2rt/A,), represent the spatial perturbations in the x
(positive eastward), y (positive northward), z (positive upward) directions, respectively
(Figure 4 shows the schematic diagram). The temporal perturbation occurs at frequency, v,
while a is phase constant. The spatial orientation of the wave fronts can be represented by
the total phase, ¢ = (kx + ly + mz — vt — a). The phase speed (c), which is the rate at which
the phase of the wave propagates in each of the three dimensions (Lynch and Cassano,

2006) is given by:

,C, = (2)
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Figure 4: lllustration of a spatially propagating wave, adapted from Serafimovich (2006)

2.3. Planetary waves

Planetary waves, also called Rossby waves, are global scale oscillations in the atmosphere,
which have horizontal scales of thousands of kilometers, vertical size of several kilometers,
and periods from 2 to 30 days (e.g. Salby, 1981; Forbes, 1995). They propagate westward
relative to the zonal flow and can be characterized by a zonal wavenumber that represents
the number of integral wavelengths around the planet. The waves are generated in the
troposphere by large-scale diabatic heating associated with land-sea temperature
differences and by orographic disturbances, and they can propagate upward into the middle
atmosphere. They redistribute energy, momentum and the atmospheric constituent
concentrations across long distances because of their long wavelength. As with any wave,
these large-scale oscillations require a positive restoring force, and here it is the variation of
the Coriolis force with latitude. The restoring force comes from the meridional gradient of
the Coriolis parameter, which can be explained by conservation of the absolute vorticity in a

barotropic, non-divergent fluid.



The conservation of absolute vorticity is expressed as:

d_n:d(§+f)

=0 3
dt dt )

Where n is the absolute vorticity, &is the relative vorticity and f is the planetary vorticity.

Air gains anticyclonic
relative vorticity

Air gains cyclonic
relative vorticity

:Upper-Air Chart

Figure 5: lllustrating the circulation around ridge and trough in terms of conservation of
potential vorticity (Courtesy to Steve LaDochy, California state University).

From the conservation of absolute vorticity, horizontal motion of an individual air parcel can
be traced. An individual air parcel moving from north to south in the northern hemisphere
must rotate in anticlockwise direction in order to compensate for decreasing f. Similarly, an
air parcel which moves from south to north must rotate in the clockwise direction to
compensate for increasing f. Figure 5 demonstrates the conservation of vorticity in the
curved areas of the contour lines (troughs and ridges). Air moving through a ridge spins
clockwise and gains anti-cyclonic relative vorticity. In the trough area, the air spins

anticlockwise and gains cyclonic relative vorticity.

Assuming that the Coriolis parameter varies linearly with latitude, which is known as the
beta plane approximation, f can be written as f=f0 + By, where fO = 2Qsin¢ is the Coriolis

parameter, and ¢ is the latitude and vy is the northward distance.

In general, the meridional gradient of the Coriolis parameter, also called the Rossby

parameter (B) is expressed as



2Qcos ¢
a

B= (4),

Where Qis the angular speed of the Earth’s rotation and a is the mean radius of the earth.
Since the zonal phase speeds of planetary waves are often comparable to the mean zonal
wind speed, the vertical propagation of planetary waves is very much dependent on the

interaction with the mean zonal flow.

The phase speed of planetary motion, for the barotropically stratified uniform non-divergent

motion, can be expressed by considering the dispersion relation:

1) B
= Y )

Where c is the zonal wave phase speed, U is the zonal mean flow, B is the Rossby parameter,

w is wave frequency, and k and / are the zonal and meridional wavenumbers respectively.

Since the Coriolis parameter is always positive, B > 0, it can be inferred from equation (5)
that the velocity of the wave relative to the flow must be negative. As a result, U—c >0 is
always true. Thus the phase speed of the planetary waves must be westward relative to the
background mean flow. Planetary waves with lower speed can be swept eastward by the
zonal flow while waves with a phase speed greater than eastward mean zonal flow

propagate westward during the winter season (Salby, 1996).

The phase speed, as shown in the equation above, is inversely proportional to the square of
the horizontal wavenumbers (/ and k) such that it increases rapidly with increasing
wavelength. Waves of this type, where the phase speed varies with wavelength (known as
dispersive waves), become susceptible to the effects of the mean winds as the wave period
increases or when the phase speed decreases. For stationary waves, vertical propagation is
possible in eastward winds when the wind speed is below an upper limit. The same is true
for propagating planetary waves as long as the wind is eastward relative to the wave,
meaning U- ¢ > 0. Strong eastward winds hinder traveling planetary. As a result, planetary

waves can only travel in a certain range of mean flows:
0<U-c<U. (6)

Where U, is the critical velocity, which is expressed by the Charney-Drazin criterion:



U, = . 7),
{(k2 +I2)+4H;’N2}

Where N is the buoyancy or Brunt-Vaisdla frequency and H is the scale height. This criteria

by Charney and Drazin (1961), who first investigated the vertical propagation planetary
waves, showed that the planetary scale waves propagate only when the zonal winds are
eastward (U > 0) and not too strong (U < U) in the winter stratosphere. For a planetary-
scale wave, the critical velocity grows as the horizontal wavelength increases, allowing the
vertical propagation of the waves in a wider range of eastward flows as compared with the
small-scale waves. On the other hand, during summer when the zonal stratospheric mean
winds are easterlies, vertical propagation of waves is slowed or absorbed since the waves
reach critical levels at points where ¢ =U . Although the strong easterly zonal wind in the
summer stratosphere should block most of the PWs originating in the lower atmosphere,
some numerical modeling studies (Geisler and Dickinson, 1976) show that there is a
possibility of upward wave propagation. A number of other mechanisms could also be
responsible for the existence of PW in the summer mesosphere: They can arise due to
ducting mechanisms from the winter mesosphere across the equator (Forbes et al., 1995;
Espy et al., 1997, Riggins et al., 2006, Hibbins 2009), baroclinic instability of the mesospheric
jet and through gravity wave modulation (Holton, 1984; Smith, 2003).

2.4. Temperature-ozone relationship in the mesosphere

The relationship between ozone and temperature in the Earth’s atmosphere depends on the
interaction between radiative, dynamical and photochemical processes. Below 30 km, the
chemical lifetime of ozone (and its odd oxygen family) is on the order of a month. Since this
is longer than typical dynamical transport times, transport effects will control the ozone
concentrations at a given location. This leads to a positive correlation of ozone with
temperature (Brasseur and Solomon, 1986). On the other hand, the ozone molecule has a
very short chemical lifetime (< 1 day) in the upper stratosphere and mesosphere, and
photochemical effects therefore control ozone concentrations at these heights. As a result,
ozone and temperature are anti-correlated at these heights since an increase in temperature
leads to a non-linear chemical decrease of ozone. A wave can lead to a periodic variation of

density as well as temperature, and thus to a change in the ozone mixing ratio. In this thesis,

10



the variation of ozone mixing ratio and temperature due to the passing of planetary waves
and other dynamical and chemical processes will be used to investigate the vertical structure

of planetary waves.

Using the Chapman chemistry (Andrews, 2000), the equilibrium mixing ratio of ozone can be

modeled and the dependence of ozone on temperature can be expressed as:

6.0x10°% j T
_[O,] ' 2\ 300

_ (8),
VIM] 8.0x107 j,exp (_21(_)6())

U

Where [M] is the total number density of air, [O,] is the number density of molecular oxygen

and j, and j; are the photo-dissociation rates for O, and Os, respectively.

An example illustrating the relationship between temperature and ozone variation is shown
in Figure 6. The variation of ozone for altitudes 45 km and 70 km (from Kleinknecht 2010)

shows that ozone and temperature are anti-correlated.
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Figure 6: Modeled ozone mixing ratio variation at 45km and 70km due to a 1% temperature
variation (Kleinknecht 2010).

The temperature oscillation due to the passing of PW is amplified by O3 while preserving the
phase. Thus, variations in the O3 as a function of altitude can be used to trace the phase

fronts of the PW oscillation.
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2.5. Gravity waves

Gravity waves are periodic oscillations of air parcels with buoyancy and gravity as the
restoring forces in a stably stratified atmosphere (e.g., Andrews et al., 1987). They have
horizontal wavelengths that vary from a few to hundreds kilometers (e.g. Manson, 1990) and
observed periods ranging from the Brunt Vaisala period (typically ~5 minutes) to the inertial
period (1 day) as detailed in Fritts and Alexander (2003). The major sources of gravity waves
are, for example, orographic forcing from airflow over the mountains (e.g. Ralph et al. 1997),
thunderstorms (e.g. Alexander and Pfister 1995), and storm fronts (e.g. Fritts and Alexander,
2003). In addition, in situ excitation due to gravity- or planetary-wave breaking (Fritts et al.

2003) can occur throughout the middle atmosphere.

Gravity waves generated in the lower atmosphere propagate upwards and their amplitude
increases due to the exponential decrease of atmospheric density. As they interact with the
background winds, they can encounter regions of dynamical instability, or critical levels,
when the wind speed equals the wave speed. Even in a low-wind environment they can
grow to become convectively unstable when the amplitude of the temperature perturbation
exceeds the adiabatic lapse rate. This leads to the shedding of wave energy to the
background atmosphere so as to limit the amplitude growth, and in many cases causes the

wave to overturn where it dissipates all its energy of deposits its momentum in the region

(Figure 7).
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Figure 7: Effect of the wind fields on the propagation of gravity waves (Brasseur and
Salomon, 1986).
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The vertical propagation of gravity waves is largely controlled by the filtering effect of the
thermally driven wind field below ~60 km. Figure 6b shows the propagation of gravity waves
as they interact with the background wind field. The reflection and absorption of gravity
waves at critical levels in the stratosphere and lowermost mesosphere determines the
gravity wave spectrum and net momentum transferred to the mesosphere and mesopause
region (Lindzen, 1981; MclLandress, 1998). As a result, the observed gravity wave
characteristics in the mesopause region provide information about their sources as well as

about the wind field in the lower atmosphere.

Different approaches and techniques have been employed to observe and study these
gravity waves in the middle and upper atmosphere. Noctilucent clouds, which are formed as
the result of the extreme cold temperature due to the breaking of gravity waves, can
themselves be used to study gravity waves. The structures seen in NLC are a manifestation
of the gravity waves (Hines, 1960), and can be analyzed to study the characteristics and
origin of gravity waves of different sizes in the high-latitude summer mesopause region

(Haurwitz, 1961).

Although there are a number of gravity-wave studies at high latitudes, most of these rely
upon analyzing the wave structures induced by the waves in the night airglow (e.g., Taylor et
al., 1989; Pautet et al., 2005; Nielsen et al., 2006, 2009; Espy et al 2004; 2006 ). However,
these observations are not possible during the high latitude polar summer when the
mesosphere remains sunlit. Recently, Pautet et al. (2011) constructed a summertime gravity-
wave climatology using the structures present in the NLC (Hines, 1960: Thomas, 1991: Fritts
et al, 1993; Chandran et al., 2009, 2010). In paper 3 of this PhD thesis, we used NLC images
from a digital camera located in Trondheim, Norway to extend the Pautet et al. (2011)
climatology of summertime GWs to higher latitudes. In addition, the present study utilizes
the fact that these structures in the NLC are primarily due to the changing density of
mesospheric aerosol particles rather than a change in the particle radii. It is therefore
possible to quantify the relative wave amplitude in the NLC region, and utilize a ray-tracing
model (Eckermann and Marks, 1995; 1997) to identify the source regions of high latitude

gravity waves present during the polar summer.
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3. Data sources and measurement

The studies in this PhD thesis used data from four primary sources. The ozone mixing ratio
profiles used for the two planetary-wave studies in this PhD thesis came from the ground-
based microwave radiometer of the British Antarctic Survey (BAS) that was located at the
Norwegian Polar Institute Troll station (72°S, 2°N) from February 2008 through January 2010
(Espy et al., 2006; Straub et al., 2013). For the wintertime study of the quasi-16 period
oscillations in Antarctica, the ozone mixing ratio was extended into the mesopause region
using nighttime averaged temperatures derived from the hydroxyl airglow observations at
Rothera, Antarctica (Espy et al., 2003). For the 5- and 6.5-day wave studies in Antarctica
during summer of 2009, the Polar Mesospheric Summer Echoes (PMSE) at 85 km, which
were extracted from the SuperDARN radar at Sanae that overlooks the field of view of the
Troll radiometer (Hosokawa et al., 2005; 2005), were combined with the radiometer ozone
mixing ratios. For the study of the characteristics and sources of gravity waves, NLC images
from an automated digital camera developed at the Leibniz Institute for Atmospheric Physics
(IAP) in Germany (Baumgarten et al., 2009) and mounted at the roof of the Physics
department at NTNU are used. Details of the data types, the instrumentation as well as the

data analysis are presented in the following sections.

3.1. Ozone measurement and analysis

The BAS ground-based microwave radiometer (shown in Figure 8a) measures spectra of
rotational line of O; centered at 249.96 GHz as shown in Figure 8b. Optimal estimation
methods, as described by Rodgers [1976], have been used to invert the spectra of the ozone
line at 249.96 GHz to obtain ozone profiles. The a priori pressure, temperature, water vapor
and ozone values used for the inversion below 45 km are derived from monthly mean ERA-
40 profiles. Between 45 and 85 km, monthly mean temperature and pressure values were
taken from the MSIS-00 model (Picone et al., 2002), and ozone and water vapor were taken

from the US Standard Atmosphere Supplements (1966) for winter and summer conditions.
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Figure 8: Left-panel: Picture of the microwave radiometer courtesy to D. J. Maxfield at BAS,
and Right-panel: Absorption line of ozone (adapted from Daae et al, 2013)

For the wave studies here, the ozone values above 85 km were held at a constant value so as
to ensure that the a priori values did not induce oscillations. The retrieved hourly ozone
profiles as a function of altitude and time are shown in Figure 9 below. The a priori
information dominates the profile at altitudes below 30 km and above 80 km. As can be seen
in Figure 9, the first ozone maximum is observed around 35 km and the middle mesospheric
maximum is observed around 70 km during the winter. The traditional secondary maximum
(at much higher altitude) is not observed due to lack of measurement response in the region

above 90 km.
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Figure 9: Ozone mixing ratio profile from December 2008 to November 2009 at the Troll
station (from Kleinknecht, N. (2010))

3.2. Michelson interferometer

A Michelson interferometer placed at the British Antarctic Survey station at Rothera was
used to obtain the temperature data near the mesopause. Hydroxyl (OH) is produced at
night through the reaction of atomic hydrogen with ozone in a ~8 km thick layer centered
near 87 km (Baker and Stair, 1988). Because this reaction is highly exothermic, the resulting
OH molecule is produced in highly excited vibrational levels (levels 7, 8 and 9). The molecule
radiatively relaxes in by making vibrational-rotational transitions, emitting near infrared
photons and preferentially lowering its vibrational energy by 2 quanta each time. Because
the molecule makes on the order of 10 collisions as it progresses down the vibrational
ladder to the third vibrational level, the closely spaced rotational levels are in thermal
equilibrium with the surrounding atmosphere by the time it makes the 3—1 transition
(Pendleton et al., 1993), radiating near 1600 nm. Thus, by measuring the relative intensity of
the lowest rotational levels (<6), the Boltzmann population, and hence the local

temperature from the emitting region near 87 km, can be inferred.

The method of fitting the rotational temperature to the measured spectra is discussed in

Espy and Stegman (2002). In this study, a night-time average of the temperature extracted
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from the OH Meinel (3, 1) band was used. The weighted mean temperature for each night
was calculated for nights which had at least 2 hours of measurements. Nights with missing
temperature data due to cloudy weather and instrument downtime were filled by
interpolation in order to create an evenly sampled series of data for comparison with the

ozone mixing ratio.

3.3. SuperDARN radar and extraction of PMSE

Polar Mesosphere Summer Echoes (PMSE) are strong radar backscatter echoes that have
been observed using radars operating above 10 MHz in the layer between 80-90 km
occurring during the polar summer (Cho et al, 1993). The Super Dual Auroral Radar Network
(SuperDARN) is a network of high frequency (HF) radars, whose combined field of view
nearly covers the northern and southern hemisphere polar ionospheres. The radars are
typically used to study large-scale dynamical processes in the earth’s ionosphere,
magnetosphere and neutral atmosphere (Greenwald et al., 1995). There are several
SuperDARN radars currently working in both hemispheres, and PMSE have been detected in
the near range measurements of the high latitude SuperDARN radars (Ogawa et al., 2002).
However, the PMSE must be separated from other backscatter echoes coming from meteors

and E region echoes (Hosokawa et al., 2004).

In this study, the algorithm developed by Hosokawa et al., (2005) was applied to the
SuperDARN data at Sanae station (70°S, 2°W) to extract PMSE from near-range gate, whose
centroid latitude and longitude lie within the field of view of the Troll radiometer. All echoes
from the first range-gate measurements were initially identified, including PMSE, E-region
backscatter echoes and meteor-trails. Then, the criteria adopted by Hosokawa et al., (2005)
were applied to differentiate PMSE from the other two scattering mechanisms. First, the
back scattered power was required to be greater than 6 db. Secondly, only Doppler
velocities between = 50 m s were accepted. Finally, the spectral width was required to be
less than 50 m s™. Hosokawa et al., 2005 have shown that echoes passing these three
criterions have a high probability of being PMSE. Figure 1 in paper Il shows the occurrence
rate of echoes that passed the selection criteria as a function of local time and day of the
year for the first three SuperDARN range gates. In this study, only the first range gate (Gate

0), which covers 80 to 100 km, was used, and the occurrence rate was computed for each
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local-time bin during a given day by dividing the number of echoes passing the selection

criteria by the total number of observations present there.

3.4. NLC camera

An automated high-resolution digital camera, from the Leibniz Institute of Atmospheric
Physics of Kithlungsborn, Germany, mounted at the roof of the physics department at NTNU,
Trondheim has been collecting NLC images since 2007 (Baumgarten et al, 2009). The
observation geometry of the NLC is shown in Figure 10. The clouds become visible when the
sun is below the horizon but still illuminating the clouds. The exposure settings and the
frame rate are automatically calculated by the camera system depending on the solar
elevation angle. The camera takes pictures throughout the twilight period with exposure
times of 0.5s and 0.6s with a cadence ranging between 3 to 5 frames per minute depending
on the solar elevation angle. The camera views towards the north with a field of view (FOV)
of 54.5 x 41.5°. Figure 11 is an example of the NLC image taken on the night of 16—17 July,
2008, at 22:30 UT.

visible NLC geometrical
82.5km layer _L--~ horizon
|
s : sunlight

Observer 7" &

latitude

Figure 10: Noctilucent cloud (NLC) observation geometry, adapted from G. Baumgarten (2009)
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IAP NLC Camera TROND 63N 10E 2008

Figure 11: NLC observed by camera from Trondheim on 30 July 2008 at 23:00 UT

4. Analysis and results

For planetary wave analysis, seasonal and longer time scale variations that are not part of
short periodic oscillations were subsequently removed from ozone mixing ratio,
temperature and PMSE data to isolate the short periodic motions with periods less than 20
days. One way of doing this is by a harmonic de-trending of the datasets. However, a more
robust method is to use a high-pass filter to remove waves with periods larger than 20 days.
A high-pass filter was applied to all the datasets to filter out long period oscillations while
retaining periodic motions with shorter periods of less than 20 days. A Butterworth IIR high-
pass filter was specifically used to remove these long period variations since it has a

maximum flat frequency response in the selected pass band (e.g. Stearns, 1975).

A fast Fourier transform (FFT) was then performed on the high-pass filtered datasets to
determine the amplitude and phase of periodic fluctuations observed in the ozone,
temperature and PMSE fields with periods of less than 20 days. The high-pass filtered data
was windowed using a Hamming function (Nuttall, 1981) before the FFT was performed in

order to reduce spectral leakage and side-lobe effects in the FFT.

A cross-spectral analysis was performed between two datasets (e.g. ozone and temperature
or ozone and PMSE) to examine whether or not the oscillations observed in the two datasets
are phase coherent. The cross-spectral analysis provides a frequency-dependent measure of

the correlation between the observed peak signals between the two datasets, which may

19



indicate a physical connection between the two. Having identified frequency regions in the
cross-spectrum where the data sets were highly phase coherent, the data were band-pass
filtered to isolate these regions so that that the correlation between oscillations of a specific

frequency could be quantified.

A time-lagged cross correlation analysis was then performed on these filtered data sets, and
regions of maximum and minimum correlation traced out the vertical structure of the phase
fronts and quantified the coherence of the two datasets at altitudes from 30 to 80 km.
Regions where the phase progresses with altitude indicate propagation of energy, whereas
regions with little phase shift are indicative of normal mode oscillations. It was also noted
that regions where both propagating and normal modes interact with the background wind
can identified by localized sudden shifts in the phase progression with altitude, indicating

regions where PW energy and momentum are deposited into the background flow.

For the gravity wave analysis, a number of procedures were followed and they are explained
in detail in paper 3. The analysis includes projection of the original NLC pictures; extracting
the horizontal wavelength, phase speed and the direction of propagation using FFT and
least-square fitting techniques; removing the Rayleigh scattered background to extract the
relative Mie scattering amplitude and corresponding relative density fluctuation; and, finally,
the Gravity Wave Regional or Global Ray Tracer (GROGRAT), developed by Eckermann and
Marks (1997), was used to trace waves upward from different geographic regions to identify

the source regions for the gravity waves observed in the NLC.

4.1. Quasi-16 day period oscillations observed in middle atmospheric ozone and
temperature in Antarctica

The purpose of this study was to use temporal variations in the mesopause airglow
temperatures and the O3z vmr profiles in the mesosphere and stratosphere to trace and
characterize the vertical behavior of planetary waves reaching the mesopause during the
winter. The largest amplitudes in the power spectrum of both the Oz vmr above Troll station,
Antarctica and in the hydroxyl night-glow temperatures above Rothera, Antarctica (Figure 2
in paper 1) during the winter are found to be due to the quasi-16-day oscillations. In the O3
data, waves with periods <12 days were also strong below the stratopause, but only the

16-day wave persisted into the mesosphere. In addition, the period of the 16-day wave

20



increased below 42 km due to Doppler shifting (Forbes, 1995) by the increasing eastward
zonal winds there (Hibbins et al., 2005). The amplitude of the quasi-16 day wave was also
found to vary with height, with minimum amplitudes found near the stratopause. This could
be due either to wave absorption by the large negative wind gradients (McDonald et al.
2011) or to the minimum O3 concentrations found there. Despite the presence of low wave
amplitudes, the 16-day oscillations in the mesopause temperature are phase coherent with
the corresponding oscillations observed in Os vmr at all levels (Figure 3, in paper 1). The
16-day wave is found to have vertical phase fronts consistent with a normal mode structure,
and extends from the mesopause down into the upper stratosphere (Figure 4 in paper 1).
Thus, utilizing a ground-based radiometer, with its high temporal resolution we were able to
observe the phase structure of the 16-day oscillation throughout the middle atmosphere;
identify its normal-mode structure; and show where it interacts with the background wind,

becomes transiently propagating, and depositing energy and momentum.

4.2. Planetary wave oscillations observed in ozone and PMSE data from Antarctica

The PMSE occurrence frequency extracted from the SuperDARN radar at Sanae station in
Antarctica during the 2009 summer season was combined with spatially and temporally
coincident midnight measurements of ozone mixing ratio obtained from the BAS microwave
radiometer located at Troll station. These were used to measure the period and vertical
structure of planetary waves in stratosphere and mesosphere. The amplitude spectra show
that there are a number of oscillations in the ~2-12-day period range, with the 4-5 day and
6-8 day oscillations being the largest in both the PMSE occurrence frequency as well as in the
ozone vmr profiles from 30 to 80 km (Figure 4 in paper 2). These waves have been taken to

be the 5-day and 6.5-day zonal wave-number one planetary waves.

The study demonstrates that the PMSE oscillations appear to be driven by two planetary
waves with similar periods, 5- and 6.5-days, that are known to have similar zonal
wavenumber-1 structure. Despite the climatologically westward zonal winds in the middle
atmosphere, these waves have been traced downward into the stratosphere using the ozone
vmr variations, and they are observed to have distinctly different vertical phase structures
(Figure 6a and Figure 6b in Paper 2). The 5-day wave has nearly vertical phase fronts

consistent with a normal mode structure, and is seen to extend from the PMSE region near
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85 km down to the upper stratosphere. However, the phase structure of the 6.5-day wave
indicates that it is propagating upward from the stratosphere into the PMSE region. The
amplitude changes of ozone vmr with altitude cannot unambiguously be used to infer the
interaction between the waves and the mean flow. However, the rapid phase changes
observed in the 6.5 day wave near the zonal wind maximum may be indicative of such

interactions.

4.3. Characteristics and sources of gravity waves observed in NLC over Norway

Beginning in the summer of 2007, four years of NLC pictures from the digital camera in
Trondheim are combined with results from a ray tracing model to characterize and identify
sources of gravity waves observed in the summer mesosphere. To summarize the
characteristics of the summertime gravity wave events, histogram plots of the horizontal
wavelength, phase speed and the resulting period are shown in Figures 5, 6, and 7 in paper
lll. The relative amplitudes derived from the NLC image analysis (Figure 5d in paper lll) were
compared with the relative amplitudes at NLC heights derived from ray tracing (Figure 6d
and 7d in paper Ill). Waves were launched from two different altitudes (5 and 60 km) to
determine the most probable source altitude of the waves. The result shows that waves
appearing in the NLC are coming from near the tropopause rather than secondary
generation in the stratosphere or mesosphere. The geographic distributions of the number
of waves that reached 80 km from the grid points of the source regions at 5km and 60 km
(Figure 9a and 9b in paper lll) depict that the coastal region of Norway along the latitude of
70N are the primary source regions of gravity waves. Comparison of the direction of
propagation of the NLC waves (Figure 8a in paper Ill) and the ray-traced waves at NLC height
(Figure 8b and 8c in paper lll) show a large percentage of the NLC waves are moving in a SW
direction that the ray tracing has indicated are blocked. These waves appear to be a separate
population of short period waves most likely associated with local instabilities accompanying
wave breaking (e.g. Fritts et al. 2003). This the unique population of the NLC waves observed
moving in SW direction with faster phase speed and shorter period waves stand out

differently from other previous studies (Pautet et al., 2011) in this region.
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5. Conclusions

The vertical phase structure and source regions of mesospheric waves are investigated using

a combination of measurements in the middle and upper atmosphere.

The 16-day wave in the winter is found to have a vertical phase fronts consistent with a
normal mode structure. It is observed from the mesopause near 87 km to the upper
stratosphere, but undergoes a large phase shift and diminished amplitude around 55km, a
region of high negative wind shear or negative refractive index has been observed by
McDonald et al. [2011]. Thus, it is likely that this normal mode oscillation interacted with
mean winds in this region, becoming transiently propagating and dissipating some of its
energy. Since it is observed near the mesopause, the wave does not lose all of its energy in

this region of negative index of refraction.

The planetary waves present in the PMSE during summer consisted of two S; waves closely
spaced in frequency (5- and 6.5-days) that were only separable due to the differences in the
vertical structure. The 5-day wave has vertical phase fronts consistent with a normal mode
structure. However, the phase structure of the 6.5-day wave indicates that it is propagating

from the upper stratosphere into the PMSE region.

The climatology of summertime gravity-wave wavelengths, phase speed, period and
propagation direction is inferred from the structures present in the NLC between 64° and
74°N. The climatology of gravity-waves observed in NLC between 64° and 74°N is similar to
that observed between 60° and 64°N by Pautet et al. (2011). However, a large and unique
population of fast, short wavelength waves propagating towards the SW is observed in the
NLC, which is consistent with transverse instabilities generated in-situ by breaking gravity
waves (Fritts et al. 2003). Comparisons of the relative amplitude of the waves present in the
NLC Mie-scatter with ray-tracing results show that gravity waves appearing in the NLC
heights in the northern Norway are found to have tropospheric origin, rather than secondary
generation in the stratosphere or mesosphere. The coastal region of Norway along the
latitude of 70°N is identified as the primary source region of the waves, and the interaction
of frontal systems with the coastal mountain terrains or landfall of polar lows can be the
mechanisms for the generation of these waves. In general, this study provided a

complimentary method to extend gravity wave climatology in high-latitudes during summer
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when night time airglow measurements are not possible and identified sources that may be

required for parameterization of gravity-wave effects.
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Abstract. Nightly averaged mesospheric temperature de-suggest that the PWs appearing in the mesosphere are due
rived from the hydroxyl nightglow at Rothera station to the vertical propagation from the troposphere and strato-
(67°34' S, 6808 W) and nightly midnight measurements of sphere when the stratospheric zonal winds are weak and
o0zone mixing ratio obtained from Troll station (&S, westerly (Charney and Drazin, 1961; Salby, 1981; Forbes
2°32 E) in Antarctica have been used to investigate the preset al., 1995; Lawrence and Jarvis, 2001). Other studies sug-
ence and vertical profile of the quasi-16-day planetary wavegest that PWs can be generated in situ in the mesosphere by
in the stratosphere and mesosphere during the Antarctic wingravity wave breaking (Smith, 2003), or transported from the
ter of 2009. The variations caused by planetary waves on thevinter mesosphere across the equator (Forbes et al., 1995;
0zone mixing ratio and temperature are discussed, and speé&spy et al., 1997; Smith, 2003; Riggin et al., 2006; Hibbins
tral and cross-correlation analyses are performed to extraatt al., 2009). Espy et al. (1997) have further suggested that
the wave amplitudes and to examine the vertical structurehe QBO modulation of the appearance of the 16-day wave in
of the wave from 34 to 80 km. The results show that while the summer supports the inter-hnemisphere transport hypoth-
planetary-wave signatures with periods 3—12 days are strongsis of Forbes et al. (1995). All the aforementioned studies
below the stratopause, the oscillations associated with the 1@ndicate that the propagation and interaction of PWs with the
day wave are the strongest and present in both the mes@tmosphere is not yet fully understood, and hence there is a
sphere and stratosphere. The period of the wave is foundeed for further study supported by observations with unin-
to increase below 42 km due to the Doppler shifting by theterrupted vertical and temporal coverage.
strong eastward zonal wind. The 16-day oscillation in the The observational evidence for 16-day PWs in the meso-
temperature is found to be correlated and phase coherent witbphere was first reported using meteor radar winds by
the corresponding oscillation observed ig @lume mixing  Kingsley et al. (1978). Subsequent studies using wind mea-
ratio at all levels, and the wave is found to have vertical phasesurements (e.g. Williams and Avery, 1992; Forbes et al.,
fronts consistent with a normal mode structure. 1995; Mitchell et al., 1999; Luo et al., 2000; Jiang et al.,
2005; Das et al., 2010) and temperature measurements (e.g.
Espy and Witt, 1996; Espy et al., 1997) confirmed the ex-
istence of a quasi-16-day PW in the mesosphere. More
recently, satellite data have been used to study the wave
throughout the stratosphere and mesosphere (e.g. McDonald
1 Introduction etal., 2011; Day et al., 2011).

In this study, we use continuous ground-based mea-
In the past few decades, a number of studies using groundsyrements of ozone mixing ratio profiles recorded with a
based and satellite-borne systems as well as modelling stugnicrowave radiometer located at Troll station, Antarctica
ies have reported quasi-16-day period planetary waves (PWgyy 201 s, 232 E). Middle atmospheric ©has been shown

in the mesosphere (Manson et al.,, 1978; Vincent, 199040 vary out of phase with temperature (Finger et al., 1995;
Fritts et al., 1999; Miyoshi, 1999). A majority of the studies

Keywords. Meteorology and Atmospheric Dynamics (Mid-
dle atmosphere dynamics; Waves and tides)
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Belova et al., 2009) and hence can be used to trace and chal

acterize the vertical phase structure of temperature pertur-g
bations caused by PWs. These observations are compare”
with concurrent ground-based mesopause airglow tempera:  +
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2 Measurement, analysis and results
Fig. 1. Time series of temperature at 87 km (top panel) and the
This study uses data acquired by the ground-based mipzone mixing ratio at selected altitude levels (lower 6 panels). Left:
crowave radiometer of the British Antarctic Survey (BAS raw (unfiltered) data; right: filtered data.
radiometer). The instrument was operated from the Norwe-
gian Polar Institute’s Troll research station in Antarctica be-
tween February 2008 and January 2010. Spectra in the regioemperature extracted from the OH Meinel (3,1) band. The
of the rotational transitions centred at 250.796 GHz (nitric weighted mean temperature was calculated for nights which
oxide, NO), 249.79 GHz and 249.96 GHz (ozone) @nd have at least 2 h of data. There are no gaps in the data series
230.538 GHz (carbon monoxide, CO) have been observedused in the analysis period presented in this study.
A detailed description of the instrument is given in Espy et Nightly averages of temperature and one hour average
al. (2006) and Straub et al. (2013). Here we ugev@lume  around midnight values of £ vmr were used to reduce the
mixing ratio (vmr) profiles retrieved from one-hour averaged contribution to the measurements from periodic oscillations
O3 spectra centred around midnight local time recorded bedess than a day such as photolysis effects and other high
tween July and September 2009. These profiles cover an afrequency signals. Although the hourly averageg vonr
titude range of approximately 34 to 80 km with an altitude around midnight was used, the analysis using the average
resolution of the order of 10 km below 70 km and only col- of all values at solar zenith angles greater than 100 degrees
umn information above that level. A complete description of gave similar results. A high-pass filter was applied to both
the optimal estimation retrieval technique (Rodgers, 1976)datasets to filter out seasonal and long-period oscillations
as applied to these data may be found in Kleinknecht (2010)while retaining periodic motions with periods less than 20
Briefly, the a priori pressure, temperature, water vapour andlays. A Butterworth IIR high-pass filter was specifically used
ozone values used for the inversion below 45km were deto remove these long-period variations since it has a maxi-
rived from monthly mean ERA-40 profiles (Uppala et al., mum flat frequency response in the selected pass band (e.g.
2005). Between 45 and 85km, monthly mean temperaturestearns, 1975). Figure 1 depicts the time series of unfiltered
and pressure values were taken from the MSIS-00 model (Pi¢left panel) and high-pass filtered (right panel) data of the
cone et al., 2002), and ozone and water vapour were taketemperature at 87 km and the @mr at six selected altitudes
from the US Standard Atmosphere Supplements (1966) fo34 km, 42 km, 50 km, 58 km, 66 km and 74 km). Note that
winter and summer conditions. For the wave studies herethe high-pass filtered datasets have similar features and peaks
the O; a priori above 85km were held at a constant valueas that of the raw data. Wave patterns can easily be identified
SO as to ensure that the a priori did not induce oscillationsby eye in the vertical profile of the{3lata and the tempera-
However, the strong dominance of the a priori at high andture at 87 km, and spectral techniques can be used to identify
low altitudes could artificially reduce the amplitude of any the significant periods in the time series.
oscillations present in the data there. A fast Fourier transform (FFT) was performed on the high-
In addition to @ measurements, this study uses temper-pass filtered datasets to determine the amplitude and phase
ature data obtained from a Michelson interferometer at theof periodic fluctuations observed in they@nd temperature
British Antarctic survey station at Rothera. Hydroxyl night- with periods of less than 20 days. A Hamming window (Nut-
glow spectra measured by the interferometer were used ttall, 1981) was applied to the data before the FFT was per-
derive the rotational temperature from an emitting heightformed in order to reduce spectral leakage and side-lobe ef-
centred around 87 km with a thickness of 8 km (Baker andfects on the FFT. Figure 2 presents the spectra of the os-
Stair, 1988). The method of fitting the rotational tempera- cillations in the high-pass filtered temperature (top panel)
ture to the measured spectra is discussed in Espy and Hanand @ vmr (bottom panel) in the altitude range from 34
mond (1995). Here we used a night-time average of theto 80 km that resulted from the FFT. The amplitude spectra
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Fig. 2. FFT of the high-pass filtered temperature at 87 km (top Period [days] Period [days]
panel) and @ vmr profile (bottom panel) in Antarctica during win-
ter 20009. Fig. 3. Cross spectrum of the temperature at 87 km agd@r pro-

file for winter 2009 in Antarctica for different levels in the strato-

sphere and mesosphere.
(the absolute value of the power spectra) of the temperature
and the @ vmr profiles show a number of oscillations with . o o .
periods in the 3-20-day range. The power-spectral analysi@nlysis, the periodic range of the wave is isolated using a
shows that the amplitude of oscillations in the range betweerP@nd-pass filter in order to examine the vertical structure of
12 and 20 days is the strongest and present throughout tH'® Phase fronts and to quantify the coherence of the quasi-
stratosphere and mesosphere in the ozone, and also in tH&-day wave. The temperature ang ¥nr data were band-
OH temperature around the mesopause (87 km). A closePass filtered between 12-20 day periods, and a time-lagged
look at the wave period of the dominant oscillation in this Cross-correlation analysis was performed on the two datasets.
range shows that the central period of the peak power varied Ne choice of this range for the band-pass filter was to isolate
with altitude between 14 and 18 days in the @nr and ap- the wave activity observed in the spectra shown in Fig. 2, and
pears around 16 days with an amplitude of 5K in the OH is consistentiwith the band-pass range used in previous 16-
airglow temperature. This oscillation is most likely associ- 48y PW studies (e.g. Luo et al., 2002; Day et al., 2011). The
ated with the quasi-16-day PW with zonal wave number 11Ieft panel of Fig. 4 shows the time-lagged cross correlation
which has often been observed in mesospheric wind meal€tween the temperature at 87 km and each levelofror

surements (e.g. Das et al., 2010) and temperature measur@$ a function of height and time lag in days. The colour scale
ments (e.g. Day et al., 2011). It is evident in Fig. 2 that thereln the figure represents the intensity of the correlation, which
are also strong wave features below the stratopause at a ran§ilicates how much of theg¥ariance at each altitude can be
of shorter periods. All the wave activity diminishes around €xPlained by the temperature fluctuations. At zero lag, there
the stratopause. The strongest wave activity that reappea®¥® egions with significant anti-correlation between the tem-
above the stratopause is in the range between 12 and 20 dayRrature at 87km and thes@mr within the altitude range

The other shorter period waves that are seen in the stratd/OmM 34 to 80 km. Ataltitudes above 65 km and below 55km,

sphere are clearly much weaker in the mesosphere. _this zero-lag reaches a maximum anti—qor_relation of approx-
To examine whether or not the 16-day oscillations 0b_lmately—0.8, gnd these values are statistically S|gn!f|cant at
served in the mesopause temperature agd@r profiles the 95 % confidence level. Near the stratop_ause, in the re-
are correlated and phase coherent, a cross-spectral analy§ion where the FFT and cross-spectral amplitudes were low,
was performed between the two datasets. Figure 3 shows t )& Cross corr(_alatlon is nearly zero and not statistically sig-
cross spectrum between the temperature at 87 km and eadhficant. The right panel of Fig. 4 shows the phase change
level of the @ vmr as a function of period in days. The cross Petween the temperature and @mr at different altitudes
spectra show that despite the low amplitudes in the FFT, ther@©nd the line of maximum anti-correlation nearest to zero
are oscillations at each altitude at a nominal period of 16 day429- Only the anti-correlation values whose significance is
that are coherent in phase with the same period oscillation ifP0ve 95 % are plotted. The phase change between the tem-
the temperature near 87 km, and this indicates a physical corRerature and @vmr show that there is little vertical tilt of
nection between the two. On the other hand, there is little o€ Phase fronts with altitude above 38 km indicating a nor-
no coherency between the oscillations of the shorter period§@! mode structure. However, it should be noted that phase
in the ozone and the temperature oscillation at 87 km. fronts above 70 km are nearly vertical largely because of the

Having documented the presence of the quasi-16-da)p°°rer altitude resolution of thesymr above that altitude.
wave in the data through both the power and cross-spectral

www.ann-geophys.net/31/1279/2013/ Ann. Geophys., 31, 127284 2013
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Cross-corrlaion of band-pass fiteed Temprature 8 O3vmr _ _Phase Change between temperature and O3 v The CrOSS—SpeCtraI anaIySiS shows that the 16—day wave
1. f observed in the temperature fluctuations around 87 km at
‘ ‘ Rothera is related and phase coherent with the 16-day wave
observed in the @ vmr data at all levels from 34-80km
ez at Troll station. The vertical variation of the cross-spectral
amplitude is a reflection of the variation in the power spec-
tral amplitudes. However, the observed phase-coherency in-
= dicates that the 16-day wave observed in both the temper-
ature and the @vmr data have a physical connection and
could be driven by the same source.
/ i , o N A— Once the phase-coherent oscillations with periods corre-
Lags (D2ys) Lags days] sponding to the 16-day wave were identified in the tempera-
Fig. 4. Left panel: the time-lagged cross correlation between win- ture and Q vmr at each altitude, the wave was Iso!ated using
ter mesospheric temperature and ozone at different levels. Refl band-pass filter and the lagged CrPSS correlation betwgen
colour represents correlation and blue denotes anti-correlationtn® two datasets was performed. This was done to quantify

Right panel: vertical profile of phase change between temperaturéh€ coherence and examine the relative phase between the
and G vmr. These phases are alD.5 days. 16-day oscillations in temperature at 87 km and those in the

O3 vmr at each altitude below. The cross-correlation analysis

displayed in the left panel of Fig. 4 shows that at zero lag, the
3 Discussion and conclusion temperature fluctuations close to 87 km are anti-correlated

] o ~with the G; vmr at levels between 34 km to 80 km. This anti-
The purpose of this study was to use temporal variations incorrelation is expected due to the temperature dependency
the mesopause airglow temperatures and therr profiles  of the O; reaction in the upper stratosphere and mesosphere.
in the mesosphere and stratosphere to trace and charactefnere the chemical lifetime of £is much shorter than the
ize the vertical behaviour of planetary waves reaching theyansport timescales. As a result, variations in temperature
mesopause during the winter. The results from the poweryaysed by PWs drive the reactions nonlinearly and cause
spectral analysis in Sect. 2 show the largest amplitudes foborresponding changes in the Goncentration. The inverse
the quasi-16-day oscillation in both the temperature agd O temperature dependence of the @oduction reactions lead
fields in the wintertime over Antarctica. We find that the pe- o 3 negative correlation (or an anti-correlation) between the
riod of the wave ranges from 14-18 days in the mesospherey, and temperature fluctuations (Finger et al., 1995; Huang
and stratosphere, consistent with previous observations (e.g¢ al., 2008; Belova et al., 2009). The magnitudes of the
Luo et al., 2002; Williams and Avery, 1992). The wave pe- correlation coefficient minimise near the stratopause, where
riod is observed to shift systematically to longer periods be-the power spectral amplitudes are also a minimum. As a re-
low the stratopause, reaching18 days below 42km. This g, the correlation values are not statistically significant at
suggests that the wave is interacting with the rapidly in-5gm. However, at all other altitudes the anti-correlations
creasing eastward winds at these altitudes (Hibbins et al.gre statistically significant above the 95 % confidence level,
2005) and Doppler shifting to longer periods as reported byranging from—0.5 to—0.8, showing that the phase-coherent,
Forbes (1995). 16-day variations in mesopause temperature and middle at-
Unlike the oscillations with periods 3—-12 days, which the mospheric @ are statistically significant.

power-spectral analysis shows are mostly confined below the The phase change between the temperature andn®
stratopause, the quasi-16-day wave shows large amplitudeg giferent altitudes was determined by extracting the min-
above and below the stratopause. The amplitude of the wavgnym correlation value (maximum anti-correlation) nearest
decreases markedly close to the stratopause. This may be dyg yero lag. These phase fronts, displayed in the right panel
to the high negative wind shears above 45km altering the inof Fig. 4, show little vertical tilt with altitude above 38 km,
dex of refraction of the planetary wave as has been suggestgficating a normal mode structure. Although the magnitude
by McDonald et al. (2011) based on EOS MLS temperatureys the correlation coefficient is observed to be small and in-
data. However, we cannot rule out that this decrease of amgjgnificant near the stratopause, whether by instrumental or
plitude is merely due to low @vmr values that minimise  index of refraction effects (McDonald et al., 2011), we see
near this altitude. Similarly, the sharp fall off of wave ampli- here that the wave is not completely absorbed and is able to
tudes at the upper and lower altitudes seen in Fig. 2 is likelycontinue above this region. The nearly vertical phase fronts
due to the large a priori contribution to the retrieved &  ap0ve 70km are likely a consequence of the coarse altitude
these altitudes. The nearly constant a priori values will tendyegolution of the @ vmr data there smoothing any vertical
to minimise the wave-induced departures from this profile, syrycture. However, we note that there are several observa-
reducing the extracted wave amplitudes. tions of the high-latitude southern hemisphere winter 16-day

wave in radar wind data that show that the wave continues
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Abstract

The effect of temperature variations caused by planetary waves on the occurrence of Polar
Mesospheric Summer Echoes (PMSE) has been a subject of recent research. These same
temperature fluctuations have also been shown to modulate the ozone volume mixing ratio
above 30 km. In this study, ground-based radiometer measurements of ozone mixing ratio
profiles at Troll station (72°S, 2°E), Antarctica are compared with PMSE extracted from the
near-range measurements of the Sanae (72°S, 2°W) Super Dual Auroral Radar (SuperDARN)
over the radiometer field of view. We show here that the resulting quasi-periodic fluctuations
in PMSE correlate with the variations seen in the ozone, and that these ozone mixing-ratio
variations can be used to trace the phase variation of planetary waves with height to
demonstrate that they extend from the stratosphere up to the mesopause. The results indicate
that the modulation of PMSE occurrence frequency during the summer of 2009/10 is the result
of two planetary waves with similar zonal structure and period, but with different vertical phase

structures.

1 Introduction

Travelling planetary waves (PW) are large-scale density and temperature oscillations in the
stratosphere and mesosphere, which have horizontal scales of thousands of kilometers, vertical
sizes of 10’s of kilometers, and periods from 2 to 30 days (e.g. Randel, 1987; Salby, 1981; Smith,

1997). A number of ground and satellite-based studies have shown that temperature



fluctuations associated with planetary waves can modulate Polar Mesospheric Clouds (PMC)
and Polar Mesosphere Summer Echoes (PMSE) in the mesosphere (Kirkwood and Réchou, 1998;
Kirkwood et al., 2002; Kirkwood and Stebel, 2003; Merkel et al., 2003, 2008; von Savigny et al.,
2007). Kirkwood and Réchou (1998) and Kirkwood et al. (2002) found that the temperature
fluctuations associated with the 5-day PW in the stratosphere are negatively correlated with
PMSE variations at a height of 80-90 km. In another study, Kirkwood and Stebel (2003) used
ground-based observations of PMC over northwest Europe to investigate the effect of planetary
waves on PMC. The results of their study showed a correlation between the 16-day and 5-day
PW observed in stratospheric assimilation temperatures, extrapolated to the mesopause, and
the probability of occurrence of PMC between 80 and 85 km. Merkel et al., (2003, 2008)
identified a 5-day periodicity in the variation of PMC brightness, which they associated with the
5-day PW in the polar summer mesosphere. Merkel et al., (2008) further compared this 5-day
periodicity in PMC brightness with mesospheric temperature variations measured by the SABER

instrument on board the TIMED satellite, and found that the two were highly anti-correlated.

Belova et al. (2009) used satellite radiometric measurements to demonstrate that the ozone
mixing ratio above 30 km in the upper stratosphere is controlled by temperature, with
temperature and ozone variations 180° out of phase. Belova et al. (2008) also used satellite
radiometric measurements to isolate the geographical structure of the 5-day wave in O3 at
several altitudes for comparison with mesospheric temperature variations. However, to our
knowledge, none of these studies have used coincident and simultaneous observations of PMSE
and ozone to trace and quantify the vertical propagation of the PWs modulating the
mesospheric aerosols throughout the middle and upper atmosphere so as to identify their

phase structure and source regions.

In this study, ground-based radiometer measurements of the ozone mixing ratio profile at Troll
station in Antarctica, together with PMSE extracted from near range measurements of the
Sanae SuperDARN radar over the radiometer field of view are used as proxies for planetary
wave temperature variations. The temperature oscillations modulating the PMSE at a single

location may be the superposition of many PWs (Palo et al., 1999), so here we use 0zone mixing



ratio profiles to quantify the vertical phase structure of these waves in order to ascertain their
source regions and their evolution in time and altitude throughout the Antarctic summer.
Section 2, below, describes the data analysis techniques, and this is followed in section 3 by a

description of the planetary wave signatures in the O3 mixing ratio and PMSE rate of occurrence.

2 Data analysis

2.1 Extraction of PMSE from SuperDARN radar data

Polar Mesosphere Summer Echoes (PMSE) are strong radar backscatter echoes occurring
between 80-90 km during the polar summer that have been observed using radars operating
above 10 MHz (Cho et al, 1993). The Super Dual Auroral Radar Network (SuperDARN) is a
network of high frequency (HF) radars, whose combined field of view covers a large part of the
northern and southern hemisphere polar ionospheres. The radars are typically used to study
large-scale dynamical processes in the earth’s ionosphere, magnetosphere and neutral
atmosphere (Greenwald et al., 1995). There are a number of high-latitude SuperDARN radars
currently working in both hemispheres, and PMSE have been detected in the near range
measurements of these radars (Ogawa et al., 2002). However, the PMSE must be separated
from other backscatter echoes coming from meteors and E region echoes (Hosokawa et al.,

2004), as described below.

In this study, the algorithm developed by Hosokawa et al., (2005) was applied to the
SuperDARN data at Sanae station (72°S, 2°W). The centroid latitude and longitude of the Sanae
beam pattern lie within the field of view of the Troll radiometer, and PMSE were extracted from
the first range gate (Gate 0), which includes the PMSE altitude range from 80 to 100 km. All
echoes from the first range gate measurements were initially identified, including PMSE, E-
region backscatter and meteor-trail echoes. Then, the criteria adopted by Hosokawa et al.,
(2005) were applied to differentiate PMSE from the other two scattering mechanisms. First, the
back-scattered power was required to be greater than 6 dB. Secondly, only Doppler velocities
between + 50 m s™* were accepted. Finally, the spectral width was required to be less than 50 m

s™. Hosokawa et al., (2005) have shown that echoes passing these three criteria have a high



probability of being PMSE. The occurrence rate for the first range gate was computed for each
10 minute local-time (LT) bin during a given day by dividing the number of echoes passing the
selection criteria by the total number of observations present there. Figure 1 shows the

occurrence rate of echoes that passed the selection criteria as a function of local time and day

of the year.
2.2 Ozone measurement and analysis

Ozone measurements were obtained from the British Antarctic Survey’s Antarctic Radiometer
for Ozone and Nitric oxide (ARON) mm-wave radiometer. The instrument was operated at the
Norwegian Polar Institute Troll station (72°S, 2°E) from December 2008 to January 2010,
observing carbon monoxide (CO), nitric oxide (NO) and ozone (Os) in different spectral lines
ranging from 230-250 GHz. A detailed description of the Troll microwave radiometer and
measurements may be found in Espy et al. (2006). Optimal estimation methods, as described by
Rodgers (1976), have been used to invert the spectra of the ozone line at 249.96 GHz to obtain
ozone volume mixing ratio (vmr) profiles (Kleinknecht, 2010). The a priori pressure,
temperature, water vapour and ozone values used for the inversion below 45 km are derived
from monthly mean ERA-40 profiles. Between 45 and 85 km, monthly mean temperature and
pressure values were taken from the MSIS-00 model (Picone et al., 2002), and the ozone vmr
was taken from the US Standard Atmosphere (1976) for winter and summer conditions. For the
wave studies here, the a priori ozone values above 85 km were held at a constant value so as to
ensure that the a priori values did not induce oscillations. The retrieved hourly ozone profiles as
a function of altitude and time are shown in Figure 2. As can be seen in Figure 2a, the first
ozone maximum is observed around 35 km, but the secondary maximum is not clearly
identified due to lack of measurement response in the region above 80 km as shown in Figure
2b. The vertical resolution, which is interpreted from the full width of half maximum (FWHM) of
the averaging kernels, is ~10 km below 65 km, increasing to ~17 km by 75 km (Figure 2c). The

large altitude resolution above 70 km results in highly correlated data above this altitude.



3 Analysis and results

To extract wave periods in the PMSE and ozone mixing ratio profile as function of altitude,
spectral analysis was performed on each of the two datasets. In order to prepare the data for
analysis, the ten-minute PMSE data were averaged into hourly bins over the period from
November 1, 2009 — January 12, 2010. PMSE have been observed to maximize around 12:00 LT
(Morris et al., 2009; Palmer et al., 1996) whilst meteor echoes maximize around 07:00 LT and
decrease through to late afternoon (Beldon and Mitchell, 2010; Singer et al., 2004). In addition,
E-region echoes occur mostly at night (Milan and Lester, 2001). Thus, the hourly average
between 11:00 to 12:00 LT was chosen to maximize the discrimination of PMSE from meteors
and E-region echoes. Only four days of data were missing and linear interpolation was used to
fill these data gaps. In the case of ozone, the ozone mixing ratio was averaged for one hour
about midnight, where mesospheric ozone maximizes. This daily averaged profile at 4 km

intervals between 30 and 80 km was used for comparison with the PMSE.

Longer time-scale variations of PMSE and ozone mixing ratio were removed since our interest
was on waves with periods between 2 and 12 days. Temperature fluctuations, which cause
changes in both ozone and PMSE, have been observed to have strong annual and semi-annual
oscillations (Niciejewski and Killeen, 1995), and significant oscillations with periods from
months to as long as a solar cycle (Espy and Stegman, 2002). A high-pass filter was applied to
both datasets to remove long-period background fluctuations while retaining the variations
with shorter periods (higher frequency). A Butterworth IIR high-pass filter was used to remove
periods greater than 12 days since it has a flat frequency response in the selected pass band.
Figure 3 shows the time series of the unfiltered and high-pass filtered PMSE occurrence around
87 km as well as the high-pass filtered ozone vmr profiles from 30 km to 80 km. Due to the
change of ozone mixing ratio as a function of height, the lower panel in figure 3 is further
subdivided into two parts, with the upper section, covering from 56 to 80 km, expanded by a
factor of 10. Figure 3 shows a large amount of variability in wave activity in the period ranging

from 2 to 10 days at all heights.



A fast Fourier transform (FFT) was performed on the filtered datasets to confirm the removal of
the long-period backgrounds and to identify periodic fluctuations observed in the ozone and
PMSE fields at higher frequencies. The high-pass filtered data were apodized using a Hamming
window (Nuttall, 1981) before the FFT was performed in order to minimize spectral leakage and
side-lobe effects in the FFT. Figure 4 shows the amplitude of the PMSE and ozone vmr at each
height. Three distinct high-amplitude regions are found with periods around 2-3 days, 4-5 days
and 6-8 days. Due to the daily sampling, periods between 2-3 days are too close to the Nyquist
limit to yield quantitative results, and will therefore not be discussed here. The oscillation with
a 4-5 day period is most likely associated with the nominal 5-day wave, which has often been
observed in PMSE and PMC (e.g. Kirkwood et al., 2002; Merkel et al., 2003). The longest
oscillation, which has the largest amplitude in the PMSE, has a period of 6-8 days and is taken
to be the ~6.5 day zonal wave number 1 planetary wave (Talaat et al., 2001; 2002; Jiang et al.,
2008). Though present at all altitudes, the amplitude of both waves increases below 55 km.
Unfortunately this technique cannot determine whether this amplitude change tracks the
downward increase in ozone vmr, or if it decreases at high altitudes as the waves approach the
zonal wind maximum near 68 km (Forbes, 1995; Hibbins et al., 2005; Day and Mitchell, 2010;
MacDonald et al. 2011). Below 40 km, the fall in wave amplitude is likely due to the large a
priori contribution to the retrieved Os, as the nearly constant a priori value tends to minimize

the wave-induced departures from the a priori and reduce the extracted wave amplitudes.

To determine whether or not the 4-5 day or 6-8 day peaks in the Ozone and PMSE are related
and phase coherent, a Fourier-based cross-spectral analysis was performed between the two
datasets. Figure 5 shows the cross-spectra between the PMSE and the ozone vmr at each level
as a function of period in days. The cross-spectra show that despite the low amplitudes in the
FFT, the amplitude associated with both waves in the Oz vmr is coherent and phase-locked with
the oscillation in the PMSE occurrence frequency. The amplitudes of the cross-spectra in Figure
5 are reflections of the amplitudes in Figure 4, which are influenced by a combination of factors.
These include changes in the Oz vmr or interaction with background wind, as well as a priori

effects.



Having documented the presence of coherent and phase-locked 5-day and 6.5-day waves in
both the PMSE and ozone vmr through the amplitude- and cross-spectral analysis, the data
were band-pass filtered to isolate the two periods. In this way the vertical phase structure of
each individual component could be examined. Again, identical Butterworth IR filters were
used on the two data sets, with half-power points of 4 and 5 days for the 4-5 day wave, and 6
and 8 days for the 6-8 day oscillation, consistent with their periods in the cross-spectra. A time-
lagged cross-correlation was performed between the PMSE and ozone vmr for each of these
filtered data sets. The cross-correlation coefficients between the PMSE and the ozone vmr at
each altitude for the 4-5 day and 6-8 day oscillations are shown in the left-panel of Figure 6a
and Figure 6b. Both oscillations show a high degree of coherence between the PMSE and ozone
oscillations with correlation coefficient magnitudes exceeding 0.7, indicating that the
underlying temperature fluctuations are highly correlated and locked in phase over altitude. In
addition, the strong periodic modulation with lag indicates that both oscillations persist and are

coherent over the entire data period.

4 Discussion and conclusions

The PMSE occurrence frequency has been extracted from the SuperDARN radar at Sanae
station in Antarctica during the 2009 summer season using the algorithm developed by
Hosokowa et al (2005). These were combined with spatially and temporally coincident midnight
measurements of ozone mixing ratio obtained from the BAS microwave radiometer located at
Troll station (72°S, 2°E) to measure the period and vertical structure of planetary waves in
stratosphere and mesosphere. This is possible due to the short chemical lifetime of ozone
relative to transport times above ~30 km. This means that the planetary wave induced
temperature fluctuations that modulate PMSE occurrence will also modulate the ozone mixing
ratio, with minima in temperatures associated with maxima in ozone (Finger et al., 1995; Huang
etal., 2008; Belova et al., 2009). As a result these planetary wave variations in the PMSE have

been traced downward to the upper stratosphere using variations in the ozone vmr.

The amplitude spectra show that there are a number of oscillations in the ~2-12-day period

range, with the 4-5 day and 6-8 day oscillations being the most dominant and frequent in both



the PMSE occurrence frequency as well as in the ozone vmr profiles from 30 to 80 km. These
waves have been taken to be the 5-day and 6.5-day zonal wave-number one planetary waves.
The 5-day wave is known to be a strong feature in the stratosphere and mesosphere during the
polar summer (Salby, 1981; Williams and Avery, 1992; Meyer and Forbes, 1997; Kirkwood et al.,
2002; Riggin et al., 2006; Belova et al., 2008; Day and Mitchell, 2010). However, the 6.5-day
wave, while often observed in the lower stratosphere during the polar summer (Talaat et al.,
2001), has only been observed sporadically in the westward zonal winds characteristic of that
season (Jiang et al., 2008). In the present study, the amplitude of the waves in the ozone is
observed to decrease above 55 km. This may be due to the interactions of the waves with the
increasing westward zonal winds at theses altitudes (Wu et al., 1994; Forbes, 1995; Day and
Mitchell, 2010; MacDonald et al. 2011). However, we cannot rule out that this decrease of
amplitude is merely due to the decreasing Oz vmr values above 55 km. Indeed, the strong wave
amplitudes observed in the PMSE near 85 km would favour the latter explanation. Similarly,
the decrease in wave amplitude below 40 km is likely due to the large a priori contribution to
the retrieved O3 at these altitudes minimizing the wave-induced departures and reducing the

extracted wave amplitudes

Despite the instrumental effects, the cross-spectral analysis demonstrates that the amplitude
corresponding to the 5-day and 6.5-day PW oscillations in the O3 is coherent and phase locked
with the corresponding oscillation in the PMSE occurrence frequency. This indicates a common
cause, and the temperature fluctuations associated with the planetary waves, known to affect
both the O3 and the PMSE, are likely responsible (e.g. Belova et al., 2009; Kirkwood and Stebel,
2003). The presence of peaks in the cross spectra demonstrates that despite the low
amplitudes, this coherence is maintained at all altitudes from 30-70 km. The variation in
amplitude of the cross spectrum reflects the variation in the amplitude spectra, with low

amplitudes between 55 and 80 km.

The oscillations in the Oz vmr have the same frequency and are phase locked to those in the
PMSE. Therefore, a band-pass filter was used to isolate the individual 5-day and 6.5-day

components, and a lagged cross-correlation was performed for each. For the 5-day wave, the



peak magnitudes of the correlation coefficient are between 0.63 and 0.21, with the majority
significantly different from zero at the 95% confidence level. This indicates a significant
correlation between the temperature fluctuations in the middle atmosphere and the PMSE
variations near the mesopause. The continuity of high correlation magnitudes with lag
demonstrates the persistence of the wave over the data period, while the stability of the
correlation pattern with altitude illustrates the vertical phase structure of the wave. Tracing
either a single minimum or maximum in the correlation downward yields the altitude variation
of the wave’s phase. For the 5-day wave, the lag of the minimum correlation nearest to 0 lag is
shown in the middle panel of Figure 6a. As shown in the right panel of the same figure, only
points significant at the 95% level have been used. The lag is seen to vary between 1 and -4
days, or less than one cycle of phase shift between 38 and 70 km. This very nearly vertical
phase structure is consistent with the 5-day wave having a normal mode oscillation (Miyoshi,

1999).

The magnitude of the correlation coefficient of the 6.5-day wave is similar to the 5-day wave,
exceeding 0.8 at the upper altitudes. However, here the phase lag, shown in the middle panel
of Figure 6b, is seen to change by 9 days, or almost 1.4 cycles, from 34 to 66 km. Once again,
only points significant at the 95% level have been used in the phase analysis. This large phase
shift with altitude would indicate that the wave is propagating upward through the upper
stratosphere and mesosphere into the PMSE region with a vertical wavelength on the order of
23 km, consistent with the findings of Talaat et al. (2001; 2002) and Jiang et al. (2008). There is
an abrupt change in phase of the wave between 65 and 70 km, near the peak in the
summertime zonal wind jets around these latitudes (Hibbins et al., 2005). This may indicate that
this slower wave may be more strongly Doppler shifted by the winds (e.g. Wu et al., 1994 and
references therein). However, we cannot rule out instrumental effects as the cause of this
phase change as it does occur at the altitude above which the degraded altitude resolution of

the measurements creates a constant phase.

In conclusion, this study demonstrates that the PMSE oscillations appear to be driven by two

planetary waves with similar periods, 5- and 6.5-days, that are known to have similar zonal



wavenumber-1 structure. Despite the climatologically westward zonal winds in the middle
atmosphere, these waves have been traced downward into the stratosphere using the ozone
vmr variations, and they are observed to have distinctly different vertical structures. The 5-day
wave has nearly vertical phase fronts consistent with a normal mode structure, and is seen to
extend from the PMSE region near 85 km down to the upper stratosphere. However, the phase
structure of the 6.5-day wave indicates that it is propagating upward from the stratosphere into
the PMSE region. The amplitude changes of ozone vmr with altitude cannot unambiguously be
used to infer the interaction between the waves and the mean flow. However, the rapid phase
changes observed in the 6.5 day wave near the zonal wind maximum may be indicative of such

interactions.
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Figure 1: Occurrence rates of PMSE (in percent of total measurements) from the SuperDARN radar at
Sanae from November 1, 2009 to January 12, 2010 as a function of local time. White areas indicate
periods of unavailable data.
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Figure 2: a) Retrieved ozone mixing ratio profile from November 1, 2009 to January 12, 2010 at the Troll
station. b) Measurement response of a sample inversion. The lower the response, the greater the
contribution the a priori value has to the retrieved profile. c) Vertical resolution of a sample inversion
given as the FWHM of the averaging kernel in km.
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Figure 3. Upper-panel: Unfiltered PMSE occurrence rate data averaged around 12:00 LT from
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<) Amplitude of the PMSE and ozone mixing ratio during the summer of 2009, Antarctica
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Cross-spectrum of the PMSE and ozone mixing ratio profile
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Figure 5: Cross-spectrum of the PMSE occurrence and ozone vmr for different levels in the
stratosphere and mesosphere during the summer of 2009 in Antarctica.
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Figure 6: @) The left panel shows the time-lagged cross-correlation between PMSE occurrence
rate and ozone vmr at different altitudes for the 5-day wave. Red and blue colors represent
positive and negative correlations, respectively. Middle-panel: The vertical profile of phase
change between PMSE and Oz vmr using only correlations points significant at the 95%
confidence level. Right-panel: The vertical profile of the cross correlation coefficient between
PMSE and O3 vmr. The dashed line represents the 95% confidence threshold.

Figure 6: b) As above but for the 6.5-day wave.
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Abstract

Four years of noctilucent cloud (NLC) images from an automated digital camera in Trondheim and
results from a ray tracing model are used to extend the climatology of gravity waves to higher
latitudes and to identify their sources at high latitudes during summertime. The climatology of the
summertime gravity-waves detected in NLC between 64° and 74°N is similar to that observed
between 60° and 64°N by Pautet et al. (2011). The direction of propagation of gravity waves
observed in the NLC north of 64°N is a continuation of the north and northeast propagation as
observed in south of 64°N. However, a unique population of fast, short wavelength waves
propagating towards the SW is observed in the NLC, which is consistent with transverse instabilities
generated in-situ by breaking gravity waves (Fritts et al. 2003). The relative amplitude of the waves
observed in the NLC Mie-scatter have been combined with ray-tracing results to show that waves
propagating from near the tropopause, rather than those resulting from secondary generation in the
stratosphere or mesosphere, are more likely to be the sources of the prominent wave structures
observed in the NLC. The coastal region of Norway along the latitude of 70°N is identified as the

primary source region of the waves generated near the tropopause.

1. Introduction

Gravity waves play a major role in the global dynamics, circulation and thermal balance of the
mesosphere and lower thermosphere. These waves are typically generated in the lower atmosphere
through the action of weather systems or orographic lifting of air masses (Fritts and Alexander, 2003,
and references therein). The waves grow in amplitude as they propagate upward into the rarefied

mesosphere, where they become unstable and locally dissipate their energy and deposit their



momentum (Lindzen, 1981; Holton, 1983; Garcia and Solomon, 1985). The filtering action of the
winds below causes this input of momentum to create a drag force on the zonal wind that
establishes the global, pole-to-pole circulation in the mesosphere (Lindzen, 1981; Holton, 1982, 1983;
Garcia and Solomon, 1985). The resulting wintertime convergent and downward flow, and the
corresponding summertime divergent and upward flow, adiabatically drive the polar mesospheric
temperatures far from radiative equilibrium and create a warm winter and cold summer mesopause
in the polar regions (Haurwitz, 1961; Garcia and Solomon, 1985; Liibken et al., 1990; Fritts and Luo,
1995; Luo et al., 1995; Espy and Stegman, 2002; Fritts and Alexander, 2003). This adiabatic cooling
drives the summer polar mesopause temperatures below 150 K, and the small amounts of water
vapour present can condense into the ice clouds known as Noctilucent Clouds (NLC) when viewed

from the ground, or Polar Mesospheric Clouds (PMC) when viewed from space.

The strength of this inter-hemispheric circulation, and thus the degree of heating or cooling at the
polar mesopause, depends upon the amount of gravity-wave momentum deposited in the
mesosphere that is in the opposite direction to the zonal flow. Thus, the major role gravity waves
play in the determination of the global circulation and thermal balance makes them an essential
element of global circulation models (GCMs). Current GCMs, while explicitly resolving longer scale
gravity waves, must parameterize the shorter-scale waves (Hamilton, 1996) that carry the bulk of the
energy and momentum to the mesosphere (Vincent, 1984). Most parameterizations require
temporal and spatial variations to reproduce the wave-driven circulation effects adequately (e.g.
Rind et al., 1988; Hamilton, 1995). Hence, knowledge of the seasonal and latitudinal behaviour of
gravity waves, as well as their source regions, is essential to both guide and constrain these

parameterizations, particularly in the Polar Regions (Garcia and Boville, 1994; Hamilton, 1996).

Although there are a number of gravity-wave studies at high latitudes, most of these rely upon
analysing the wave structures induced by the waves in the night airglow (e.g., Taylor and Henriksen,
1989; Pautet et al., 2005; Nielsen et al., 2006, 2009; Espy et al 2004; 2006 ). However, these
observations are not possible during the high latitude polar summer when the mesosphere remains
sunlit. Recently, Pautet et al. (2011) recognized that even though it is not possible to use the airglow

during this period, the structures present in the NLC, known to be caused by gravity waves and their



instabilities (Hines, 1960: Thomas, 1991: Fritts et al, 1993; Chandran et al., 2009, 2010), could
themselves be used to infer the gravity waves present. Analysing NLC images from Stockholm,
Sweden (59.5°N, 18.2°E), they were able to provide the first climatology of gravity-wave wavelengths,
phase speeds and propagation directions from 60 to 64 °N during the polar summer. Similarly, using
observations from the Aeronomy of Ice in the Mesosphere (AlIM) satellite, Taylor et al. (2011, and
references therein) have compiled an impressive climatology of gravity wave wavelengths and wave-

front orientation from 75 to 85° N and S for waves with wavelengths >20 km.

We present here an extension of the Pautet et al. (2011) climatology to higher latitudes (64 to 74°N)
using NLC images taken from Trondheim, Norway (63.4°N, 10.5°E). In doing so, this study also fills the
gap between the ground-based and satellite studies. In addition, we seek to expand those studies by
characterizing the relative amplitude of the waves in the NLC and utilizing a ray-tracing model to
identify the source regions of high latitude gravity waves present during the polar summer. Together,
these observations provide a critical extension of the summertime gravity-wave climatology and
information as to the efficiency of different sources required for parameterization of gravity-wave

effects.
2. Observation and processing techniques of the NLC images

Four years of NLC pictures, since the summer of 2007, have been collected using an automatic digital
camera (Canon EOS 450D) from Trondheim, Norway by the Leibniz Institute of Atmospheric Physics
of Kihlungsborn, Germany (Baumgarten et al., 2009). The camera takes pictures throughout the
twilight period with exposure times of 0.5s and 0.6s with a cadence ranging between two to three
frames per minute depending on the solar elevation angle. The camera views towards the north with

a field of view (FOV) of 54.5 x 41.5°.

Figure 1 is an example of the NLC image taken on the night of 16—17 July, 2008, at 22:30 UT, which is
23:12 Local Solar Time (LST). At this time, the Sun is in the north-northwest, towards the bottom and
left of the image. The NLC are clearly visible in the image when the solar Mie scattering from the
clouds is brighter than the column-integrated Rayleigh scattered sunlight from the atmosphere.

However, in the lower part of the image, towards the Sun, the clouds are not visible due to the loss



of contrast against the atmospheric Rayleigh scatter. Similarly, they are not visible in the upper part
of the image as the Sun no longer illuminates the clouds. In those areas where the clouds are visible,
different types of structures with various forms and sizes are clearly seen in the sunlit NLC. This is
the result of short-period gravity waves modulating the ice-particle density, and the resulting
intensity fluctuations trace out the waves in the centre and centre right of the image. In addition,
very small scale structures are visible that may be the result of instabilities that develop as the gravity

waves begin to break (Fritts et al., 1993).

As a first step in the image analysis, the NLC images are mapped to a horizontal plane through the
NLC layer “the satellite view” (Witt, 1962; Pautet and Moreels, 2002). In order to accurately project
the NLC images, the viewing geometry of the camera, including the FOV, azimuth and elevation
angles as well as rotation of the optical axis, were first calibrated using the visible stars that are
manually identified in the images (Garcia et al., 1997). After the images were projected on a linear-
scale grid using an optical ray tracer where the refractive index was calculated from air densities
taken from MSISE-00. Each pixel of the camera was traced from the camera to the NLC altitude
(Baumgarten et al. 2009). Figure 2 shows image of the NLC picture shown in Figure 1 projected onto
a latitude and longitude grid assuming an NLC average height of 83 km (e.g. Witt, 1962; Fiedler et al.,
2009). These images were used to identify gravity-wave events and measure the wavelength,

horizontal phase velocity, direction of propagation and relative intensity fluctuation of each event.
3. The estimation of wave parameters
3.1. Estimation of wavelength and phase

The next step was the wave analysis where individual wave events in the NLC images were visually
identified. Within a sequence of images, organized structures propagating in a uniform direction for
at least 20 minutes were identified as gravity-wave events. Due to the short observational periods
and challenging scattering conditions, a total of 34 such events were identified in this manner from

the four summer observing seasons.

In order to infer the wave parameters, we have developed a robust method using a combination of

FFT and a least-squares fitting of a sinusoidal function of the intensity data in order to quantify the



horizontal wavelength, phase speed and direction of propagation of the waves in the NLC images.
This method is different from the 2-D FFT method used by Pautet et al. (2011), originally developed
by Garcia et al. (1997), to analyse the gravity waves from the Stockholm NLC images. Although this
fitting method is more labour intensive and more subjective than the Pautet et al. (2011) method,
given the low contrast of these high latitude observations it was necessary to manually identify the

wave parameters.

Since the images are mapped to an equally spaced latitude and longitude grid, the raw pixel values in
the projected image are first converted into kilometre space. Once a wave structure has been visually
identified in the NLC image, a line was drawn normal to the wave front. To ensure that the chosen
line of sight was truly normal to the wave front, a series of profiles were extracted by slightly
changing the angle of the line. The frequency (wavelength) of the wave pattern along each of these
lines was determined using a Fourier transform technique. The line with the smallest wavelength is
taken to be normal to the wave front (shown in figure 2 as an arrow) and is along the propagation
direction of the wave. This line was then used for the analysis of the wave structure. In cases where
there was more than one wavelength present, the largest wavelength was selected for analysis. In
some cases, where the images are blurred or contaminated, the FFT of the difference image, i.e. the

image formed by subtracting two adjacent images, provided the wavelength.

To determine the phase velocity of the wave, several consecutive images, i.e. time steps, of the same
wave structure were analysed. First a bias, linear slope and a sinusoid at the fixed, minimum
wavelength determined above were fit to the intensity variations along the propagation direction.
The bias and linear slope were then removed from the wave structure, and an FFT was applied to the
de-trended intensity variations to determine the wavelength and phase of the wave structure along
the propagation direction. The same procedure was carried out for all consecutive images to observe
the change of the phase of the largest wavelength. It should be noted that the wavelength was
determined only from the first image and held constant in all consecutive pictures. This is because
other waves can propagate into the analysis regions and become the largest component of the wave
structure. However, for the correct calculation of the phase values for each time step and hence the

phase speeds of the wave it is important that the same wave is observed in all consecutive pictures.



Figure 3 and 4 shows an example of the Hovmoller diagrams of the raw data and the extracted wave

structure along the propagation direction for consecutive time steps.
3.2 Extracting the amplitudes

In order to compare with gravity wave ray-tracing results, it is necessary to have an estimate of the
relative amplitude of the waves present in the NLC. Particles can take hours to grow to visible sizes,
but evaporation times approach seconds when temperatures are raised (Gadsden and Schroder,
1989). Thus, while the long term effect of short-period waves on NLC will be to reduce their visibility
(Rapp et al, 2002), the bright and dark periodic structures in the NLC, with time scales of minutes, are
primarily due to the density perturbations caused by the gravity wave rather than changes in the
particle radius due to temperature effects. Thus, the relative amplitude of the waves was determined
by the amplitude of the NLC intensity variations, determined above, divided by the average Mie
scatter of the structured cloud.

Here the background that was fitted to the raw image above has two components, the Rayleigh
scatter from the background atmosphere plus the Mie scatter from the clouds. Due to the limited
spatial scales of the NLC, the images were filtered to remove high spatial frequencies in order to
determine the Rayleigh scatter component. Tests were done on nights with no apparent NLC to
ensure that the pure Rayleigh scatter in these images was not affected by the filtering process. Nights
with NLC present were filtered, and the Rayleigh-scattered component was compared to background
nights at similar solar angles to ensure that the Mie scattering from the clouds was removed. Dividing
the raw NLC image by the filtered “Rayleigh” image resulted in a flat background modulated only by
the NLC wave perturbations. Along the direction of propagation, the background fitted to this ratio
image represents the ratio of the average Mie plus Rayleigh scatter to Rayleigh scatter. This may be
combined with the background from the raw image to obtain the average Mie scatter in the display
being analysed. In this way, the relative amplitude of the NLC Mie scatter could be obtained. Since
the wave structures are the result of density enhancements associated with the gravity waves, the
relative amplitude of the Mie scatter was taken to be directly proportional to the relative density

fluctuation caused by the wave.



4. Ray-tracing analysis

In order to examine the possible source regions for the gravity waves observed in our field of view,
we used the Gravity Wave Regional or Global Ray Tracer (GROGRAT) model developed by Eckermann
and Marks (1997). GROGRAT is a four-dimensional ray tracing algorithm that traces the evolution of a
gravity wave’s propagation and amplitude under the effect of background temperature and wind
variations in the lower and middle atmosphere (Eckermann and Marks, 1995; 1997). Here, we launch
a spectrum of gravity waves from an array of latitude and longitudes points, and utilize GROGRAT to

determine those waves that enter the FOV of the camera at Trondheim.

In this study, the spectrum of waves suggested by Eckermann (1992), which was obtained from their
experimental studies, is used. This spectrum consists of waves with uniform amplitudes of 0.3 m-s™
and discrete wavelengths of 12.5, 25, 50, 100, 200 and 400 km. Each wavelength is launched with
phase speeds of 10, 20, 30, and 40 m-s* at each 45° of azimuth starting from the north. These waves
are launched every 5° of latitude between 60° and 80°N, and every 10° of longitude between 0° and
50°E. The specific parameters entered into GROGRAT for each ray include an initial latitude,
longitude, altitude, horizontal wave numbers and initial frequency. The background temperature and
pressure fields used in GROGRAT were generated at 2 km altitude intervals from 0 to 80 km using the
Mass Spectrometer-Incoherent Scatter Extended empirical model (MSISE-00) (Hedin, 1991) for the
time of the display. Similarly, the wind fields were generated using the empirical Horizontal Wind
Model HWM-93 (Hedin et al., 1996), for the time of the display. As the waves propagate upward to
80 km, the trajectories and spatial distributions of waves as a function of time is derived due to the

interaction with these fields.

Source regions for gravity waves may lie near the tropopause (Fritts and Alexander, 2003) as in the
case of convective activity or orographic lifting. However, they may be the result of secondary
generation at higher altitudes by either wave breaking (Holton and Alexander, 1999; Vadas and Fritts,
2003) or as a result of the strong zonal wind shears in the mesosphere (Fritts, 2003). To test this,
waves were launched from both tropopause heights, 5 km, as well as from 60 km at the same
geographic grid points, and the relative amplitudes at NLC heights could be compared with those

derived from the NLC image analysis to determine the most probable source altitude.



5. Results

The characteristic horizontal wave parameters such as wavelength, phase velocity, period,
propagation direction and amplitude of the gravity waves were inferred from the NLC images, and a
histogram of these wave parameters and the direction of propagation of the waves are shown in
Figure 5 and 8, respectively. For comparison, histograms of the wave parameters from the ray-traced
waves that reached the NLC altitude from the source region of 5 km and 60 km are shown in Figure 6

and Figure 7, respectively.

The histogram of wave structures derived from the NLC images (Figure 5a) shows that there is a
strong preference for structures with scales less than 35 km, with an average wavelength of 24 km.
However, the characteristic horizontal wavelengths for the ray-traced waves launched from both the
5km and 60 km altitudes show that while these short wavelength waves do propagate to NLC
heights, both distributions are similar and increase with wavelength. Thus the ray tracing shows that
most of the waves reaching the mesosphere from either tropospheric or stratospheric sources have
wavelengths greater than 40 km. This discrepancy is likely due to the spatial constraints of the
camera. Due to the size of the field of view (53° x 41°) of the NLC camera, the maximum observable
horizontal wavelength is less than 100 km (Pautet et al., 2011). Thus, very long waves will not be
observable as a modulation of the intensity within a single image and will not be identified as waves.
Similarly, the high levels of Rayleigh scattering present in our high-latitude images further restrict our

usable field of view and will bias us towards shorter period waves.

The observed phase speeds of the waves observed in the NLC (Figure 5b) and those resulting from
the wave tracing (Figures 6b and 7b) all average around 31 m/s. However, whereas the ray-traced
waves from 5 km and 60 km both show a peak in the distribution near the average value, the waves
observed in the NLC have a broader range of phase speeds, with most waves having a phase speed of
between 10 and 20 m/s. Conversely, most of the waves detected in the NLC and those traced upward
from both 5 km and 60 km (figures 5c, 6¢ and 7c) have observed periods below 20 minutes. However,
the NLC waves have nearly and equal percentage of waves with observed periods near 30-40 minutes,
resulting in an average observed period of 24 minutes. In contrast, the waves traced upward from

5 km and 60 km predominantly occur with observed periods less than 5 minutes, with a steadily



decreasing number of waves at longer observed periods, and few waves occurring with periods

longer than 20 minutes.

Perhaps the most prominent difference between the waves propagating up from the tropopause and
those originating in the stratosphere are their relative amplitudes at NLC altitudes, shown in Figures
6d and 7d, respectively. We see in Figure 6d that the waves originating near the tropopause attain
relative amplitudes ranging between ~1 and 8%, whereas those initiated near 60 km, shown in Figure
7d, only grow to between ~0.1 and 0.3%. The relative wave amplitudes observed in the NLC, shown
in figure 5d, range from ~1 to 10%. Thus, the amplitude of the majority of waves observed in the NLC
Mie scatter would be more consistent with sources near the tropopause. However, this is not to say
that waves generated in the stratosphere do not perturb NLC. Rather, there is likely an observational
bias to the large amplitude waves from lower altitudes that present the largest contrast and are

easiest to detect.

The propagation directions of the ray-traced waves, shown in Figure 8b and 8c, indicate that the
waves originating from near the tropopause or from 60 km both have similar eastward directions
when they reach NLC altitudes. While the waves observed in the NLC also show a tendency for
eastward propagation, Figure 8a shows that they tend to be directed more towards the north.
Additionally a large percentage of the NLC waves are observed moving in a WSW direction
(240-270° azimuth) and towards the ENE (60-90° azimuth) that the ray tracing has indicated are
blocked. A null hypothesis t-test was applied on the characteristics of these waves propagating in in
these two “blocked” directions to determine whether their wave characteristics differ from the rest
of the population. The results, shown in Table 2, indicate that the ENE waves are not significantly
different from the general population, but that the WSW waves represent a unique population of
waves with shorter wavelengths (Aag = 14.4 km compared to 24 km) and higher phase speeds
(Cavg =42.4 m/s compared to 31 m/s). Fritts et al. (2002) have shown that these fast, short period
waves are associated with local instabilities generated during wave breaking. These instabilities tend
to move along the wave front and transverse to the general wave propagation direction, similar to

what is observed here.



In order to examine possible source regions for the gravity waves observed in the NLC, the grid
points from which the waves were launched at 5 km and 60 km are shown on a map in figures 9a and
9b, respectively. The size of the symbol indicates the percentage of waves originating from a
particular grid point that enter the field of view of the NLC imager at Trondheim. The geographical
distribution of the wave sources at the two altitudes depict that the coastal regions of Norway at the
latitude of 70°N are the primary source regions of gravity waves propagating upward from 5 km. The
waves propagating upward from 60 km represent a broader source region that extends eastward and
southward of the camera field of view, but, as indicated above, these would cause smaller

perturbations in the NLC.
6. Discussion

We can compare these climatological results over Norway with the previous work of Pautet et al
2011, which used imager data from Sweden from 2004 to 2007 that extended to the southern limit
of our observations. The comparison of the average horizontal wavelength of the waves shows
reasonable agreement, with a mean value of 24 km and 25 km over ~69°N and ~62°N, respectively.
Thus, the wave-like perturbations derived from the NLC images in the summer mesosphere are
similar in scale from 60° to 74°N. In addition, they are similar to mesospheric short-period GWs
observed in the air-glow emissions at middle (Taylor et al, 1998), polar (Nielsen et al., 2006) and
equatorial (Nakamura et al., 2003) latitudes, where peak horizontal wavelengths around 25-30 km
are found.

The average observed phase speed for the Trondheim data was found to be 31 m/s, which also
compares favourably with the average value of 27 m/s found by Pautet et al. (2011) for the
summertime data taken from Stockholm. Similarly, there is no significant difference in the average
observed periods of the two data sets: 24 min at ~69°N and 22 min at ~62°N. However, these
observed phase speeds measured using NLC data during the high latitude summer are smaller than
other previous long-term studies of gravity waves observed at slightly higher altitude in the airglow
emission. For example, Taylor et al., (1997) and Nakamura et al. (2003) found an average value of
approximately 48 m/s at low latitudes (2°S), and Hecht et al., (2001) found a mean value of 50 m/s at

middle latitudes (40°N). Similarly, the high latitude measurements in the southern hemisphere at
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Halley (76°S) found a mean value of 48 m/s (Nielsen et al., 2009) during winter. Correspondingly, the
observed periods found in these studies are typically on the order of 8-10 minutes. However, Ejiri et
al. (2003) found an average value of 35 m/s at mid latitude (40°N), similar to this work. This wide
range of values could be due to different GW sources, for example orographic versus frontal
generation, where the observed phase speeds would be Doppler shifted due to speed of the source
relative to the observer.

The directions of propagation of the waves observed in the NLC show that the majority of the waves
in Norway are propagating towards the north and northeast at azimuths between 0° and 30°, but
there is a separate population of small-scale fast waves propagating towards the southwest between
240° and 270° of azimuth. Similarly, Pautet et al. (2011) found that 60% of the waves in Sweden
propagate towards the north or the northeast directions, but did not observe the waves moving
towards the southwest. This matches the propagation directions found for the waves launched from
5 km and 60 km, where the SW direction is blocked by the wind field. Given this blocking, and the
fact that the waves we observe moving towards the SW have significantly shorter wavelengths and
higher phase speeds than those propagating northward or north-eastward, indicate that these are
formed as a result of local, transverse instabilities accompanying wave breaking (Fritts et al. 2002).
The shorter observing times available each night at Trondheim as compared to Stockholm, as well as
the more restricted field of view resulting from the higher levels of Rayleigh scatter means that these

fast moving, short scale instabilities were more likely to have been picked for analysis.
7. Conclusions

The climatology of summertime gravity-waves detected in NLC between 64° and 74°N is similar to
that observed between 60° and 64°N by Pautet et al. (2011). While the average horizontal
wavelengths observed in these two studies agree with previous results from airglow imaging, the
observed phase speeds are much slower, and the observed periods correspondingly longer, than
those observed in the airglow at lower latitudes and during high-latitude winter. This could be due to
differences in the gravity-wave sources, or an observational bias brought on by the more restrictive
fields of view available to the NLC cameras when compared to the nearly all-sky airglow observations.

The gravity-waves observed in the NLC north of 64°N continue to propagate towards the north or
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northeast as they have been observed to do south of 64°N. However, the unique population of fast,
short wavelength waves propagating towards the SW is consistent with transverse instabilities
generated in-situ by breaking gravity waves. Finally, comparison of the relative amplitude of the
waves observed in the NLC Mie-scatter with ray-tracing results show that waves propagating from
the tropopause, rather than those resulting from secondary generation in the stratosphere or
mesosphere, are more likely to be the sources of the prominent wave structures observed in the NLC.
The geographic distribution of the waves generated near the tropopause that can be ray traced into
the observational field of view identify the coastal region of Norway along the latitude of 70°N as the
primary source region. As this is the region where many of the polar low pressure systems make
landfall, interaction of the frontal systems with the coastal mountainous terrain is a likely generation

mechanism for the prominent wave structures observed in the NLC near the mesopause.
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Table 2: Result of the t-test

T-test between the waves that propagate East (60-90) and the rest of the waves excluding SW wave

Average values | Std for Avg. for Std for tstat df p
for East wave East wave | the other | the
other
Wavelength | 23.72 4.99 28.73 19.35 -1.0265 | 22.75 68.45%
Phase speed | 23.04 13.66 28.29 18.51 -0.7489 | 11.42 53.09%
Period 21.68 11.83 25.03 23.08 -0.4670 | 17.3 17.3%
T-test between the waves that propagate SW and the rest of the waves
Average values | Std for SW | Avg for Std for tstat df p
for SW wave wave the other | the
other
Wavelength | 14.42 5.64 27.53 17.05 -3.3667 | 31.95 99.8%
Phase speed | 42.4 27.67 27.03 17.35 1.5599 10.357 85.12%
Period 23.94 51.94 24.23 20.76 -0.0159 | 8.9363 1.24%
T-test between the waves that propagate SW and Eastward (60-90)
Average values | Std for SW | Avg for Std for tstat df p
for SW wave wave the East the East
Wavelength | 14.42 5.64 23.72 4.99 -3.3516 | 11.779 | 99.41%
Phase speed | 42.4 27.67 23.04 13.66 1.7964 12.289 | 90.03
Period 23.94 51.94 21.68 11.83 0.126 9.204 9.73

17
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Figure 1: Noctilucent cloud observed by camera from Trondheim on 30 July 2008 at 23:00 UT
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Figure 3: Hovmoller diagrams of the raw data along the propagation direction for consecutive time
steps
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Figure 4: Hovmoller diagrams of the reconstructed wave structure along the propagation direction
for consecutive time steps
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amplitude for the gravity waves traced from 5 km to 80 km
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Figure 8: Direction of propagation of gravity waves, a) for the 34 waves observed in NLC using the
camera in TRD, b) traced from 5km to 80 km, and c) traced from 60 km to 80 km.
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Figure 9: Geographic source regions for waves appearing in the FOV of the camera at NLC altitudes.
The left panel shows the starting location of waves that have propagated upward from 5 km and
entered the FOV. The right-panel shows the location of waves originating at 60 km that enter the
FOV. For the grid points left blank there are no waves that enter the FOV of camera at NLC altitudes.
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Abstract. Following the 38th Annual European Meeting on 1 Introduction

Atmospheric Studies by Optical Methods in Siuntio in Fin-

land, an intercalibration workshop for optical low light cal- Following the first absolute measurement of night airglow by
ibration sources was held in SodarkyFinland. The main Rayleigh(1930, accurate absolute measurements of airglow
purpose of this workshop was to provide a comparable scal@nd aurora have become increasingly important (see, for ex-
for absolute measurements of aurora and airglow. All sourceg@mple, Trondsen 1998 Syrjasug 2001 Brandstdom, 2003
brought to the intercalibration workshop were compared toGustavsson et al2006 Dahlgren et al.2011and references
the Fritz Peak reference source using the Lindau Calibratherein). Such absolute measurements are traditionally ex-
tion Photometer built by Wilhelm Barke and Hans Lauche in Pressed in rayleighs, as proposed Hynten et al.(1956.
1984. The results were compared to several earlier intercaliFurther discussions about the definition of the rayleigh unit
bration workshops. It was found that most sources were fairly@ppear inChamberlain(1995 App. Il) and Baker (1974.
stable over time, with errors in the range of 5-25 %. To fur- In Sl units the rayleigh is defined as followBdker and
ther validate the results, two sources were also intercalibrate®omick 1976

at UNIS, Longyearbyen, Svalbard. Preliminary analysis indi- . s .40 Photons
cates agreement with the intercalibration in Sodaalyithin ~ 1rayleigh= 1 R£ 10*
about 15-25 %.

1)

The word column is often inserted in the units above and de-
notes the concept of an emission rate from a column of un-
specified length along the line of sighinten et al.1956.

s n? column

Published by Copernicus Publications on behalf of the European Geosciences Union.



44 B. U. E. Brandstrom et al.: Intercalibration results 2011

The apparent spectral radiant sterance (spectral radiancejable 1. Known official intercalibration workshops. The 1967—
L, (2), can be obtained from the spectral column emission1972 intercalibrations are mentioned Bgrr (1983. Regarding

rate,I (1), (in R/A) according toBaker and Romick1976: later calibration workshops lacking a literature reference, the re-
sults and raw data are archived by the corresponding author of this

) 10107 (A) photons @ paper. Copies are available upon request. The column # refers to the

L,(\)= . icipati ibrati

Y . SHSIA number of participating calibration sources.

Integrating the spectral quantitiés (1) and/ (1) over wave- Year # Location Reference/responsible

length yields thg, maybe more famlhar, quantmgs radiance 1967 Fritz Poak Gadsden and Marovich

and column emission rate. In this work the rayleigh and the 1968 Paris Weill

angstbm (1A = 10-1°m) will be used to preserve continuity  ;ggg Tokyo Huruhata

with earlier intercalibration results, which expressed spectral ;979 Kitt Peak Broadfoot
column emission rate in JA. 1970 Harvard Noxon

After removing the instrument signature (bias, dark cur- 1970 Johns Hopkins  Schaeffer and Fastie
rent, flat field, bad pixels, etc.), optical instruments are usu- 1972 Lindau Leinert and Kippelberg
ally absolute calibrated by exposing the instrument to a cal- 1979 9 Seattle Torr (1987
ibration light source with a known spectral radiant sterance 1981 30 Aberdeen Torr and Espy(198])
corresponding to a certain column emission rate (see, for ex- 1983 21 Lindau Lauche
ample, Trondsen 1998 Makinen 2001 Brandstbm, 2003 1985 16  Lysebu Lauche and Bark¢1989
and references therein). Instead of using calibration light 1987 14 Saskatoon Lauche

. . . 1989 1 Lindau Lauche

sources, some instruments are calibrated by using known 1991 6 Wien Lauche (IAGA)
spectra of stars (for examplEahlgren et al.2017). 1995 4 Boulder Lauche

This work reports the results of comparisons of calibration 1999 18 Lindau Lauche and Widel{20008
light sources during 2011. This is part of along-term interna- 2000 9  Stockholm Lauche and Widel{20003
tional effort to place aurora and airglow measurements taken 2001 10 Oulu Widell and Henricsorf2003
at various locations around the world on a common calibra- 2003 8 Longyearbyen Widell and Mammi(2003
tion (and hence intensity) standaffb(r and Espy198J). In 2006 7 Kiruna Widell and Henricsorf2008
addition, a brief description of the intercalibration method in 2007 6 Andgya Henricson(2008
effect since 1985 is provided. 2011la 10 Kiruna This work

Following initial efforts in the 1960s by Michael Gadsden ~2911p 10 Sodankg This work
(Torr, 1983 and byTorr et al. (1976 1977, regular inter- 2011c 3 Longyearbyen  This work (prel. results)

calibration workshops have been organised (see Tahla
references therein). After the intercalibration workshop in

Katlenburg-Lindau in 1983.auche and Barke198 con- . \or (130 9208, L1614, Y275 and the MPI-2 sources are
structed the Lindau Calibration Photometer for comparison . 1 .
. . ; . also radioactivé*C activated phosphor sources. The spectral
of low brightness sources (Fid). This was done in or- ; .
der to suoport the work by M. Torr in the European sec output is continuous and depends on the phosphor. The IRF
PP y M. P UJO sources are “light standards”, probably manufactured

:I?:rl Z’?et;j??IIsb(;?;[g?/vs?kirﬁsssf?vrgrithheer gg:lsm':isszg\r:einp?;py U.S. Radium Corp. in the 1960s and labelled with phos-
P P y ) hor type and luminance values, “9208B20uL”, “L1614

ple 1, some mtercallbran_on workshops have also taken plac UL+ 10%” and “Y275 15yl 10 %", respectively. The
in non-European countries. . . . i
) i . lambert L is a non-SI unit of luminance; 1L corresponds to
When Hans Lauche retiretlyidell and Henricsor{2003 o . o
. . oo 10/ cd m2. It is furthermore a photometric unit, involv-
took over the responsibility for the Lindau Calibration Pho- ; s .
ing the spectral sensitivity of the human eye. These lumi-

tometer, and following Ola Widell’s retirement in 2011, this . .
- : nance values have probably never been used for calibration
responsibility was handed over to the corresponding author

of this paper. Tabld is an attempt to list all known official purposes, at least not in recent years. - .
intercalibration workshops to date. Several of these sources have participated in intercalibra-

tions dating back to the late 1960s (skwr, 1983 Fig. 1).
Although stable and easy to handle, these sources are nowa-
2 Calibration sources days rather difficult to transport due to flight safety regula-
tions.

In this calibration effort nine calibration sources were com- The ESRANGE tungsten lamp and the IRF Lauche lamp
pared to the Fritz Peak (FP) reference source (this source igre tungsten lamps that operated at a predefined lamp current.
labelled “Fritz Peak international standard source”). This ra-Both were designed by Hans Lauche. The ESRANGE tung-
dioactive'“C—activated phosphor source is only used at inter-sten lamp was powered by an external power supply, while
calibration workshops. Apart from the FP reference sourcethe IRF Lauche lamp has its own constant current supply.

Geosci. Instrum. Method. Data Syst., 1, 4351, 2012 www.geosci-instrum-method-data-syst.net/1/43/2012/
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Fig. 1. The Lindau Calibration Photometer built by W. Barke and Hans Lauche at Max Planck Institute for Aeronomy, Katlenburg-Lindau
(1984). (a) centering device for source under measurement (b) deflecting mirror, (c) power supply for pulse amplifier, (d) collimators,
(e) HV supply. (f) objective lens, (g) dehumidifier, (h) filter wheel, (i) field stop, (k) Peltier cooler connector, (m) PMT Hamamatsu R-632,
(o) connection box and (p) pulse amplifier.

These sources are not considered as stable as the radioactithe same date at the calibration laboratory at Finnish Meteo-
sources, but on the other hand, they are much easier to transslogical Institute’s Arctic Research Centre (FMI-ARC), also

port. in Sodankyé. Both Sodankw intercalibrations above are re-
The stability of the radioactive sources and the IRF Laucheferred to as 2011b. The IRF sources as well as the MPI-2
lamp is discussed in Se@&. source were intercalibrated at both locations.

Two sources are based on light-emitting diodes (LEDs): During the course “Optical methods in auroral physics
the ESRANGE MSP1 and the PGI Chernouss-38AM. Theresearch” held in November 2011 at the University Cen-
ESRANGE MSP1 has internal current regulators and is pow-re in Svalbard (UNIS), the IRF Lauche lamp and the PGI
ered by a 28V supply, while the PGI Chernouss-38AM is Chernouss-38AM sources were intercalibrated with an SN-
battery powered. Both participating LED sources consist 0f1633 NIST-traceable tungsten lamp in the calibration labora-
several LEDs and none of them has participated in earlietory at UNIS Sigernes et al2007). This intercalibration is
intercalibration workshops. referred to as 2011c.

The FMI sphereNlakinen 200]) consists of an integrat- During earlier intercalibration workshops the source nam-
ing sphere, three identical 30 W internal tungsten lamps, @ng conventions have been somewhat different for some
75W external tungsten lamp with a mechanical attenuatoisources. To remedy this in the future, a unique source identi-
and several neutral density (ND) filters. The ND filters are fication number (SID) was introduced in 2011 to simplify fu-
required to decrease the output of the sphere to acceptabtare comparisons. Radioactive calibration sources have been
levels for low light instrumentation. The output of the sphere assigned SID in the range 1-99; other sources are numbered
is calibrated by the manufacturer in foot-lamberts (an Amer-from 101 (see Tablg).
ican customary unit for luminance; 1ft-L corresponds to  This report only concerns sources intercalibrated in 2011.
3.426 cd n2). Note that this is a photometric unit involving A full list of all sources that participated in this long-term
the spectral sensitivity of the human eye, and that this cali-calibration series is under preparation. Some of the partici-
brated luminance value is valid at the exit aperture of the in-pating calibration sources are shown in Fg.
tegrating sphere, i.e. before the ND filters. Thus, for the inter-
calibrating effort described here, the luminance value should , o
only be regarded as a source setting. However, knowing thé 1he Lindau Calibration Photometer
spectral response of the ND filters, it is possible to comparel_

the calibrated output of the sphere to the results presented inhe Lindau Calibration Photometer is qescrlbedl_lawchg
) . C ; and Barke(1986. Furthermore, all technical documentation
this report. It is hoped that this will be done in the future. and desian drawinas. raw data and results from the calibra-
It should be noted that the ESRANGE sources were in- 9 9s,

tercalibrated on 16 September 2011 at the Swedish InstitutéIon photometer as well as previous intercalibration work-

of Space Physics in Kiruna (referred to as 2011a), while aIIShOpS are archived by the corresponding author of this paper

other sources except the FMI sphere were intercalibrated or{imd are available upon request. As soon as time permits, this

19 October 2011, at SodaniyGeophysical Observatory in :;?rmatlon will be scanned and made available on the Inter-
Sodankyd, Finland. The FMI sphere was intercalibrated on ™~

www.geosci-instrum-method-data-syst.net/1/43/2012/ Geosci. Instrum. Method. Data Syst., 1,38-2012
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Table 2. Results of the intercalibration workshop. All values are spectral column emission rat¢§.iﬁ'ﬁé absolute calibration values at
3914A should be considered less reliable (see S@ctFilter transmittance plots are available upon request. SID is source identification
number.

Filter position 1 2 3 4 5 6 7

Filter CW 3914 4280 4866 5573 5882 6299 6562A] [

Filter bandwidth (FWHM) 41 27 25 16 13 12 15 A

Source name SID Settings Note
FP reference source 1 034 5.7 3.2 2.6 5.1 9.2 Tkorr and Espy(198])

MPI-2 2 2 173 263 187 93 McC

IRF UJO 920B 3 4 101 62 22 13 8 414C Phosphor 920B

IRFUJO L1614 4 5 1 38 34 9 14¢ Phosphor L1614

IRFUJO Y275 5 4 261 362 201 107 14C Phosphor Y275

IRF Lauche lamp 101 1 8 54 96 207 352 1.62V,198.50 mA 1
IRF Lycksele lamp 102 1 9 72 150 360 489 6.21V,22.7mA 2
ESRANGE tungsten lamp 103 3 10 61 359 544 728 635 10.9V,217.5mA 2,3
ESRANGE tungsten lamp 103 1 6 12 20 32 5.10V 141.00mA 2,3
ESRANGE MSP1 104 226 335 150 280 308 523 299 LED 28V supply 1,3
PGI Chernouss-38AM 105 12 164 382 710 639 1520 1782 LED, setting 3 (max)

FMI sphere 106 5 26 72 78 180 353 L:C,A:150,ND:7,1473.3 ft-L 5
FMI sphere 106 9 49 139 150 348 696 L:C, A:255,ND:7,3092.0 ft-L 5
FMI sphere 106 1 13 67 170 189 422 809 L:BC,A:100,ND:7,3388.0ft-L 5
FMI sphere 106 1 20 100 294 304 682 1311 L:BC,A:255,ND:7,5947.0ft-L 5

Notes: 1. Constant current supply, 2. adjustable power supply, 3. 2011a intercalibration (Kiruna 16 September), 4. battery powered, 5. settings refer to lamp(s) in use (L), attenuator
setting (A), neutral density filter (ND) and luminance in foot-lamberts (before the neutral density filters).

Fig. 2. Some of the low light sources intercalibrated at this workshop: (a) IRF Lauche lamp (SID 101) with power supply, (b) PGl Chernouss-
38AM (SID 105), (c) IRF UJO Y275 (SID 5), (d) IRF UJO L1614 (SID 4), (e) IRF UJO 920B (SID 3), (f) FP reference source (SID 1),
(9) MPI-2 source (SID 2) and (h) IRF Lycksele lamp (SID 102).

Figurel shows the general layout of the instrument. The PMT are available on the Internetnyw.datasheetcatalog.
source is attached to the centering device (a) and lighbrg/datasheet/hamamatsu/R632)pdie length of the in-
passes a mirror (b), collimating tubes (d), an objectivestrument is 1210 mm, and the height is 165 mm. The two
lens (f), filter wheel (h), with telecentric optics and field parts are folded together during transportation.
stop (i) and finally reaches the Peltier-cooled photomulti-
plier tube (PMT, Hamamatsu R632 GA37). Datasheets with
plots of spectral response and quantum efficiency for this

Geosci. Instrum. Method. Data Syst., 1, 4351, 2012 www.geosci-instrum-method-data-syst.net/1/43/2012/
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4 Intercalibration procedure 1000

—

The Lindau Calibration Photometer was installed in a dark-%
room and the Peltier cooler was switched on several hours®
before measurements, so that the photomultiplier tube (PMT)E 100 L
would be sulfficiently cooled and thermally stable. One per-.2
son operated the calibration photometer and sources in th&
darkroom, while another person recorded the filter position £
and PMT counts using a filter position display and a precision% 10
frequency counter (HP 5328A and HP 53181A for 2011a and%
2011b, respectively) located outside the darkroom. The fre—§
quency counter was set for a long gate time (3-5s). In ad-&

S

m

dition, an intercom was available between the darkroom and 1L ‘ ‘ ‘ ‘ * ‘
the outside. Filter position 0 is blocked and corresponds to 4000 4500 5000 5500 6000 6500 7000
dark current; the remaining positions correspond to seven fil- Wavelength ]

ters from 3914 to 6564 (listed in Table2). The filter band-

widths in the table correspond to the full width at half maxi- Fig. 3. Intercalibration results for three sources since 1981: (a) IRF
mum (FWHM). Position 8 corresponds to a filter with centre YJ© Y275 (SID 5), (b) IRF UJO L1614 (SID 4), (¢) IRF UJO 9208
wavelength 670A. This filter is included in the intercali- (S!P 3). (d) IRF Lauche lamp (SID 101, since 2000). The 2011b

bration procedure, but the results are traditionally discardecintercalibration results are connected with Ii_nes, giv_ing a rough idea
. ' . . .of the spectra of these sources. The 1981 intercalibration used dif-

since the FP reference source lacks calibration data for thig, .t fiters indicated by a .

wavelength. Transmittance curves for each filter exist in the

calibration photometer documentation and are available upon

request. Each source was then compared to the FP referenge

source. This was done according to the following procedure:

device of the calibration photometer (Fig). le 2. Note that spectral column emission rates less than

1 R/,& have been removed in TabRdue to poor signal-to-
2. Three measurements were recorded from the frequencypise ratio. All raw data and preliminary results before post-
counter for each of the nine filter wheel positions (in- processing are available lattp://alis.irf.se/ewoc/2011
cluding dark current). As the filter wheel was rotated  Figure 3 plots all intercalibration results from 1981 until
manually, the filter changes were announced and verithe present time for three radioactive and one tungsten lamp
fied over the intercom and by using the filter position source. Tablg lists the ratios of this intercalibration to ear-
display. lier intercalibration workshops, as well as to the mean value

3. The FP reference source was then replaced with the cal©f all listed workshops. Sources not appearing in Table
ibration source and step 2 above was repeated for thapave only been intercalibrated once, or earlier intercalibra-

source. Metadata was recorded (filter temperature, statfOn data have not been located yet. Figdrplots selected
and stop times, etc.). ratios from Table3 as a time series. The ratios and wave-

lengths are selected based on the normal usage of the source
4. Steps 1-3 above were repeated for each of the nine cakor calibration of optical instrumentation.
ibration sources. The intercalibration was done under two assumptions:
(1) the spectral radiant sterance of the FP reference source
is stable and sufficiently well known, and (2) the calibration
photometer is linear and stable during the calibration.

Results

The spectral column emission rafigy) at filter positionp
(1...8) was then calculated from the following equation (by
using a spreadsheet):

Irp(Sp —So) R
Isp= R,—Ro A ®) 6 Discussion
whereS, and R, are the average measured count rates forThe FP reference source is traceable to intercalibrations in
the calibration source and the FP reference source, respethe late 1960sTorr, 1983 and the present absolute calibra-
tively; So and Ro are averaged dark current measurementstion values, obtained with a national standard source (Q47
(fiter position 0).Irp is the FP reference spectral column tungsten filament lamp, calibrated by the National Bureau of
emission rate for filtep (refer to Table?). To preserve con-  Standards in 1977) from an intercalibration donélbyr and
tinuity this procedure has been changed as little as possibl&spy (1981). Since 1981 the FP reference source has been
since 1985. used as reference source for intercalibration workshops in the

www.geosci-instrum-method-data-syst.net/1/43/2012/ Geosci. Instrum. Method. Data Syst., 1,38-2012
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Table 3.Ratios of the 2011b intercalibration (Sodarito earlier intercalibrations and to the mean value of all listed measurements. Sources
not appearing in this table lack information of earlier calibration workshops. SID is source identification number.

Filter [A]
Source name SID Year 3914 4280 4866 5573 5882 6299 6562
IRFUJO920B 3 1981 067 095 119 136 1.12 055

1985 0.77 080 101 117 126 114 0.49
1999 089 099 103 099 110 101 1.66
2000 085 093 097 095 104 0.77 047
2001 075 096 095 099 102 083 332
2006 0.80 095 100 095 094 081 0.25
2007 091 103 101 096 087 065 0.86
2011a 181 1.03 099 0.84 103 0.78 0.83

Mean 1.02 091 099 099 105 0387 0.63

IRFUJO L1614 4 1981 124 027 100 0.91 2.20
1985 114 136 118 124 1.02 0.23
1999 013 099 104 104 0.95 0.49
2000 114 099 096 098 0.92 1.74
2001 080 090 101 128 126 0.10
2006 057 093 100 110 0.83 0.25

2007 133 099 101 107 0091
2011a 080 103 101 113 0.93

Mean 059 103 0.78 1.09 0.96 0.52

IRF UJO Y275 5 1981 6.00 112 092 091 084 0.77
1985 033 0.70 101 104 096 093 0.94
1999 1.00 105 101 099 094 071 0.65
2000 100 095 098 095 089 071 0.59
2001 500 117 106 101 0.75 0.73 0.69
2006 091 103 103 091 0.89 0.72
2007 100 111 104 102 087 077 0.82
201l1a 033 1.00 1.03 098 106 121 0.73

Mean 0.88 1.06 103 099 091 084 0.75

IRF Lauchelamp 101 2000 095 1.02 1.00 1.07 098 093 0.78
2001 106 093 106 112 084 091 0.82
2007 120 106 098 106 090 092 1.06
2011a 1.06 099 098 1.02 105 0.66 0.37

Mean 1.05 1.00 100 105 095 086 0.70

aurora/airglow optical community. Note that the 1981 cali- In addition, the spectra of these two sources were measured
bration did not include 3914 and 6707A. The origin of the  with a spectrograph. For the IRF Lauche source (SID 101),
absolute calibration value at 39M0.34 R/,&) is currently  deviations appear to be less thati5 % for wavelengths
unknown. This is under investigation, and until further no- from 5573A. For shorter wavelengths this source has a very
tice it should be treated as less reliable (extrapolated). Adow output, as should be expected from a tungsten lamp. The
1981 is a rather long time ago, doubts can clearly be cast omatios for the PGI Chernouss-38AM (SID 105) source are a
the stability of the FP reference source. It is thus of greatbit more puzzling and, in particular, the large difference for
importance to compare the FP reference source to a sourc866A is still under investigation. The spectrum of the PGl
traceable to a National Bureau of Standards as soon as possthernouss-38AM LED source was found to be continuous
ble. Although strongly desired, this has not been possible yetbut with two sharp peaks. One possible preliminary explana-
Some steps have therefore been taken to indirectly assess thien for the discrepancy is that while the former calibrations
stability of the FP reference source. were done by a filtered photometer, the 2011c calibration was
Preliminary results from the independent 2011c intercali-done with a spectrograph. The spectrograph had a bandpass
bration (Longyearbyen) of two sources are given in Table of approximately 108, while the photometer filters have

Geosci. Instrum. Method. Data Syst., 1, 4351, 2012 www.geosci-instrum-method-data-syst.net/1/43/2012/
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IRF UJO-920B (S‘IDS)
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Fig. 4. Ratios of 2011b intercalibration in Sodankytb earlier intercalibrations for IRF UJO 920B (SID3, top panel), IRF UJO L1614 (SID
4), IRF UJO Y275 (SID5) and IRF Lauche lamp (SID101) (bottom panel): (blue) A28freen) 5573 and (red) 6299. Note that none
of these sources were intercalibrated 1987-1995.

a bandpass around 20 As this source has no earlier in- The 2011a intercalibration was mainly a practice run by a
tercalibration history, additional measurements are requirednew calibration team before the official 2011b intercalibra-
A preliminary conclusion from the 2011c intercalibration is tion in Sodanky. This might explain the larger deviations
that the intercalibration error for the FP reference source isseen for the 2011a intercalibration (TaBland Fig.4). The
probably less thatt-25 % for wavelengths from 5578 This 2011a intercalibration should therefore be excluded from the
preliminary, but promising, conclusion is to be confirmed by long-term series, if results from later workshops confirm it to
the final results from the 2011c intercalibration session. be an outlier.

The FMI MIRACLE EMCCD imager normally operated Aging effects of various components (sources, filters,
at Kilpisjarvi was recently calibrated by the manufacturer, PMT, etc.) will also contribute to the errors. Looking at R3g.
Keo Scientific in Canada (T. S. Trondsen, personal commuit is seen that the intercalibration errors tend to increase to-
nication, 2011). For further validation, this imager was thenwards the red part of the spectra. This is under investigation
calibrated by the FMI integrating sphere and two of the IRFand is probably related either to aging effects (PMT and/or
radioactive sources (920B and Y275). Data from this effortfilters), stray light, or to design compromises of the calibra-
are not analysed yet and will appear in a later publication.tion photometer.

Then, it will be possible to compare the 2011b intercalibra- On the other hand, the IRF UJO Y275 (SID 5) source ap-
tion both to the calibration by Keo Scientific in Canada as pears very stable over time at SSEXQFig. 4). In fact, re-
well as to the FMI integrating sphere. covered fragments of old documentation (1960s) concerning

Furthermore, if the FP reference source should become urdight calibration by C14 activated light standards from U.S.
stable over time, it is highly likely that othéfC-activated ~ Radium Corp.” appear to indicate 262.63Rfor the IRF
phosphor sources also would become unstable. This woultlJO Y275 (SID 5) at 5608, (by conversion of the lumi-
be noticed as increasing deviations between the intercalibranance values stamped onto the source; see Hedtis is to
tion workshops. be compared to the 2011b intercalibration that gave 281 R/

It has been found thaforr and Espy(1981) andLauche  at 5573A. To confirm this, the spectra of these sources must
and Barkg1986 did not use exactly the same filter sets. This be measured. It is hoped that this will be possible in the au-
is under investigation and might explain the difference in ra-tumn of 2012.
tios for 1981 and 1985 (Figb). The mean ratios in Tabl8 indicate a typical deviation,

ranging from a few percent to arouatl 0 % for wavelengths
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Table 4. Preliminary ratios of this intercalibration to measurements in November 2011 at the calibration laboratory at UNIS, Longyearbyen,
Svalbard (2011c). The large differences for wavelengths below A%#®8 expected since the IRF Lauche lamp is a tungsten lamp. For the
PGI Chernouss-38AM source, the large difference at #4886more puzzling and remains to be explained.

Filter [A]
Source name SID 3914 4280 4866 5573 5882 6299 6562
IRF Lauche lamp 101 0.02 010 032 085 089 096 1.11

PGI Chernouss-38AM 105 053 086 030 0.69 0.75 095 1.09

4280, 4866, 5573 and 5882 For 6299A this value is  Future work
around+15 %.

While none of what is said above provides hard evidenceFollowing the intercalibration efforts in 2011, several ra-
concerning the validity of the 30-year-old absolute calibra-dioactive calibration light sources have been found in Nor-
tion of the FP reference source, it is probably safe to asway (Y. L. Andalsvik, personal communication, 2012). Many
sume that absolute calibration errors are probably less thaff these sources appear in earlier intercalibration workshops,
15-25 %, with a few exceptions and not including filters at in particular at the Lysebu 1985 workshopa(iche and
3914 and 670A. This is also in agreement witfiorr and ~ Barkg 1986. In addition, at least two calibration sources
Espy (198]), who report an accuracy af10% over a 12- have been found at University of Oulu, Finland. Therefore,
year-period. This should be compared to differences up to a would be desirable to include these sources in the inter-
factor of six during the early phases of this long-term inter- calibration workshop planned for the autumn of 2012 in So-
calibration effort Torr et al, 1977). Finally, even in the case dankyB.
that the absolute calibration values are completely wrong, For the next workshop it will hopefully also be possible
the relative intercalibration is not affected by this, and thusto measure the spectra of all participating sources. This is of

it would be possible to correct these errors in the future. ~ general importance for improving the quality of this long-
term intercalibration effort, but, in particular, it might help

resolve problems related to LED-based sources, such as the
PGI Chernouss-38AM source (SID 105).

This intercalibration effort should also be compared to ab-
solute calibration methods involving the known spectra of

7 Conclusions

This work presents the official results from the intercalibra-
tion workshop following the 38th Annual European Meeting stars.

on Atmospheric Studies by Optical Methods (in TaB)e di The m(tjercallbr'clmon prO(_;Ifedure from 1;‘?8?1'5 a rhath:er te-
Ratios of this intercalibration to earlier work are presented lous and manual nature. To automate the filter wheel oper-

in Table 3 and Fig.4. Preliminary results of the indepen- ation and data acquisition would probably both improve the

dent 2011c intercalibration (Longyearbyen) of two sourcesceuracy and speed'u'p the mtercahbrg tion procedure.
are given in Tabla. Last but not least, it is of the utmost importance to perform

A brief description of the intercalibration method, in ef- &" intercalibration of the FP reference source to a source

fect since 1985, is provided. Furthermore, a large set of doclraceable to a National Bureau of Standards source as soon

umentation and publications regarding this long-term inter-25 possible.

calibration effort has been collected. As much as possible
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ABSTRACT

The Tropical Rainfall Measuring Mission (TRMM) 2A25 radar reflectivity profiles and derived surface
rain rates are used to describe the vertical structure of precipitation systems in Africa. Five years of data are
used in both the boreal and austral summer rainy seasons. A number of climate regions are isolated and
compared. To place the composite reflectivity profiles in context, they are contrasted against TRMM 2A25
observations over the Amazon.

In all of tropical Africa, precipitation systems tend to be deeper and more intense than in the Amazon,
and shallow warm-rain events are less common. In all African regions, but especially in the Sahel and
northern Savanna, storms are characterized by high echo tops, high hydrometeor loading aloft, little indi-
cation of a radar brightband maximum at the freezing level, and evidence for low-level evaporation.

Storms in Africa are generally most common, and deepest, in the late afternoon, and weaker shallow
systems are relatively more common around noon. The diurnal modulation is regionally variable. The
amplitude of the diurnal cycle of the mean echo top height decreases from the arid margins of the zenithal
rain region toward the equatorial region, and is smallest in the Amazon. A secondary predawn (0000-0600
LT) maximum occurs in the Congo, in terms of rainfall frequency, rainfall intensity, and echo tops. The
storm intensity indicators generally peak a few hours later in the Sahel and northern Savanna than in other
regions in Africa.

The difference between all African regions and the Amazon, and the relatively smaller differences
between regions in Africa, can be understood in terms of the climatological humidity, CAPE, and low-level

shear values.

1. Introduction

Spaceborne rainfall estimation has evolved dramati-
cally over the last two decades (e.g., Huffman et al.
1997). Spaceborne techniques, usually guided by rain
gauge data, have been developed based on IR bright-
ness temperatures (e.g., Vicente et al. 1996), multifre-
quency passive microwave radiances (e.g., Kummerow
and Giglio 1994), or a combination of these two. Obvi-
ously IR-based techniques have weaknesses, in particu-
lar because the anvil of large convective systems is
much larger than the precipitation shafts underneath,
and the anvil topography is more uniform. Upwelling
microwave radiation, emitted or scattered by hydrom-
eteors at all levels in the precipitation column, is more
sensitive to these underlying precipitation shafts.

A new era of spaceborne precipitation research
started in late November 1997 with the launch of the
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82071.
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Tropical Rainfall Measuring Mission (TRMM) satellite
(Kummerow et al. 2000). The TRMM satellite instru-
ment package includes a 13.8-GHz (2.2-cm) radar, the
Precipitation Radar (PR; Kummerow et al. 1998). Ra-
dar reflectivity data, especially its vertical structure, can
be used to improve surface rainfall estimation (e.g.,
Ferreira et al. 2001). Large differences exist between
passive microwave and radar-based rain-rate estimates,
mainly on an instantaneous basis, but also cumulatively
(Kummerow et al. 2000).

Spaceborne radar data can be used also to character-
ize the horizontal and vertical structure of precipitation
systems. Precipitation Radar reflectivity maps docu-
ment the horizontal structure of storms and yield infor-
mation about mesoscale organization, which links to
storm longevity (e.g., Heymsfield et al. 2000). Espe-
cially intriguing is the PR’s ability to describe the ver-
tical structure of storms in detail, on account of the
PR’s near-vertical incidence. The vertical profile of re-
flectivity can be used to estimate the profiles of radia-
tive and latent heating (Jensen and Del Genio 2003): as
storms develop and decay, they leave behind footprints
of condensational heating and evaporative cooling at
various levels in the troposphere, and these are an im-
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portant component in the tropical general circulation
(e.g., Mapes and Houze 1993).

This paper focuses on the vertical structure of pre-
cipitation systems. Most tropical precipitation systems
are deep, but a significant portion of tropical rainfall
results from shallow systems with tops near the freezing
level (Petty 1999; Johnson et al. 1999; Berg et al. 2002).
The fraction of the rainfall from shallow systems, either
cumuli congesti or shallow nimbostratus, is poorly un-
derstood, and it probably varies significantly regionally
and seasonally.

A fundamental distinction exists between convective
and stratiform precipitation regions within deep pre-
cipitation systems (Houze 1997). In stratiform regions,
hydrometeors fall from the upper-cloud layers while
they grow, and they produce a distinct reflectivity maxi-
mum at the freezing level (FL), known as the bright
band (Houze 1993). In essence this bright band is due to
the wet coating of melting snowflakes (Battan 1973). In
regions of deep convection, a bright band is absent,
because the melting of heavily rimed hydrometeors oc-
curs over a deeper layer, and the changes in fall speed
are smaller. Also, reflectivity decays more slowly with
height above the FL, when compared with that in strati-
form regions. The rain type distinction is important be-
cause different rain types have different Z-R (reflec-
tivity—rain-rate) relationships (e.g., Steiner and Houze
1997), and different profiles of latent heating. The
above-mentioned discrepancy between passive micro-
wave and radar-based rain-rate estimates appears to be
related to differences in vertical structure of precipita-
tion systems, specifically their depth and convective/
stratiform nature (Masunaga et al. 2002).

The TRMM PR data, in conjunction with passive mi-
crowave and lightning data collected aboard the
TRMM satellite, have revealed remarkable differences
between continental and maritime precipitation sys-
tems in the Tropics (e.g., Toracinta et al. 2002; Cecil
and Zipser 2002; Nesbitt and Zipser 2003). Maritime
systems tend to have less lightning, less ice aloft, more
stratiform characteristics, and they are less diurnally
modulated, as compared to continental systems. A
comparison between two equatorial wet regions, the
Congo and the Amazon basins, revealed that the
Congo has deeper storms, a higher reflectivity above
the FL in storms (for example, at 7 km), a stronger
85-GHz ice scattering signature, and also more light-
ning activity, as compared to the Amazon (Boccippio et
al. 2000; Petersen and Rutledge 2001; Toracinta et al.
2002). Essentially precipitation systems over the Amazon
are more maritime in nature than those over the Congo.

This study describes the vertical structure of precipi-
tation systems in Africa in more detail. The focus is on
regional differences in Africa, but a comparison with
the Amazon Basin is included, in order to provide a
context. Storm systems in the Amazon have been stud-
ied in some depth (e.g., Stith et al. 2002; Petersen et al.
2002; Sorooshian et al. 2002), in part thanks to the
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TRMM Large-Scale Biosphere—Atmosphere (LBA)
field campaign in the Amazon. To our knowledge none
of the TRMM-based precipitation studies has focused
on regional variations in Africa, except two. These two
(Adeyewa and Nakamura 2003; Nicholson et al. 2003)
compare TRMM-based rainfall estimates to those
based on other satellite data and rain gauges. Clearly
much research has been conducted into rainfall vari-
ability in Africa using other data sources (e.g., Lebel
and Amani 1999; Nicholson et al. 2000), but this is be-
yond the scope of the current study, which focuses on
the vertical structure of precipitation systems. That
structure has been described for some isolated cases, all
large convective systems in West Africa, mainly based
on ground-based radar data (e.g., Roux et al. 1984;
Chalon et al. 1988; Roux and Sun 1990), but these stud-
ies do not represent a climatology of precipitation sys-
tems. In short, the typical vertical structure of precipi-
tation systems in various climate regions of Africa re-
mains undocumented. This is the motivation for the
present study, which aims to describe the regional, di-
urnal, and seasonal variations of the vertical structure
of precipitation systems in Africa, and to interpret
these variations in terms of typical stability and shear
profiles. Specifically, we aim to answer whether the ver-
tical structure of precipitation systems, and its diurnal
variation, is different in the distinct climatic zones of
Africa, and different from that in the Amazon Basin.

The broader impact of this study is obvious: the
economy of most African countries primarily depends
on agriculture, and agriculture in Africa is highly de-
pendent on the performance of precipitation. To better
understand rainfall variability, the vertical structure
and evolution of precipitation-generating systems
needs to be documented, and this information has been
unavailable in Africa, in part because of the lack of
scanning radar networks. Thus TRMM has come to fill
one data void over Africa. This study will also provide
a climatological and regional context for the detailed
observations of precipitation systems in West Africa, to
be collected during the African Monsoon Multidisci-
plinary Analysis (AMMA, whose field phase is to be
conducted in 2006; see online at http://www.joss.ucar.
edu/amma).

Following a description of the data sources and
analysis method (section 2), the vertical structure of
African precipitating systems is presented (section 3).
An analysis of the diurnal variation of TRMM PR sur-
face precipitation and storm structure follows in section
4, and the findings of this study are interpreted in the
context of regional variations of climatological values
of humidity, wind shear, and stability in section 5.

2. Analysis method

a. Data source

The TRMM satellite follows a 35°-inclination non-
sun-synchronous low-earth orbit (Kummerow et al.
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1998). Its orbit altitude was about 350 km above the
earth before August 2001, and 403 km afterwards. Its
instruments include a four-frequency microwave radi-
ometer and a 13.8-GHz radar (the PR). The TRMM
radar and passive microwave radiometers have been
building a superbly calibrated dataset of rainfall rate
and vertical structure of precipitating systems over land
and ocean since December 1997. The nonsynchronicity
with the sun is rather unique compared to other earth
observing satellites, and it is important, because over
time it enables the deduction of the diurnal variability.

Spaceborne radar observations are superior to
ground-based radar data for the description of the
storm vertical structure, because of the near-nadir van-
tage point (Heymsfield et al. 2000; Hirose and Naka-
mura 2002). They are superior also to a network of
ground radars for regional precipitation climatology
studies, because there are no range-related problems
such as variable resolution, variable minimum echo
height, and variable sensitivity, nor are there regional
variations in radar calibration (Anagnostou et al. 2001).
The drawback of the spaceborne radar observations is
the data scarcity: the TRMM PR swath, 220 km wide,
visits the same location only once or twice a day (Negri
et al. 2002).

The PR’s minimum detectable signal is about 17 dBZ
(Iguchi et al. 2000). Assuming uniform beam filling, this
implies a rain rate of about 0.3 mm h~' (Fisher 2004).
The horizontal resolution of the PR is about 4.3 km at
nadir, before the orbit boost (5.7 km after the boost).
This allows the TRMM PR to observe precipitation sys-
tems larger than about 10 km?* (Wilcox and Ra-
manathan 2001). Sauvageot et al. (1999) use a ground-
based radar to show that less than a quarter of all rain
cells in Niger, Africa, have diameters larger than 5 km.
If this finding applies generally in Africa, then clearly
the storms analyzed in this study are mainly the larger
ones: the effects of limited horizontal resolution and
low sensitivity combine to exclude isolated, small storm
cells from the PR’s view (Heymsfield et al. 2000). An
attempt has been made to correct for this nonuniform
beam-filling effect on PR-based surface rain estimation
(Durden et al. 1998), but reflectivity profiles are not
“corrected.” All this suggests that the present study is
biased toward the larger precipitation systems, but
then, they carry the bulk of the rain [e.g., Fig. 9.1 in
Houze (1993)].

The PR’s range resolution is 250 m. Therefore its
vertical resolution is 250 m at nadir, decreasing to about
1.6 km (Gaussian weighted) at the outer incidence
angle (17°). Because this study focuses on the vertical
structure, only the profiles with an incidence angle less
than 5° on either side of nadir are included.

The primary dataset for this study is the TRMM-PR
2A25 volumetric radar reflectivity and surface rainfall
rate (Kummerow et al. 1998). The 2A25 equivalent re-
flectivity profiles are corrected for attenuation by heavy
rain, mainly using the surface reference technique (Igu-
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chi and Meneghini 1994), and the rain rates are cor-
rected for nonuniform beam filling (Iguchi et al. 2000).
The 2A25 surface rain rate is estimated from the near-
surface reflectivity, assuming a Z-R relationship spe-
cific to the rain type: Z = 148R">° for convective and Z
= 276R"* for stratiform precipitation. The rain type is
defined based on both horizontal and vertical storm
structure information, in the 2A23 algorithm. The 2A23
rain type classification itself is not used in this work.
This study focuses on the vertical structure of precipi-
tation profiles, irrespective of their classification. Cer-
tainly the shape of the reflectivity profiles will reveal
stratiform or convective characteristics (Houze 1997,
Geerts and Dawei 2004b), but the profiles are not a
priori classified.

This study only considers those reflectivity profiles
with path-integrated attenuation, that is, with detect-
able scatterers above the ground. A threshold of 17
dBZ is imposed, even though the 2A25 dataset includes
reflectivity values down to 15 dBZ. These are referred
to as the precipitation profiles. Most but not all of the
precipitation profiles are also surface rain profiles.
There is a number “virga” profiles, with echoes stron-
ger than 17 dBZ at some level, but no detectable rain
reaching the surface (2A25 surface rain rate equals
zero). The fraction of virga profiles is generally less
than 20%. The 2A2S5 reflectivity data are composited as
a function of height. This is the height above the stan-
dard geoid, which is very close to mean sea level. Es-
pecially for the African continent it is important to note
that the height shown is not above ground level.

The TRMM 3B42 daily 1° X 1° data are also used in
this study to describe the basic seasonal swing of pre-
cipitation over Africa. The 3B42 dataset is based on a
combination of infrared (IR), passive microwave, and
radar data from TRMM and IR data from the geosta-
tionary satellites. Finally, for the interpretation of the
TRMM data, we use the National Centers for Environ-
mental Prediction (NCEP)- National Center for Atmo-
spheric Research (NCAR) global reanalysis dataset,
which is based on upper-air and satellite data (Kalnay
et al. 1996). We use monthly mean values of atmo-
spheric variables for the period 1968-96. We obtained
these data through the Web site of the U.S. Climate
Diagnostics Center (available online at http://www.cdc.
noaa.gov).

b. Regional classification

The seasonal march of precipitation in Africa is well
established (Fig. 1). Regions between 10° and 25° lati-
tude experience a single wet season peaking shortly
after the summer solstice. Precipitation is rare outside
of this 3-5-month-long wet season. Regions near the
equator tend to have two peaks, at or shortly after the
equinoxes, with otherwise little seasonal variation in
rainfall.

To make regional comparisons, Africa is categorized
into nine broad climatic regions (Table 1). Those re-
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FiG. 1. Mean rainfall over Africa for 1998-2002 based on
TRMM 3B42 data. The units are mm in 3 months. Also shown are
the geographical regions studied here. (a) JJA and (b) DJF.

ceiving the bulk of the precipitation in the boreal sum-
mer are the Sahara (15°-30°N, 11.5°W-30°E), the
northern semiarid region (Sahel, 12°-15°N, 11.5°W-
30°E), the northern Savanna belt (8°-12°N, 11.5°W-
30°E), the Horn of Africa (4°~14.5°N, 31°-40°E), the
plateau region of Eastern Africa (6.5°S-4°N, 30°-
39°E), and the Tropical Wet region. The latter includes
the Congo Basin (6.5°S-6.5°N, 10°-30°E) plus the south
coast region of West Africa (4.5°-6.5°N, 11.5°W-10°E);
both parts largely have an Am climate in the K&ppen
classification. At first, the south coast region of West
Africa was treated separately from the Congo Basin,
but the reflectivity profiles are very similar, so the two
regions are combined. In any event, the Tropical Wet
region is dominated by the Congo Basin, which occu-
pies 86% of that region. Fifteen months of 2A25 data
are used for the six regions shown in Fig. 1a: June, July,
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TABLE 1. Summary statistics of the climatic regions in Africa.
The Amazon Basin is included for comparison. The number of
rain events per unit area is the total over 15 months (3 months in
each of 5 yr). The average surface rain rate is conditional (i.e.,
when it rains at the surface).

No. of rain  Avg rain
Area profiles per rate

(10° km?)  Season 10® km? (mm h™1)
Sahara 7.09 JJA 9 443
Sahel 1.49 JJA 88 5.06
Savanna North 2.01 JJA 112 433

Horn 1.15 JIA 82 4.6

East Africa 1.16 JJA 24 4.59
MAM 71 4.20
Tropical Wet 3.73 JIA 62 4.45
DJF 45 5.25
Savanna South 3.16 DIJF 113 3.36
Okavango 0.75 DJF 107 3.46
Kalahari 0.93 DJF 73 4.29
Amazon 1.23 JFM 153 2.94

and August (JJA) 1998-2002. In some regions the wet
season is centered on August rather than July, but the
JJA period includes the majority of the precipitation
systems in most regions, including the early monsoon
convection.

The three remaining regions receive most of their
precipitation in the austral summer: the southern Sa-
vanna belt (17°-6.5°S, 14°-39°E), the southern semiarid
region (Okavango, 22°-17°S, 17°-30°E), and the Kala-
hari (22°-32°S, 17.5°-26°E). Again fifteen months of
2A25 data are used for these regions: December, Janu-
ary, and February (DJF) 1998-2002 (including Decem-
ber 1997 but excluding December 2002). The Tropical
Wet and East Africa have year-round precipitation
somewhere within their respective regions, and neither
the JJA nor the DJF periods capture the wettest peri-
ods. For the Tropical Wet region, we include both JJA
and DJF periods. For East Africa we include both the
JJA period, which is relatively dry except in the north-
western part (Fig. 1a), as well as the MAM (March-
April-May) period, because it is the wettest 3-month
period for the entire region. The winter-wet season in
the Mediterranean climates of northern Africa and the
southwestern corner of Africa is ignored in this study,
because the precipitation systems are extratropical. Fi-
nally, we included the central Amazon Basin well in-
land from the coast (1°-11°S, 65°-55°W), because the
Amazon is relatively well-studied (see section 1), thus
its PR data provide a context for the African data. The
wettest period in the central Amazon is the JFM pe-
riod.

This regional classification is mainly based on the
distinct rainfall climatology of each region (Fig. 1). It is
rather standard (e.g., Leroux 2001) and similar to that
by Adeyewa and Nakamura (2003). The latter study
ignores the Horn, East Africa, and the Kalahari. The
regional boundaries are a simplification of the region-
alization by Nicholson and colleagues (e.g., Nicholson
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et al. 2000). Clearly the regions defined in this study do
not have the same incidence of precipitation systems
(Table 1): the Sahara for instance encounters some 12
times fewer rain events per unit area than does the
northern Savanna. Yet when it rains, the average sur-
face rain rate is about the same in these two regions,
and indeed in all regions in Africa.

c¢. Analysis of diurnal variability

Determining the diurnal variability of precipitation
matters, not only because it places fixed-time rainfall
estimates from other polar-orbiting satellites, on a sun-
synchronous orbit, in a diurnal context (Bell and Reid
1993), but also because it helps to understand the dy-
namics of precipitating systems in response to diurnally
varying surface energy fluxes and lower-tropospheric
wind profiles (e.g., Dai et al. 1999). The diurnal vari-
ability of precipitation is not captured well by opera-
tional numerical weather prediction models (e.g., Davis
et al. 2003) or general circulation models (e.g., Lin et al.
2000), in part because convection is parameterized. The
diurnal variation of precipitation, as observed by satel-
lite or rain gauges, has received much attention [see Dai
(2001) for a review], but the focus here is on the diurnal
variation of vertical storm structure.

To study the diurnal variation, reflectivity profiles
and surface rain rates are binned at a 3-h temporal
resolution. The TRMM orbit is such that the chances of
an overpass are about equal for each 3-h bin, over the
course of a month or longer. Comparison with a dense
network of rain gauge data in Oklahoma has shown
that the TRMM PR captures the diurnal variation of
the surface rain well (Fisher 2004; B. Fisher 2004, per-
sonal communication). A 3-h bin size is rather course,
but it allows maximization of the sample size. A tem-
poral resolution of 1 h, even using three years of PR
data, is inadequate to describe the local (single pixel)
diurnal cycle of precipitation due to spatially inconsis-
tent sampling (Negri et al. 2002). Spatial averaging over
rather large regions of course allows a finer time reso-
lution. Considering the large size of the climatic regions
selected for this study (Table 1) and the 5-yr data pe-
riod, temporal sampling was done every 3 h, which is a
trade-off between statistical significance and the ability
to capture the true diurnal variability. The number of
samples (TRMM PR profiles with path-integrated at-
tenuation) per 3-h time bin averages 18 10° (this can be
inferred from columns 2 and 4 in Table 1) and ranges
between 1339 (East Africa, 0600-0900 LT* and 55 038
(Savanna South, 1500-1800 LT). Thus the sample size
appears sufficient to study diurnal variability.

! For each reflectivity profile, the local solar time (LT) is used
instead of universal time (UTC) because it is the relevant time in
the description of the diurnal variation. The local solar time is
such that the sun is highest in the sky at local solar noon.
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3. Regional variability of the vertical structure of
precipitation systems in Africa

a. Composite vertical structure

The probability density function of radar reflectivity
as a function of height is shown in Fig. 2 for regions with
mainly JJA rainfall and in Fig. 3 for regions with rain
mainly in DJF. Shown in these frequency-by-altitude
diagrams (FADs) is the probability N(Z, h) for a given
reflectivity Z (in dBZ units) at a certain height 4, nor-
malized such that the sum of all frequencies plotted
equals 100—that is, 2,%,N(Z, h) = 100. The FADs
include all attenuated profiles. The FADs are truncated
on the left due to the PR’s limited sensitivity, so the
entire reflectivity distribution, as shown for instance in
Geerts and Dawei (2004b), is not known. The FADs
are further partitioned between light surface rain (<8
mm h™!') and heavy surface rain (>8 mm h™!).

A first observation is that the regional differences in
the vertical structure of precipitation systems in Africa
are relatively small. Precipitation systems appear gen-
erally deep; relatively large or numerous hydrometeors
are found high above the FL. In most regions echoes
between 17 and 25 dBZ are more common at 6 km,
above the FL, than at 3 km. Even light surface rainfall
events (less than 8 mm h™!') are generally associated
with deep precipitation columns. In some regions, es-
pecially the Sahara (Fig. 2, upper-left graph), a surface
rain rate less than 8 mm h™! often seems to be associ-
ated with low-level evaporation. In general low-level
evaporation is suggested by the more frequent occur-
rence of higher reflectivities near 4 km, as compared to
levels closer to the ground. As a result, frequency iso-
lines just below the FL tilt to the left toward the ground
in several regions. More steeply tilting isolines are
present in the FADs for systems with a surface rain rate
less than 4 mm h ™! and less than 2 mm h ™" in the Sahel
and Sahara (not shown). Such tilt is absent in more
humid regions, such as in the Savanna South (Fig. 3)
and in the south coast region of West Africa, part of the
Tropical Wet region in JJA. On the other hand, some
frequency isolines below the FL slightly tilt to the right
in the Amazon region, indicating low-level rain drop
growth by collision—coalescence, and a low cloud base
(Fig. 3).2

A shift to the right (higher reflectivities) can be seen
in a thin layer at a height of about 4.5 km (that is, near
the FL) in most FADs. This is associated with the oc-
currence of a bright band, a signature of stratiform pre-
cipitation. The brightband spike is better defined for
the light rain cases, suggesting that the light rain group

2 Some caution is warranted in the interpretation of the FAD at
low levels. In regions with much elevated terrain—such as East
Africa, the Horn, the southern Savanna, the Okavango, and the
Kalahari—the rapid decay of frequencies between 1- and 2-km
height obviously is related to the terrain.
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TABLE 2. Frequency of virga and of warm rain, expressed as a
percentage of all precipitation profiles.

Region—season Virga Warm rain
Sahara—JJA 28 2.9
Sahel—JJA 16 3.1
Savanna North—JJA 15 5.7
Tropical Wet—JJA 12 9.7
East Africa—JJA 12 9.0
Horn Africa—JJA 13 3.1
Kalahari—DJF 15 6.4
Okavango—DIJF 13 6.7
Savanna South—DJF 12 7.2
Tropical Wet—DJF 15 7.4
East Africa—MAM 10 8.0
Amazon—JFM 10 16.7

has a larger fraction of stratiform precipitation. It is
well-defined in the Amazon, although not better than
in some African regions, such as the Tropical Wet in
JJA. It is absent in case of heavy rain in many regions
(e.g., the Horn and East Africa in JJA, or the Tropical
Wet in DJF), suggesting that the heavy rain there is
largely convective. In the Horn and East Africa these
may be mostly orographically controlled precipitation
systems that do not develop much mesoscale organiza-
tion. The brightband spike is least defined in the desert
regions (Kalahari and Sahara) and best defined in the
Sahel and northern Savanna regions, where it can be
seen even in the heavy rain cases. This may be due to
the occurrence of large mesoscale convective systems
and associated stratiform regions there (e.g., Roux et al.
1984; Chalon et al. 1988). Storms producing heavy rain
differ little regionally in terms of vertical structure.
Over the northern arid and semiarid regions they tend
to be a little deeper, and have higher reflectivities aloft,
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than in the Tropical Wet region, but the FADs are
quite similar.

The FADs discussed above includes profiles in which
rain does not reach the ground. The fraction of virga
profiles varies from 10% in the Amazon, 10%-16% in
all regions of Africa (except the Sahara), to 28% in the
Sahara (Table 2). Virga-producing storms are often
quite deep, but their peak reflectivity is generally below
30 dBZ (Fig. 4). In arid regions such as the Sahara, the
virga profiles tend to be more top-heavy than in the
Tropical Wet, in terms of the vertical distribution of
reflectivity, and thus they may have a larger ice hy-
drometeor concentration and a stronger 85-GHz ice
scattering signature than in the Tropical Wet. This, plus
the higher virga fraction in the Sahara implies that pas-
sive-microwave-based surface rain-rate estimations
may be too high in the Sahara.

In all regions the virga FADs show a spike at the FL,
more so in the Tropical Wet than the Sahara. This spike
is more clearly defined than in the corresponding FADs
for light rain events (<8 mm h™'; Fig. 2), suggesting
that virga profiles are often stratiform. Many of the
virga profiles may be associated with mesoscale convec-
tive systems in their mature to dissipating stages (Smull
and Houze 1987; Houze 1997). Mesoscale convective
complexes are more common in the Sahara, Sahel, and
northern Savanna than in other regions (Laing and
Fritsch 1993). This may contribute to the relative preva-
lence of virga profiles in these regions (Table 2).

b. Storm intensity

To further compare and contrast the typical vertical
storm structure in various regions in Africa, we exam-
ine the frequency distribution of reflectivities as a func-
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F1G. 4. As in Fig. 2, but for virga profiles only, in the Sahara and the Tropical Wet (JJA) region. Note that the
maximum reflectivity plotted is only 30 dBZ. The last contour peaks at 32 dBZ in the Sahara and 33 dBZ in the

Tropical Wet region.
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tion of height, for various exceedance levels (Fig. 5).
The frequencies are divided by the total number of
precipitation profiles in each region, so Fig. 5 shows the
probability of a reflectivity of at least the threshold
value (17, 27, or 37 dBZ) as a function of height. Such
PDFs are preferred over mean reflectivity profiles, be-
cause the calculated mean reflectivity will be above the
true mean if only the measured population (>17 dBZ)
is included in the average, and below the true mean if
all profiles are included and the unsampled population
(<17 dBZ) is given an arbitrary value, for example,
Z = 0 mm® m 3. Also, even if the PR were able to
measure the full reflectivity spectrum, the mean reflec-
tivity at any level is based a decreasing sample size in
the upper troposphere, thus its profile does not repre-
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sent the same population at all levels, and at its highest
level it only represents the deepest storm. In short,
mean reflectivity profiles are not very meaningful. To
assess sensitivity to the normalization method, the fre-
quencies shown in Fig. 5 were normalized also by the
total number of reflectivity occurrences at all levels
(listed in Figs. 2 and 3), and the results are essentially
the same. The maxima remain <100% in the left panels
of Fig. 5, because there may be precipitation profiles
(possibly virga) that do not have a detectable echo at
the level of these maxima.

We also examine the mixing ratio g, of hydromete-
ors (Fig. 6). Hydrometeors are defined here as rain or
snow large and widespread enough within the PR foot-
print to produce an echo of at least 17 dBZ. This mixing
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Fi1G. 5. Frequency distribution of reflectivity values with height. Three thresholds are used: (left) 17, (middle) 27,
and (right) 37 dBZ. (top) JJA regions and (bottom) DJF regions. Note that the range displayed along the x axis

varies.
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ratio g, (g kg™') is derived from an empirical Z-g,
relationship,

g, =32%10732"%"®  (rain: for h < 4.5km), (la)

q, = 6.8%10°Z°%"®  (snow: for h = 4.5km), (1b)
where /4 is the height in km, Z the equivalent reflectivity
in mm® m >, and e the exponent. The constants are
based on Egs. (7.13¢) and (7.13d) in Battan (1973) for
liquid and frozen hydrometeors in an array of summer-
time precipitation systems in North America. These re-
lationships are experimental, and no effort was made to
validate them. We are merely interested in the regional
variation of the profile and the vertically integrated
amount, as a proxy for the true hydrometeor water
contents in storms in Africa.

Some interesting regional differences appear in the
vertical storm structure in Africa. The Sahel region ex-
periences the most intense storms, in terms of the fre-
quency of echo strength above 7 km, the occurrence of
strong echoes at low levels (Fig. 5), and the hydrom-
eteor content (Fig. 6). The Sahara storms tend to be
nearly as intense aloft (especially near 6 km), but the

low-level reflectivity is lower, and the kink at the FL is
less defined, as compared to the Sahel. The Tropical
Wet region tends to have deeper, more intense storms
in the southern summer than the northern summer; in
fact, the deepest, most intense storms in the southern
summer tend to be found in the Tropical Wet region,
mostly in the southern Congo Basin. The average con-
ditional rain rate at the ground in DJF in the Tropical
Wet region is higher than elsewhere, even the Sahel

(Table 1).

In general the northern zenithal rain regions (Sahara,
Sahel, and Savanna) tend to have deeper storms than
their southern counterparts (Kalahari, Okavango, and
southern Savanna, respectively) (Figs. 2, 3, 5). Echo
frequency generally decreases for all thresholds in Fig.
5 from below the FL to a level still above the terrain in
all regions of Africa (say 2 km). This suggests evapo-

ration (or breakup) of raindrops.

A clear difference does exist between storms in any
African region and those over the Amazon: Amazon
storms tend to be more shallow and their mean profile
has a more stratiform appearance than in Africa, with a
clear brightband maximum in the 27- and 37-dBZ
thresholds (Fig. 5) and a remarkably rapid decay of
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reflectivity counts with height above the bright band.
Rain events are quite frequent in the Amazon (Table
1), but the average conditional rain rate at the ground,
as derived by the PR, is lower than in any African
region (Table 1), which is consistent with the low hy-
drometeor mixing ratio in the Amazon near the ground
(Fig. 6b). Also, the reflectivity counts in the Amazon
tend to increase from 4 km down to 2 km for all thresh-
olds (Fig. 5). This unusual property suggests that rain
drops grow toward the ground, which may imply a low
average cloud base in the Amazon region.

c. Echo tops

The regional variation of echo tops is shown in Fig. 7.
The echo top is defined for each profile as the highest
occurrence of the 20-dBZ contour. The value of 20 dBZ
is close to the minimum detectable signal and it has
been used elsewhere (e.g., Toracinta et al. 2002). In
addition to the echo top distributions for the various
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regions, Fig. 7 also shows the distribution inferred from
Short and Nakamura (2000, their Fig. 2). That study
uses the TRMM 3A25 (monthly mean) parameter
“storm height, ” which is the highest measurable echo
at the PR sensitivity, for all storms over land between
30°N and 30°S for JJA and DJF 1998. The Short and
Nakamura (2000) curves correspond with the echo top
PDFs in Africa (Fig. 7).

The 20-dBZ echo top is clearly most likely to occur
near the FL in most regions in Africa. Short and Na-
kamura (2000) confirm the existence of this maximum
over all tropical land regions; however, their maximum
is less spiked, because their vertical resolution is worse
(500 m). The peak near the FL may represent a popu-
lation of warm cumulus congesti, which have been
shown to be important over tropical oceans (Johnson et
al. 1999). Or they may be rather weak stratiform pre-
cipitation regions with snow aloft, but too weak to be
detected above the bright band. The PR horizontal
resolution may also contribute: even intense storms,

frequency of 20 dBZ echo tops

15 T T r =T o e T e e S S AN S S i Gl e T e Yo e S e PR
i northern summer |1 southern summer
JJA1998-2002 & 1958-2002 |
Sehiarg ] Kalohari (DJF) |
s Sahel

Savanna North

Foer &

height (km)

East Afric 1

s Okovango (DJF)
Savanna South (DJF)

o East Africa {MAM)
{iF

mmmmn

il AP et P

10

10

frequency (100*echo top occurence/total occurence)

Fi1G. 7. Probability density functions of 20-dBZ echo tops for all surface rain profiles. The probability is normalized, i.e., it is the
number of occurrences per 250 m, divided by all occurrences in all height bins, and expressed as a percentage. PDFs inferred from Short

and Nakamura (2000) are shown as well, for both seasons.
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smaller than the PR footprint, may only become detect-
able near the FL (Heymsfield et al. 2000). This cluster-
ing of 20-dBZ echo tops near the FL is most pro-
nounced in the Amazon (Fig. 7), where high reflectivity
values above the FL are rare, even in heavy rain events
(>8 mm h™'; Fig. 3).

Within Africa, a remarkable difference exists be-
tween storm depths in the arid regions and those else-
where (Fig. 7). The Tropical Wet, Savanna, East Africa,
Horn, and Okavango regions all have a single maxi-
mum echo top at the FL. The Sahara and Kalahari
regions have a peak just below 7 km. The secondary
echo top maximum at 9 km in the Sahel is another
confirmation that storms there are most intense (Figs.
5, 6). Deep, vigorous storms are also common in the
Tropical Wet region in the southern summer (Figs. 5,
7). These observations will be interpreted in terms of
climatological thermodynamic profiles in section 5.

Shallow, warm-rain events are relatively rare in Af-
rica. Warm-rain events are defined as those PR profiles
with rain at the surface and a 17-dBZ echo top below
4.25 km, the lowest level that may be affected by the
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brightband maximum (Fig. 7). Warm rain is 2.5 times
more likely in the Amazon than in the African regions,
on average (Table 2). In fact, the Amazon echo top
distribution has a secondary maximum below the FL
(Fig. 7), something that is more clearly established over
the tropical oceans (Short and Nakamura 2000). This
confirms that Amazon precipitation profiles are more
maritime in character than those in Africa.

Warm rain is less common in the arid, semiarid, and
savanna regions of the north than in the corresponding
climatic regions in the south (Table 2). This is especially
remarkable since the southern part of the continent is
about 1.5-km high, thus warm-rain processes are con-
fined to a more shallow depth. In Africa warm rain is
most common in the Tropical Wet region, especially in
JJA. An FAD of the warm-rain profiles in this region
(Fig. 8) shows that reflectivity increases from the echo
tops toward the lowest levels. This reflectivity profile is
consistent with a low cloud base and growth by colli-
sion/coalescence. A similar composite reflectivity pro-
file has been documented for warm-rain events in the
Amazon (Geerts and Dawei 2004b).

5~ - I~ 1 "7 — T ' T r " T T ]
I FAD for [surface rain > 0 and echo top < 4.25 km] ]
Tropical Wet (JJA)
C 215k ]
4 B
2.0 i
£ 5 :
z 3 1.0 g
2 i
() i
T 0.5 _
0.0
7 B
| i S T PR :

20 25 30 35 40

Reflectivity (dBZ)

FiG. 8. As in Fig. 2, but for warm-rain profiles only, in the Tropical Wet (JJA) region.
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d. Indices of vertical storm structure

Some indices are derived to facilitate a comparison of
the characteristic vertical storm structure between re-
gions (Table 3). The evaporative index (EI) is defined
as the reflectivity at 4.0 km minus that at 2.0-km height.
The 4.0-km level is the highest one not contaminated by
a bright band, and the 2.0 km is the lowest one above
the Earth surface in most places of Africa. A rapid
decrease in reflectivity from 4 km down to 2 km, at a
scale resolved by the PR, is likely to indicate evapora-
tion of raindrops. The EI is computed for each indi-
vidual profile in dBZ units, and profiles with reflectivity
values below the PR’s threshold sensitivity at either
level are ignored.

The stratiform index (SI) is defined as the reflectivity
at 7.0 km minus that at 4.5-km height. The average FL
during the wet season in tropical Africa is 4.5-4.6 km;
therefore, the 4.5-km level is the most likely location of
a bright band, as is evident in Fig. 2. This index is called
the stratiform index, because it combines two charac-
teristics of stratiform precipitation: the presence of a
bright band, and the rapid decay of reflectivity above
the bright band (Geerts and Dawei 2004a). Just as the
EI, the SI is computed for each profile as a difference in
dBZ units. Again profiles with reflectivities below the
PR’s threshold sensitivity at 7 km or at 4.5 km are
ignored.

The hydrometeor precipitable water (HPW) is de-
fined as the vertically integrated liquid or frozen hy-
drometeor content, and is expressed as a depth of water
(mm):

top

pq, dz, 2)
0

1
HPW = — f
p:

where p, is the density of water (p; =10° kg m ) and p
is the density of air (kg m~>). The mixing ratio g,
(g kg™") of rain and snow is estimated from reflectivity
using Eq. (1). Finally, the storm productivity index
(SPI) is defined as the ratio of the surface rain rate R

TABLE 3. Mean values of the EI (between 4 and 2 km), the SI
(between 4.5 and 7 km), the HPW, and the SPI for the various
regions and seasons. See text for the definition of these indices.

EI SI HPW SPI
Region—season dBZ dBZ mm h!
Sahara—JJA 1.99 6.8 0.82 3.11
Sahel—JJA 1.52 9.7 1.11 3.12
Savanna North—JJA 0.99 10.4 0.96 3.39
Tropical Wet—JJA 0.76 9.8 0.74 4.12
East Africa—JJA 0.68 8.8 0.71 4.71
Horn Africa—IJJA 1.17 10.0 0.79 4.25
Kalahari—DJF 1.2 7.3 0.72 3.89
Okavango—DIJF 0.74 9.7 0.74 3.58
Savanna South—DJF 0.64 10.6 0.71 3.64
Tropical Wet—DJF 0.57 10.1 0.87 38
East Africa—MAM 0.68 10.5 0.80 4.09
Amazon—JFM -0.35 11.6 0.65 3.98
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(mm h™!') over the vertically integrated hydrometeor
content HPW:

R
spr= P2 3)

top
J pqy, dz

0

The SPI has units of h™' The rain rate R is a PR-
based variable in the 2A25 files. While the HPW is
affected by the drop-size distribution (rain type), the
SPI is rather insensitive to uncertainties in mean drop
size, because it is a ratio [see section 2a and Eq. (1)].
The larger the SPI, the more rain is generated by a
storm with a given reflectivity profile. Shallow storms
have a higher SPI than deep ones. The SPI of storms
over high terrain also tends to be higher because of the
reduced depth of the reflectivity profile. In both cases
the cloud base tends to be closer to the ground, thus less
low-level evaporation occurs. Therefore the SPI is
somewhat related to the precipitation efficiency of a
storm, which is the ratio of the amount of precipitation
at the surface to the amount of liquid or frozen cloud
water generated by the storm (Hobbs et al. 1980).

The exact values for both the HPW and the SPI are
of little meaning, given the uncertainty of the g,—Z re-
lationships [Eq. (1)]. The indices are used merely to
highlight regional differences. All indices listed above,
including the EI, are based on profiles with surface rain.

The regional variation of these indices is summarized
in Table 3. Storms in the Sahara carry much water
above the FL, producing a low SI, yet much water
evaporates before reaching the ground, yielding the
highest EI (Table 3) and virga fraction (Table 2) of all
regions, yet the lowest SPI. The Sahel has a low SPI as
well, but that is due more to the great depth of the
storms (Fig. 5; i.e., the high HPW, than to low-level
evaporation; Table 3). From the arid regions in both
hemispheres toward the Tropical Wet, the EI and the
virga fraction steadily decrease and the SI generally
increases. On exception is that the SI is slightly higher
in the Savanna regions (north and south) than in the
Tropical Wet. This is consistent with the fact that dur-
ing the respective wet seasons, the savanna regions are
wetter than the Tropical Wet (Table 1). The EI and
virga fraction are higher in the northern regions (JJA)
than in the corresponding regions south of the equator
(DJF), which is consistent with differences in warm-
rain fraction (Table 2). The SI is roughly the same in
corresponding regions across the equator. The SPI
tends to be higher in the equatorial regions, especially
in the Horn and East Africa, where the terrain is
higher. The higher terrain is also consistent with the
higher SPI in the southern regions than the correspond-
ing northern regions.

The fractions in Table 2 and indices in Table 3 high-
light how distinct the Amazon is compared to any re-
gion in Africa: the EI is negative (low-level rain
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growth) and the virga fraction is low. Storms tend to be
relatively shallow and weak, with a high warm-rain
fraction and a strong stratiform signature, implying a
high SI and a low HPW. Only the SPI is similar to that
in Africa, because the impacts of the typically low rain
rates (Table 1) and the low HPW cancel each other.

4. Diurnal variability

a. 2A25 surface rain rate

The diurnal cycle of the average 2A25 surface rain
rate (R) during rain events is shown in Fig. 9. Heavy
rainfall is most likely in the afternoon and evening over
most regions in Africa. In most regions the peak rainfall
occurs during the 1500-1800 LT period. It is possible
that the diurnal variation of the TRMM PR surface rain
is partly due to the variation in mean drop diameter
(D), since the reflectivity factor Z ~ D°: afternoon con-
vective rain may have a larger mean drop size than
late-night precipitation (A. Tokay 2004, personal com-
munication). The change in mean drop size is ac-
counted for, somewhat, by applying a different Z—R
(rain rate) relationship for different rain types, convec-
tive or stratiform (section 2a). Nevertheless, the possi-
bility remains, and the diurnal variation in rain amount
(Fig. 10) may be due more to a variation in rainfall
frequency than one in rain rate (Dai 2001). No attempt
is made to compare PR-based surface rain data to pas-
sive microwave rainfall over Africa.

The sunrise-to-noon quartile is the most suppressed
in terms of both rain rate and rain amount in all regions.
The diurnal modulation of rain rate and rainfall amount
is strongest in East Africa (JJA) and the desert regions
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(Kalahari, Sahara). Within Africa, it is weakest in the
Tropical Wet region. It is even weaker in the Amazon,
at least in terms of rain rate. The radar-based study of
Rickenbach (2004) describes a similar, slightly higher
diurnal rain-rate variation, although the region, Ron-
donia, is only partially within the Amazon box as de-
fined in this study.

A single 1500-1800 LT peak dominates in the moun-
tainous region of East Africa (JJA), again both in terms
of rain rate and rain amount. The semiarid regions in
the north (Sahel and northern Savanna) peak later
(1800-2100 LT); those in the south (Okavango and
southern Savanna) peak earlier (1200-1500 LT). A sec-
ondary nocturnal peak in rain rate (Fig. 9) and rain
amount (Fig. 10) is observed in the Tropical Wet re-
gion, both in the Congo Basin and in the south coast
region of West Africa (Fig. 1), in both seasons (DJF
and JJA). These secondary peaks occur between mid-
night and sunrise. It is not clear what causes this sec-
ondary maximum in the Congo Basin, but in the West
African coastal strip that secondary maximum is due
mostly to convection offshore, such as over the Bay of
Benin, which is included in the coastal strip. The pri-
mary maximum there corresponds with onshore con-
vection, possibly triggered by a sea-breeze circulation
(Fig. 11). This see-saw in coastal convective precipita-
tion has been described by means of radar or passive
microwave data in this region (Negri et al. 1994) and
elsewhere in the Tropics (Houze et al. 1981; Dai 2001;
Mapes et al. 2003). The diurnal see-saw in the coastal
strip is slightly offset compared to the diurnal peaks in
the Tropical Wet region (Fig. 10): the offshore peak is
delayed until 0600-0900 LT, that is, after sunrise, and
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FIG. 9. Diurnal variation of the average surface rain rate, when rainfall is detected, for (a) JJA regions and (b) mostly DJF regions.
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FI1G. 10. Diurnal variation of the surface rain total for (a) JJA regions and (b) mostly DJF regions. The total in any 3-h time bin is
normalized by the rainfall in all eight time bins, so the average value is 12.5.

the onshore peak seems to occur earlier in the after-
noon (1200-1800 LT). As a result, the dawn offshore
peak and afternoon onshore peak are separated by only
6 h. Mapes et al. (2003, their Fig. 7) observe a similar
asymmetry along the Columbian coastal region, al-
though there some nine hours exist between the dawn
offshore and afternoon onshore peaks. The secondary
nocturnal peak in the Tropical Wet remains present
when the coastal strip is excluded, that is, in the Congo
Basin.

b. Storm vertical structure

It was shown in section 3c that the 20-dBZ echo top
heights vary regionally. They also vary diurnally, as
shown in Fig. 12. On average they are 0.5-2.3 km more
shallow in the morning quartile (sunrise to noon) than
near sunset in Africa. Mean echo tops generally in-
crease rapidly from just before noon to late afternoon,
and then they decrease slowly during the night and
early morning. Consistent with the rain-rate variation
(Fig. 9), the echo tops in the southern Savanna and
Okavango tend to peak earlier in the afternoon (1500-
1800 LT) than those in the northern Savanna and Sahel.
Also, the diurnal variation of echo top height is weakest
in the Amazon, and the Tropical Wet has a secondary
maximum before sunrise (at least in DJF). Consistent
with Fig. 7, the echo tops tend to be highest in the Sahel

and lowest in the Amazon. In East Africa, the diurnal
modulations of echo tops, as well as that of rain rate
(Fig. 9) and rain amount, are strong in the transition
season (JJA), while in the wet season (MAM) they are
weaker, and more comparable to that in the Tropical
Wet (DJF) region.

We now describe the diurnal variation of the reflec-
tivity FADs as a way to gain an insight into the ob-
served changes in echo top height. Shown in Fig. 13 are
the frequencies in any 3-h time bin, normalized as in
Fig. 2, and then shown as an anomaly from the 24-h
mean, for all echoes observed over five JJA seasons in
the Sahel. To clarify, let N/(Z, h) be the normalized
frequency for a reflectivity value Z at a height A, within
the time bin ¢, such that X ,%,N/(Z, h) = 100. Shown in
Fig. 13 is the difference N/(Z, h) — N(Z, h), where N(Z,
h) is the 24-h mean frequency. Clearly the integrated
anomaly, at any time bin, will be zero:

E; {N(Z, h) = N(Z, h)} =
Z

S N(Z, h) — D> N(Z, h) = 100 — 100 = 0.
Z h Z h
4)

Thus the diurnal anomaly FADs do not reveal the
changes in rainfall frequency during the day (shown in
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FiG. 11. As in Fig. 10, but for the coastal strip of West Africa in
JJA. The land section is contrasted against the coastal Atlantic
Ocean.

Fig. 10). They show the anomalous vertical structure of
a storm occurring at a certain time, as compared to the
normal (daily mean) vertical structure. But for each
time bin in Fig. 13, the sample size is shown. The diur-
nal cycles of the vertical structure of storms in other
African regions contain similarities with the patterns
shown in Fig. 13 for the Sahel. Diurnal anomaly FADs
as the one shown in Fig. 13 were analyzed for the six
JJA regions and the six (mainly) DJF regions. The
analysis is summarized in Table 4.

Three observations can be drawn from Fig. 13 and
Table 4. First, a range of reflectivity values, especially
high ones, commonly occur around the FL between
0300-1200 LT. This suggests more frequent stratiform
precipitation in that time period. Such “BB max” pe-
riod does not occur in East Africa (JJA), possibly in-
dicating less storm organization.

Second, echoes below the FL are anomalously com-
mon when the sun is high in the sky (0900-1500 LT),
suggesting that shallow convection (possibly warm-rain
cumuli) are relatively more frequent at that time. This
anomaly is more marked in the southern regions than
their northern counterparts, and it is especially marked
in East Africa, in the JJA transition season. However
the latter anomaly occurs remarkably early: it peaks
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between near dawn (0600-0900 LT; Table 4) in fact it is
present between 0000-1200 LT. Echo tops tend to be
most shallow in East Africa (JJA) at dawn (Fig. 12),
and precipitation light (Fig. 9). Thus we interpret this
0600-0900 LT shallow anomaly as a result of the virtual
absence of deep convection over East Africa (JJA)
near dawn. This stands in contrast with the Tropical
Wet (DJF) region, which also has a nocturnal maxi-
mum of shallow events (Table 4), but these events are
associated with heavy rain (Figs. 9, 10).

And third, strong, deep echoes prevail in the evening
hours (15002400 and mainly 1800-2100 LT). This in-
dicates that deep, vigorous convection dominates at
that time. The height of this anomaly decreases from
the 1500-1800 LT bin to the 2100-2400 LT bin (Fig. 13).
This is especially clear in the Sahel, over a large height
range, and stronger in the northern (semi)arid regions
than in the southern ones.

We summarize the diurnal variation of storm vertical
structure in Fig. 14, a FAD of detectable echoes at
various times of the day. This diagram reveals changes
both in storm vertical structure and in storm frequency.
The diurnal amplitude is small in the Tropical Wet and
the Amazon, which is consistent with rainfall data (Figs.
9, 10). In other regions, especially the (semi)arid re-
gions and in the transition season (East Africa JJA),
storm echoes become more numerous and deeper from
0900-1500 to 1500-2100 LT. Clearly this pulsating echo
structure implies diurnal pulses of latent heat release
over the African troposphere. Also note that the echo
count decays more rapidly with height above the FL at
0300-0900 than at 1500-2100 LT, particularly in the
Sahel and northern Savanna regions. This suggests that
vigorous convection is less likely around dawn than
around sunset, and that storms are more stratiform and
less deep around dawn.

5. Discussion

We now aim to interpret the main observations aris-
ing from the 2A25 data analysis by means of differences
in the large-scale basic-state atmosphere, as docu-
mented by the NCEP-NCAR reanalysis dataset. Sum-
marizing the observations, we found that in all regions
in Africa, including the Tropical Wet, storms appear
more vigorous than over the Amazon. Storms over the
Amazon tend to be shallower (Fig. 7; many of them
“shallow” or “warm-rain” echoes; Table 2), and they
tend to have a lower HPW (Fig. 6), and a better-defined
bright-band signature (Fig. 5). Also, reflectivity decays
rapidly above the FL in the Amazon region (Fig. 3,
Table 3), and the echo strength tends to increase from
4 km toward the ground (Table 3). Within Africa, the
Sahel, and to a lesser degree the northern Savanna,
stand out for vigorous storms, characterized by high
echo tops (Fig. 7) and high hydrometeor loading aloft
(Fig. 6). The lack of clear brightband spike (Fig. 2)
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F1G. 12. Diurnal variation of the average 20-dBZ echo top height for (a) JJA regions and (b) mostly DJF regions.

suggests that these storms are mostly convective. In the
Sahel and especially the Sahara, there is evidence for
low-level evaporation (Table 3). Finally, rainfall (Figs.
9, 10) and vertical storm structure are least diurnally
modulated over the Amazon and most strongly in the
arid regions of Africa (Fig. 14, Table 4). In many re-
gions the echo tops are highest (Fig. 12) and rainfall
most intense (Figs. 9, 10) in afternoon (1500-1800 LT),
but the diurnal peak is delayed to 1800-2100 LT in the
Sahel and the northern Savanna.

The higher EI and virga fractions in the northern
(semi)arid regions (JJA), compared to those south of
the equator (DJF; Tables 2, 3), are consistent with the
lower climatological relative humidity at the surface in
the northern (semi)arid regions (Fig. 15). The average
surface relative humidity values are 19%, 51%, and
83% for the Sahara, Sahel, and northern Savanna, re-
spectively (JJA), while they are 37%, 67%, and 83%
for the Kalahari, Okavango, and southern Savanna re-
gions, respectively (DJF), according to the NCEP-
NCAR reanalysis dataset.

Storm intensity is broadly related to the amount of
potential (static) energy harbored in the environment.
Shown in Fig. 16 are the profiles of 6% (saturated
equivalent potential temperature) for select regions,
based on the NCEP-NCAR reanalysis dataset for the
corresponding seasons. The reanalysis data are aver-
aged over each region, except for the Sahara where
only the southern third is used (15°-20°N), because al-
most all of the storms in the Sahara database (Table 1)
occurred there. From the 6 profile and the equivalent
potential temperature 6, at 1000 mb (6, ), one can
estimate the level of free convection (LFC,, mb) as the
level where the 6, . value intersects the ambient 6%

curve. This LFC, is not the same as the LFC tradition-
ally defined on an aerological diagram, but it is related.
The reason is that the 6, of an undiluted parcel rising
from the surface is conserved, thus above the LFC,,
where the parcel is saturated, the parcel 6, (or moist
static energy) is larger than the ambient 6 and thus
also the ambient ,.

We also compute a measure of convective available
potential energy (CAPE; J kg™'). The CAPE is the
integral of the buoyancy of an undiluted parcel from
the LFC to the level of neutral buoyancy (LNB). We
define the latter as the level where 0, rejoins the
ambient 0% curve (Fig. 16), and denote it as LNB,. We
then define a measure of CAPE (CAPE,) as the excess
of 0,4, over the ambient 6}, following Petersen and
Rutledge (2001) and others. Thus

LNB,

(0: - Oe.sfc)d lnpa

LFC,

CAPE, =R, f (&)

where R, is the specific gas constant for dry air (287
Jkg ' K™"). The derivation of CAPE, LFC,, and LNB,
is shown in Fig. 16, and their values are listed in Table
5. The CAPE, values are larger than the true CAPE
values in the vicinity of storms, which may be surprising
since that CAPE based on climatological values nor-
mally is much less than the preconvective CAPE.
Clearly CAPE and CAPE, are not the same, and the
purpose here is merely to compare CAPE, values be-
tween regions. The highest CAPE, value is found in the
Sahel, followed by the Tropical Wet (DJF; Table 5).
These CAPE, values are more than twice that in the
Amazon. The difference is due less to differences in the
0% profiles, but rather to the higher value of 0, .
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TABLE 4. Summary of the diurnal variations of the reflectivity FAD in various regions. The figures are derived from FADs as the ones
in Fig. 13, for each region. The “strength” is the peak strength of the positive anomaly, in normalized units as displayed in Fig. 13. The
“period” refers to the local time during which this anomaly occurred (3-h bins). The “height” is the level of the peak strength of the
positive anomaly. The “BB max” column lists the time period when echoes of various strengths are anomalously frequent at the freezing

level.
Shallow maxima Deep maxima BB max
Season Period Height Strength 1/ Period Height Strength 1/ Period
Region (units) (h LT) (km) (2 dBZ)(250 m) (h LT) (km) (2 dBZ)(250 m) (h LT)
Sahara A 1200-1500 4.0 0.19 1800-2400 7.75 0.25 0600-1200
Sahel JJA 0900-1500 3.0 0.21 15002400 8.5 0.29 0300-0900
Savanna North A 1200-1500 25 0.17 1800-2400 8.5 0.21 0300-1200
Tropical Wet A 0900-1500 2.25 0.27 1800-2400 7.5 0.20 0300-0900
East Africa A 0600-0900 225 0.43 1800-2400 8.0 0.19 —
Horn Africa A 0900-1200 3.75 0.30 1800-2400 8.5 0.29 0300-0600
Kalahari DJF 0000-0900  2.75-3.5 0.28 15002100 7.5 0.23 0600-0900
Okavango DIJF 0900-1200 275 0.22 1500-2400 7.75 0.20 0300-0900
Savanna South DIJF 0900-1200 3 0.26 1500-2100 8.0 0.29 0000-0900
Tropical Wet DIJF 0000-0300 3.25 0.22 1500-2100 9.0 0.19 0900-1200
1200-1500 3 0.17
East Africa MAM 0900-1200 2.25 0.20 18002400 7.75 0.19 0300-0600
Amazon JFM 0900-1500 2-2.75 0.14 1500-2100 8.25 0.16 0600-0900

in the Sahel (and the Tropical Wet), compared to the
Amazon. The higher 0, . in the Sahel is mostly due to
a higher temperature there (5-7 K), not a higher rela-
tive humidity, compared to the Amazon. The Sahel and
Tropical Wet (DJF) regions also have a more elevated
LNB, than does the Amazon (Table 5), which is con-
sistent with the more frequent occurrence of PR-
measurable echoes at upper levels in those regions (Fig.
7). In a broader context, our findings are consistent
with several TRMM-based studies that indicate that the
most intense storms in the Earth’s tropical belt
(23.5°N-23.5°S) are found in Africa [see review article
by Zipser (2003)]. The relatively weaker, more strati-
form storms and higher warm-rain fraction over the
Amazon are consistent with the lower CAPE and lower
LFC there, compared to wet-season values anywhere in
tropical Africa. The fundamental reason for this differ-
ence is that trade winds from the Indian Ocean are
partially blocked by the high terrain of eastern Africa,
while in the Amazon the blocking high terrain is on the
downwind west side of the basin.

The Sahara has the lowest CAPE, in Table 5, which
is due to the low specific humidity there: 6%, greatly
exceeds 6, . (Fig. 16). As a consequence the LFC, is
nearly 1 km higher than in the other regions. The 67
continues to be higher in the Sahara than in other re-
gions up to about 500 mb, mainly because of higher
temperatures, but in the upper troposphere 67 is
slightly lower than in most other regions, which is con-
sistent with the rather high echo tops of Sahara storms
(Fig. 7). In fact, the secondary echo top maximum
around 6-7 km (Fig. 7) may be related to the deeper
layer of conditional instability (6#/p > 0) in the Sahara,
compared to that in other regions (Fig. 16).

Finally we interpret the diurnal delay in rainfall and
echo top height maxima in the Sahel and the northern
Savanna, compared to other regions in Africa. This de-

lay may be related to land cover (Mohr et al. 2003), but
it is more likely that deep convection, triggered by day-
time heating, becomes more organized during the eve-
ning. This is consistent with the larger low-level wind
shear there, which is a factor in the longevity of squall
lines (Rotunno et al. 1988). In JJA, the climatological
wind shear in the lowest 3 km (1000-700 mb) is north-
easterly and its magnitude averages (peaks) at 3.7 10~
s ' (5.0 107 s7") in the Sahel and northern Savanna,
according to the NCEP-NCAR reanalysis dataset. The
climatological DJF wind shear for the Okavango and
southern Savanna regions over roughly the same depth
(between the level closest to the ground, 850 and 550
mb) is mostly southeasterly and its magnitude averages
(peaks) at merely 1.2 1073 s! (1.7 1073 s~ ). Under
weak shear, short-lived airmass thunderstorms prevail,
and these are most numerous earlier in the afternoon.
According to numerical simulations by Weisman et al.
(1988), the optimal shear for long-lived squall lines is
15-25 m s~ ! over the lowest 2.5 km. Several long-lived
squall lines have been documented in the northern Sa-
vanna region (e.g., Roux et al. 1984), and IR satellite
imagery suggests that large organized convective sys-
tems are far more common in the northern zenithal rain
belt than in the southern one (Laing and Fritsch 1993).
The weak diurnal cycle of rain rate in the northern
Savanna (Fig. 9) and the secondary maximum in rain
amount near dawn (Fig. 10: 0600-0900 LT in the north-
ern Savanna; 0300-0600 LT in the Sahel and even the
Sahara) is consistent with the eastward progression of
nocturnal squall lines across the subSaharan zenithal
rain belt in JJA, which has been observed on several
occasions in the western Sahel (Chalon et al. 1988;
Roux and Sun 1990). This is not unlike the nocturnal
westward progression of organized convection across
the Plains of the central United States (Carbone et al.
2002).
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6. Conclusions

This study aims to describe the regional and diurnal
variability of the vertical structure of storms in tropical
Africa, by means of 5 yr of extreme-season (DJF and
JJA) TRMM Precipitation Radar data. The regional
storm characteristics are contrasted against those in the
Amazon. The key TRMM product used here is the
2A25 reflectivity profile, which is truncated at about 17
dBZ, and the radar-derived surface rain rate. The main
findings of this study are as follows.

 In all of tropical Africa, including the Tropical Wet
region (which is mainly the Congo Basin), storms
tend to be more vigorous than over the Amazon.
Storms over the Amazon tend to be more shallow,
and warm-rain events (whose echoes peak below

the freezing level) are more common. Amazon
storms are less likely to have high reflectivity values
aloft, and they have a better-defined brightband sig-
nature.

Some regional differences in storm vertical structure
exists within tropical Africa, although these are small
compared to that between the Amazon and Africa.
Vigorous storms frequent the Sahel, and to a lesser
degree the adjacent northern Savanna and the Tropi-
cal Wet region (in the latter especially in DJF). Sahel
storms are marked by high echo tops and high hy-
drometeor loading aloft. The lack of a clear bright-
band spike suggests that these storms are mostly con-
vective. Comparing the northern (semi)arid regions
(the Sahel and the Sahara) to the southern ones (the
Okavango and Kalahari, respectively), low-level
evaporation is more common/intense in the former
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regions and warm-rain events are more common in
the latter.

e The diurnal modulation of rainfall and vertical storm
structure is minimal over the Amazon and largest in

the arid regions of Africa. In many African regions
the echo tops are highest and rainfall is most intense
in the afternoon (1500-1800 local time), but the di-
urnal peak is delayed by a few hours in the Sahel and



914 JOURNAL OF CLIMATE VOLUME 18
(saturated) equivalent potential temperature (K)
340 345 350 385 360 365 370 375 380
100 L L L L L | o L
i > Sahel JJA
R —— Sahara JJA
- L - - - Tropical Wet DJF
L e Tropical Wet JJA
,_g i : Amazon JFM
— H |
= P - s,
= . . [ e
? P
D 400 4 P
o ! .
. i P CAPE,
5004 LS P
- oty ) |
600{ /& P lp
o ik : —— LFC
7001 il P ' -
800 NUAenE b )
900 o JERLEE
1000

F1G. 16. Vertical profiles of 67 (curved lines) plotted as a function of pressure (log coordinates, i.e., height) for
various regions. The vertical lines are corresponding values of surface 6,, derived from the temperature and the
specific humidity at 1000 mb. Data are based on the NCEP-NCAR reanalysis dataset. These data are averaged
over the full area of each region except for the Sahara, where only the southern third (15°-20°N) is used.

the northern Savanna. The echo top height and rain-
fall distribution in the Tropical Wet region has a sec-
ondary maximum in the second half of the night.

o The regional variation of the vertical structure of
storms in Africa, and the contrast between Africa and
the Amazon, are consistent with thermodynamic
properties of the basic-state environment.

This study has focused on the typical vertical struc-
ture of storms in Africa. In a follow-up study, we plan
to examine interannual variability of precipitation sys-
tems in Africa, in the context of observed departures
from the mean flow and thermodynamic conditions.

TABLE 5. Values of CAPE,, LFC,, and LNB, inferred from the
profiles shown in Fig. 16.

CAPE, LFC, LNB,

Region Season J kg™ (mb) (mb)
Sahel JJA 7375 864 137
Sahara JJA 2214 758 176
Tropical Wet DJF 6776 873 141
Tropical Wet JJA 5427 876 149
Amazon JFM 3059 886 185
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Summary

This study reports the findings of TRMM (Tropical Rainfall
Measuring Mission) satellite data analyses undertaken to in-
vestigate differences in intensity and depth of precipitating
systems in the transition region from continental to mari-
time environments in West Africa during the rainy season
of June to September in 1998-2004. The results of this
study are interpreted in the context of regional thermody-
namic variables such as equivalent potential temperature and
equivalent convective available potential energy to discern
the processes governing storm development. Over con-
tinental West Africa, convective-type precipitating storms
exhibit a substantially larger vertical extent compared to the
ones over the eastern Atlantic Ocean. In contrast, the strati-
form precipitating systems show similar vertical reflectivity
patterns, depth and intensity over both land and adjacent
ocean in West Africa. The differences in the attributes of
storms, as they move from the continent to the ocean, can
be partly explained in terms of the surface-atmosphere in-
teractions that provide the necessary transports of energy
and water vapor from the surface to the cloud layer.

1. Introduction

Much of the rainfall over West Africa and ad-
jacent Atlantic Ocean is the result of organized
convection. The characteristics of West Africa
mesoscale convective systems (MCSs) have been
studied using geostationary satellites (Hodges and

Thorncroft, 1997; Diedhiou et al., 1999) and
radars during field campaigns such as the GARP
(Global Atmospheric Research Program) Atlantic
Tropical Experiment (GATE), (Reed, 1977; Houze
and Betts, 1981). Based on these and limited
field work (e.g. Roux, 1988), it is now established
that most of the rainfall in West Africa is associ-
ated with linear or more amorphous MCSs whose
spatial extent can reach 500km (Lebel et al.,
2003). Typical MSCs tend to last 12 h (unless they
become Cape Verde tropical cyclones) and some
squall lines can persist for 2 days (Laing and
Fritsch, 1997; Redelsperger et al., 2002). Meso-
scale organized convection is often associated
with the African Easterly Jet and tends to oc-
cur in regions of synoptic-scale low-level conver-
gence (Cook, 1999; Lebel et al., 2003). In general,
substantial atmospheric instability due to warm,
moisture-rich boundary-layer air, and strong low-
level vertical wind shear are the necessary condi-
tions to sustain the propagation of squall lines in
West Africa (Rotunno et al., 1988; Rowell and
Milford, 1993; Weisman and Rotunno, 2004). Over
the West African land area, MSCs move faster due
to the stronger African Easterly Jet and have
shorter lifetimes compared to the ones over the east
Atlantic Ocean (Hodges and Thorncroft, 1997).
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Despite the extensive research carried out over
West Africa during the last four decades, limited
knowledge still exists on the dynamics, thermo-
dynamics, and microphysical characteristics of
precipitating storms as they migrate from conti-
nental to maritime environments.

The launching of the TRMM (Tropical Rainfall
Measuring Mission) satellite during 1997 started
a new era of space borne precipitation research
(Simpson et al., 1988). With the TRMM data it is
now possible to investigate the vertical attributes
of precipitation systems using reflectivity profiles
derived from the Precipitation Radar (PR) aboard
the satellite (Kummerow et al., 2000; Kozu et al.,
2001). TRMM-derived vertical profiles of pre-
cipitation and hydrometeors indicate in which
layers of the atmosphere diabatic heating occurs
(Lin et al.,, 2004; Schumacher et al., 2004).
Knowledge of the vertical distribution of diabatic
heating is crucial to establish the energy balance
of the tropical atmosphere. The TRMM PR prod-
ucts also allow establishing a distinction between
convective or stratiform rainfall (Schumacher and
Houze, 2003). Such distinction is important be-
cause of the resulting different relationships be-
tween radar reflectivity, Z, and rain rates, R (Z—R
relationships), that can be defined for the estima-
tion of spatial rainfall (Steiner and Houze, 1997).
The Z is expressed in the units of mm®m~>. For
practical purposes, in this study and elsewhere
the decibel (dB) units are used because of the
large range in Z values. Z can be interpreted as a
range-independent measure of radar backscatter
intensity. If all scatterers are spherical drops too
small to reach the Mie scattering regime (about
3 mm in diameter for the case of the PR) then Z
equals the integral of the 6™ power of the droplet
diameter, D. In practice, Z is an equivalent reflec-
tivity. R is the rain rate at the level of the Z mea-
surement, although it is often applied at the surface.
Because Z is proportional to the 6™ power of D and
R is proportional to the 3—-4"™ power of D, the Z—
R relationships are not necessarily exact. Never-
theless radars are widely used, even in space, with
the primary purpose of estimating rain rates.

Utilizing TRMM data, the attributes of convec-
tion and precipitation-type designation (Houze,
1997) in remote regions such as the Congo Basin
in central Africa and the Amazon region in South
America can be studied. For instance, compared
to the Amazon region, the Congo Basin experi-

ences deeper storms with higher reflectivity val-
ues above the freezing level (e.g. at 7km), higher
fraction of convective-type rainfall, stronger
85-GHz ice scattering signature, and more light-
ning activity (Boccippio et al., 2000; Petersen
and Rutledge, 2001; Toracinta et al., 2002; Sealy
et al., 2003; Geerts and Dejene, 2005; Petersen
et al., 2006; Schumacher and Houze, 2006). The
identified storm attributes indicate that precipi-
tation systems over the Congo Basin exhibit
characteristics of tropical continental convection
whereas those over the Amazon show similar as-
pects of maritime convection (Cecil and Zipser,
2002; Toracinta et al., 2002; Nesbitt and Zipser,
2003). In essence, the term maritime refers to the
characteristic rain drop size distribution, which in
turn is governed by the number of cloud conden-
sation nuclei. Several studies (Stith et al., 2002;
Williams et al., 2002) have documented Amazo-
nian cloud droplet spectra similar to those ob-
served over maritime environments, especially
during easterly flow regimes (Halverson et al.,
2002). The fundamental reason of the difference
between Amazonian and Congo storms is that
the low-level Easterly Trade winds proceed unim-
peded from the Atlantic into the Amazon whereas
the access of these winds into the Congo Basin is
blocked by the elevated terrain of East Africa.
Several TRMM-PR-based studies have focused
on sub-Saharan Africa. For example, Adeyewa and
Nakamura (2003) showed that the TRMM-PR
climatological rainfall patterns in Africa exhibit
a significant difference, compared to rain gauges
and other satellite-derived rainfall estimates. This
difference is seasonally- and regionally-dependent
and it is smallest in the wet season of the north-
ern savanna region. Nicholson et al. (2003) per-
formed a similar comparison, and found that the
TRMM PR rainfall tends to exceed rain gauge
rainfall in West Africa. Given this uncertainty,
Geerts and Dejene (2005) did not examine the
TRMM-PR surface rainfall, and instead studied
the vertical features of precipitating systems over
Africa as inferred from the TRMM PR data.
They found that in all African regions, but espe-
cially in the Sahel and northern savannas, storms
exhibit high echo tops, high hydrometeor load-
ing aloft, and a low-level evaporation signature.
Also, their work revealed a strong diurnal modu-
lation of storms in the Sahel and northern savan-
nas where they are most common around sunset.
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Schumacher and Houze (2006) recently investi-
gated stratiform-precipitation production over sub-
Saharan Africa and the eastern Atlantic Ocean.
They showed that the east Atlantic Ocean has
more rainfall arising from shallow storms, while
sub-Saharan Africa experiences more non-pre-
cipitating anvils. In an investigation of the tem-
poral variability of precipitation in sub-Saharan
Africa, Mohr (2004) concluded that the diurnal
rainfall cycle is strongly influenced by organized
convection.

The thermodynamics and microphysical char-
acteristics of storms in West Africa and eastern
Atlantic Ocean remain poorly understood. The
TRMM data sets provide a unique opportunity
to investigate the spatial and temporal character-
istics of storms over a region of the world where
ground-based rainfall measurements remain
sparse. Therefore, the main goal of the present
study is to investigate differences in radar reflec-
tivity of precipitating storms in both West Africa
and downstream maritime environments. Seven
years of TRMM PR data are used for the rainy
season (June—September). The results of this
study are interpreted in the context of regional
thermodynamic variables such as equivalent po-
tential temperature and “‘equivalent” convective
available potential energy (CAPE,) as these var-
iables exert influences on storm development.
In previous studies (Geerts and Dejene, 2005), a
methodology was developed for binning indivi-
dual TRMM PR precipitation profiles in terms of
time of day, region, and criteria such as season
and surface rain rates. The emphasis of earlier
studies was to identify the vertical features of
storms and associated diurnal precipitation vari-
ability in several regions of Africa. The present in-
vestigation adopts a similar methodology as that
included in Geerts and Dejene (2005) but focuses
on different regions in West Africa to consider the
climatological attributes of storms in the zonal
belt stretching from sub-Sahara Africa to the ad-
jacent Atlantic Ocean.

2. Research methodology

2.1 Data sources

The data included in this study came from two
sources. The TRMM data are one source. Before
August 2001 the TRMM satellite orbited at an

altitude of about 350 km above mean sea level.
After August 2001 the satellite orbiting altitude
became 403 km above mean sea level. The satel-
lite carries a 13.8-GHz precipitation radar (PR),
the multi-frequency TRMM imager (TMI), the
Visible and Infrared Scanner (VIRS), the lightning
imaging sensor (LIS), and the clouds and Earth’s
radiant energy system (CERES) (Kummerow et al.,
1998). Since December 1997, measurements made
with the TRMM radar and passive microwave
radiometer are providing uninterrupted data sets
of rainfall rate and vertical attributes of precip-
itating systems. The TRMM satellite follows a
non-Sun-synchronous orbit, specifically designed
such that at any location all times of the day have
a roughly equal overpass chance. Thus, a suf-
ficiently long composite of TRMM data will rep-
resent the full diurnal cycle and will enable
studies of the diurnal variability of precipitation.
The PR range resolution is 250m. Thus, for
zenith beams the vertical resolution of the reflec-
tivity profile is 250 m. However, at high (>15°)
inclination angles the vertical resolution de-
creases to 1000 m due to the relatively large foot-
print size (Heymsfield et al., 2000). Because the
low inclination angles allow for a higher reso-
Iution in the vertical profile, only measurements
made at inclinations of +12° from nadir were in-
cluded in the analyses presented here. Before the
TRMM satellite was boosted to a new orbiting
altitude, the horizontal resolution of the PR was
about 4.3km at nadir and about S5km at the
maximum inclination of 17° (Kummerow et al.,
1998). After the TRMM satellite was boosted,
the horizontal resolution at nadir became 5 km.
The above-mentioned uncertainty in surface rain-
fall applies to both ends of the rain rate spectrum.
At the low end, the limited horizontal and low
radar sensitivity (17 dBZ) prevent the observa-
tion of isolated and small (<5km in diameter)
storm cells (Heymsfield et al., 2000). This limita-
tion can introduce an underestimate of surface
rainfall by as much as 25%, mostly in regions out-
side of deep convection (Sauvageot et al., 1999).
However, an improvement of surface rainfall es-
timates has resulted from the implementation of
a correction for the effect of non-uniform beam
filling (Durden et al., 1998). The PR-based
reflectivity profiles included in the present study
were corrected for attenuation by heavy rain
using the surface reference technique (Iguchi and
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Meneghini, 1994). The TRMM 2A25-volumetric
radar reflectivities, surface rain rates (Iguchi et al.,
2000), and rain type (Awaka et al., 1997), and the
TRMM PR 3B42 monthly-mean surface rain rate
are the primary datasets used in this study.

The second source of information was the
National Center for Environmental Prediction
(NCEP)—National Center for Atmospheric Re-
search (NCAR) global re-analysis data set
(Kalnay et al., 1996). Thermodynamic variables
were determined from the NCEP reanalysis to
aid with the interpretation of TRMM data anal-
yses and the associated results included in the
present study.

2.2 Data processing

Seven years (from 1998 to 2004) of data were
included to derive vertical profiles of reflectivity
over West Africa and the eastern Atlantic Ocean
(Fig. 1) during the course of the rainy season cor-
responding to the months of June to September.
The full vertical resolution of the 2A25 PR (250 m)
data was considered as this study focused on the
reflectivity profile of precipitating systems. The
3-hour temporal resolution was chosen to capture
the diurnal variation in rainfall, while maintain-
ing statistical significance by using a relatively
large sample size. Here the temporal resolution
relates to the data bin size. The choice of tem-
poral resolution was based on the results report-
ed by Negri et al. (2002). Based on 3 years of
TRMM data they concluded that, because of spa-
tially inconsistent sampling, the 1-hour temporal

resolution is inadequate to describe the diurnal
cycle of precipitation. More recently, Hirose
et al. (2007) determined that the currently avail-
able 8 years of TRMM data allow a depiction
of the diurnal cycle of precipitation at 1-hour
resolution in areas as small as 0.2° x 0.2° blocks
(~20 x 20km?). This is more optimistic than
Negri et al. (2002), who used only 3 years of
data. Given that the blocks used here are larg-
er than 20 x 20 kmz, our results are statistically
robust. The relatively large region (Fig. 1) se-
lected for this study permitted the use of a 3-hour
temporal sampling to adequately capture impor-
tant features in the diurnal variability of precipi-
tating systems. The results are reported in local
solar time.

To study changes in the characteristics of pre-
cipitating storms along a zonal transect from
continental West Africa to the Atlantic Ocean, dif-
ferences in reflectivity profiles were investigated
for the following three regions, from east to west
(Fig. 1): I) Continental West Africa (5° W=20° E),
II) coastal West Africa (17.2-5° W), and III) east-
ern Atlantic Ocean (25.0—17.2° W). These regions
share a common meridional extent (4.5—-17.5° N).
This study focuses on east-west variations. Most
of the rainfall, and thus most of the reflectiv-
ity profiles in this study, occur in a narrow belt
between 6 and 10°N (Fig. 1), corresponding
to the belt of most frequent wet-season MCSs
and highest sea surface temperature offshore,
ranging between 27 and 28 °C (Fontaine and
Janicot, 1996). This regional classification was
mainly based on the expected distinct attributes

TRMM 3B42 June to September mean rainfall, based on the period 1998-2004

Fig. 1. Map of West Africa illustrating the
three regions (marked with the boxes) estab-
lished for the present study. The shaded con-
tours represent the average precipitation
patterns (in mm) estimated for the months of

June to September during 1998-2004 using

40W 20W 0

TRMM 3B42
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of storms associated with easterly waves that move
from the continent to the ocean (Reed, 1977).
Figure 1 shows the spatially average rainfall pat-
terns estimated for the months of June to September
during 1998-2004 using TRMM 3B42 data.

The frequency distribution of the TRMM PR
reflectivity as a function of altitude was estimat-
ed for the available satellite data in each region.
The estimated frequency distribution for a given
reflectivity, Z, at a certain altitude, z, was normal-
ized in such a manner that the sum of all fre-
quencies amounted to 100% (Yuter and Houze,
1995). In each region, the estimated frequency
distribution was grouped into stratiform and con-
vective regimes based on the rain data type des-
ignation of the 2A25 TRMM data algorithm
(version 6). Here we will contrast characteristic
storm intensity and depth for both convective and
stratiform regimes.

Following Geerts and Dejene (2005), several
indices were defined to identify differences in ver-
tical storm characteristics for the regions consid-
ered in the present study. The evaporative index
(EI) was defined to evaluate the differences in the
potential rates of low-level evaporation of rain-
fall. The EI was estimated as the difference in
reflectivity between the altitudes of 4.0 km, the
highest level unambiguously below the radar
bright band (Battan, 1973), and 2.0 km. To iden-
tify the presence of the bright band and deter-
mine the decay of reflectivity above the bright
band, the stratiform index (SI) was defined as the
difference in reflectivity between the altitudes of
7.0 and 4.5km. Both EI and SI were estimated
for individual reflectivity profiles and were ex-
pressed in dBZ units. Reflectivity values below
the PR threshold sensitivity (17 dBZ) were not in-
cluded in the EI and SI calculations. Also, the
hydrometeor precipitable water (HPW) was esti-
mated as the integral of water content in the at-
mospheric column from the surface to the top of
the atmosphere (1).

1 Top
HPW = —J p(2)q(z) dz (1)
P1Jo
p1 and p(z) are water and air density (kgm™3),
respectively. The vertical distribution of water
vapor mixing ratio (gkg~!), ¢(z), was estimated
based on reported algorithms (Battan, 1973) re-
lating reflectivity (Z) to ¢(z), applicable to sum-
mertime precipitation (in North America). The

units of HPW are depth (m or mm) of the water
column. From the surface to 4.5 km, where rain is
assumed to occur, g(z) was estimated using (2a).
Relationship (2b) was considered in the ¢(z) cal-
culations for altitudes greater than 4.5 km, where
snow is assumed to occur.

4(z) = 0.0032 2°% exp (g) (2a)

q(z) = 0.0068 Z°* exp (% ) (2b)

In (2) z represents altitude (in km) and Z is the
reflectivity (expressed in mm®m=, in dB units,
dBZ). Additionally, to discern the precipitation
efficiency (Hobbs et al., 1980) of the storms for
the identified three regions, the storm productiv-
ity index (SPI, units of hour~!) was defined as
the ratio of the surface rain rate (in mm per hour)
over the HPW generated by a given storm.

To examine thermodynamic differences among
the storms in the identified regions, the NCEP—
NCAR re-analysis data were used to interpret
the main observations deduced from the 2A25
TRMM data. For each region, CAPE, (in Jkg™!)
was estimated for the months of June to September,
based on profiles of monthly-mean temperature and
humidity. The CAPE, values were estimated using
relationship (3) (Petersen and Rutledge, 2001).

LNB,
CAPE, = RdJ (0F — Ocstc)dInp (3)

LFC,
LFC. is the level of free convection, LNB, is the
level of neutral buoyancy, 6. is the equivalent
potential temperature. Gj and 0. s are the sat-
uration equivalent potential temperature and the
surface equivalent potential temperature, respec-
tively. The variable p is the pressure (in Pascal)
and Ry is the specific gas constant for dry air
(287Jkg~!' K™ 1). Positive parcel buoyancy occurs
at levels where 0. 4. exceeds the local 0. (i.e.
between LNB, and LFC,, Petersen and Rutledge,
2001).

3. Results and discussion
3.1 Diurnal variability in the characteristics
of precipitating storms

In West Africa and adjoining areas of eastern
Atlantic Ocean strong convection occurs during
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the months of June to September, especially along
the latitudinal belt of the Inter-tropical Conver-
gence Zone (ITCZ) (Fontaine and Janicot, 1996).
The dynamics of precipitating systems are lo-
cally invigorated by diurnally varying surface
energy fluxes and lower tropospheric wind shear.
The horizontal and vertical extent of the identi-
fied storms and their duration varied depend-
ing on factors such as proximity to the moisture
sources, heat capacity of the location, and pres-
ence of the African Easterly Jet. Thus, to inves-
tigate the evolution of precipitating systems in
the transition region from continental West Africa
to eastern Atlantic Ocean, we first analyzed the
diurnal variability of the vertical attributes of pre-
cipitating storms over the three study regions. A
diurnal delay (relative to local solar noon) in the
vertical radar reflectivity of the identified storms
was evident in all three regions (Figs. 2, 3 and 4).
A time lag in the changes of the reflectivity pro-

40

45 The bar on the right hand side of the figure pro-
vides the scale for the estimated frequencies

file was observed along the transect going from
continental to oceanic regions. Strong and deep
echoes occurred mostly during 15-21h (local
time, LT) over continental West Africa (Fig. 2).
Over coastal West Africa, the maximum reflec-
tivity values took place during 18-24 LT (Fig. 3).
On the other hand, over the eastern Atlantic Ocean,
the diurnal precipitation cycle had a smaller am-
plitude and deep echoes occurred mostly during
06-12 LT (Fig. 4). The peaks in the low-level (shal-
low) convection also showed a time lag from con-
tinental West Africa to eastern Atlantic Ocean.
Shallow convection was most frequent during
9-12LT, 12-15LTand 15-18 LT over continental
West Africa, coastal West Africa and eastern
Atlantic Ocean, respectively. The deeper storms
over continental and coastal West Africa were
most likely triggered by daytime surface heating
and water vapor transport over the continental re-
gions. In the summer, water vapor advection from
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the south peaks at night in West Africa (Cook,
1999; Paeth and Friederichs, 2004). Additionally,
there might be distinct differences in the cloud
microphysical properties between the continental
and maritime atmospheres of West Africa. Over
the continental areas terrigenous materials may
provide the necessary cloud condensation nuclei.
In contrast, over the central Atlantic Ocean sea-
salt aerosols and dust act as the principal nuclea-
tion agents. The early morning maximum of deep
echoes over the ocean (Fig. 4) is consistent with
results from previous studies (Geerts and Dejene,
2005; Schumacher and Houze, 2006). Offshore
MCSs often form near midnight and reach their
maximum intensity in the morning (Hodges and
Thorncroft, 1997). Furthermore, the present re-
sults suggest that storm systems that develop over
coastal West Africa in the evening period are fre-
quently sustained by the favorable nocturnal mar-
ine environment after exiting the coast.

20

45
Fig. 3. As Fig. 2, but for coastal West Africa

3.2 Regional variability of the vertical storm
characteristics

Regional differences in the vertical structure of
precipitating storms were evident along the es-
tablished transect from the continental region
of West Africa to the eastern Atlantic Ocean.
For stratiform-type precipitation, the frequency
distribution for all regions exhibited similar pat-
terns (Fig. 5), and the average reflectivity profiles
in stratiform precipitation were remarkably simi-
lar in the three regions (Fig. 6). Schumacher and
Houze (2006) also found similar patterns in the
same region during a different time period. A sig-
nature of stratiform precipitation is the presence
of a bright band which was observed at an alti-
tude of about 4.5 km in all three regions (Fig. 6).
Compared to continental West Africa, echo tops
were about 1km lower over the eastern Atlantic
Ocean. Additionally, the isolines below the freez-
ing level were shifted to lower reflectivities for
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the stratiform-type precipitation over continental
West Africa, suggesting low-level evaporation over
the region (Hirose and Nakamura, 2004; Geerts
and Dejene, 2005). Low-level evaporation was
deduced from the more frequent occurrence of
higher reflectivities near the 4-km level as com-
pared to closer to the ground. The angle of tilt was
systematic such that it was almost vertical (with
no much tilt) for coastal West Africa and the tilt
to higher reflectivities significantly increased for
eastern Atlantic Ocean, indicating low-level rain-
drop growth or dominance of warm rain process-
es over the region.

Convective storms became less deep and less
intense over the ocean (Figs. 5 and 6). The im-
plication is that maritime convection had a low-
er hydrometeor content above the freezing level
than continental storms in West Africa. The re-
flectivity frequency occurrences of convective
storms over the three regions (Fig. 5) show that
shallow convection progressively became more

common from continental West Africa to the east-
ern Atlantic Ocean, consistent with the TRMM-
PR study reported by Schumacher and Houze
(2006). The high frequency occurrence of reflec-
tivities ranging from 20 to 30dBZ at low ele-
vation suggested that light convective rain, for
instance from cumulus congestus, was relatively
common over the eastern Atlantic Ocean. As a re-
sult, the mean reflectivity profile for oceanic con-
vection exhibited lower values compared to that
over the adjacent continent (Fig. 6). In order to
further define and contrast the vertical variations
of reflectivity, the mean profile and the frequency
distribution for reflectivities exceeding certain
threshold levels (i.e. 17, 27, and 37 dBZ) were
determined (Fig. 7). The mean profiles were cal-
culated by taking the mean of all reflectivities
(in Z units) for each level. Note that the reflec-
tivity profiles present the probabilities, varying
with height, that at least a certain reflectivity
value (exceeding 17, 27, or 37 dBZ) can be found
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50

of the figure provides the scale for the esti-
mated probabilities

when it rains on the ground (the 17 dBZ thresh-
old includes all measurable intensities of pre-
cipitation, 27 dBZ includes moderate and heavy
precipitation, and 37 dBZ includes only heavy
precipitation; the profiles depict the typical ver-
tical structure of precipitating systems). The fre-
quency of the lowest reflectivity threshold at low
levels was much greater over the eastern Atlantic
Ocean, and the rapid decay of this threshold with
height indicates that many systems were shallow.
The echo frequency over continental West Africa
decreased towards the ground for all threshold
reflectivity levels, suggesting evaporation or break-
up of raindrops (Fig. 7). In contrast, the echo
frequency (reflectivity count) over coastal West
Africa and eastern Atlantic Ocean increased from
just below the freezing level down to near the
ground. This indicated that raindrops grow as they
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move towards ground, implying a dominance of
warm-rain processes and low-level cloud base
over the eastern Atlantic Ocean.

Key differences were also revealed in various
precipitation indices estimated for the three re-
gions (Fig. 8). Precipitation systems over conti-
nental West Africa had the higher evaporative
index (EI) compared with the east Atlantic Ocean,
indicating higher evaporation of water drops be-
fore reaching the ground. The EI decreased sub-
stantially along the land-to-ocean transect, with
the lowest value over the eastern Atlantic Ocean.
The negative EI there is likely due to the low-
level growth of raindrops by the collision-coales-
cence process. The stratiform signature (SI) was
high in all regions with less regional variability,
suggesting that a high proportion of stratiform
precipitation exists in all the regions. Continental
West Africa tended to have deeper storms with
higher HPW, and therefore also had a low SPI
value (i.e. a relatively high water volume aloft
for a given surface rain rate). On the other hand,
storms over the eastern Atlantic Ocean were
more efficient rain producers (higher SPI) due



340

Vertical attributes of precipitation systems

(Saturated) equivalent potential temperature (K)

345

350

355

360

365 370 375 380

100

Continental West Africa
- - - Coastal West Africa
Eastern Tropical Atlantic

191

= i :
o '
5 ]
300+ '
g | ' 99 4 LNB,
2 '
© 400 .
0_ _ L]
5004 . CAPE, Fig. 9. Vertical profiles of 6F (curved lines)
i ! plotted as a function of pressure (log coordi-
6001 ' J,'D LFG nate) for various regions. The vertical lines are
700 : —— corresponding values of 6. derived from the
800 —: e,sfc temperature and specific humidity at 1000 hPa.
900; ST Data are based on NCEP-NCAR re-analysis
1000 = data

to lower HPW associated with shallow precipi-
tating systems.

The highest CAPE, values were estimated for
the continental West Africa, followed closely
by coastal West Africa (Fig. 9). On average, the
eastern Atlantic Ocean had much lower CAPE,
values. The differences in the CAPE values are
mostly associated with the higher values of LNB,
for continental and coastal West Africa. The con-
tinental and coastal West Africa regions had
higher LNB, levels (150 hPa) than for the eastern
Atlantic Ocean (200 hPa). These CAPE, results
are consistent with the more frequent occur-
rences of PR echoes recorded at the upper levels
in those regions (Figs. 5 and 7). In general, the
relatively weaker storms and higher warm-rain
fraction over the eastern Atlantic Ocean were con-
sistent with the lower values of CAPE, compared
with the continental and coastal West Africa.

4. Discussion and conclusions

This study described the regional and diurnal var-
iability of the vertical attributes of precipitating
systems along the continental-maritime transition
region in West Africa. The diurnal peak in max-
imum vertical storm structure occurred between
15 and 21 LT in continental West Africa, and
12—15h later over the eastern Atlantic Ocean.
Shallow convection over these regions also
showed a westward time lag, peaking at 9-12
LT, 12—-15 LT and 15-18 LT over continental

West Africa, coastal West Africa and eastern
Atlantic Ocean, respectively.

In West Africa, organized convection generally
moves westward. From the TRMM data source it
is not clear whether the MSCs, peaking in the
evening over land, were the same as those ob-
served into the early morning over water. However,
such offshore storm travel has been previous-
ly documented (Hodges and Thorncroft, 1997).
Convective storms exhibited different attributes
along the investigated land-to-ocean transect. For
example, in the eastern Atlantic Ocean storms
were shallower and had lower integrated hydrom-
eteor content (Fig. 8). This difference applies
mostly to those parts of storms classified as con-
vective. Over continental West Africa, the strati-
form precipitation did not differ much from those
over the adjacent ocean (Fig. 5).

Furthermore, the echo strength from 4 km down
to the ground increased for the eastern Atlantic
Ocean and decreased for continental West Africa
(Fig. 6). These profiles can be explained by low-
level evaporation and/or raindrop break-up over
continental West Africa as opposed to low-level
drop size growth over the eastern Atlantic Ocean
due to a much lower cloud base there. The higher
cloud base, more intense low-level evaporation,
and deeper convection observed over the conti-
nent likely result from surface-atmosphere inter-
actions, specifically the high sensible heat fluxes
over land. Over land, such interactions affect the
surface energy and moisture balance with a con-
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sequent impact on the availability of energy to
enhance convection. In addition, the occurrence of
raindrop break-up, as suggested by the decrease
in echo-frequency towards the ground, may be
caused by the differences in cloud condensation
processes resulting from the different aerosol types
prevailing over land and ocean (e.g. Williams
et al., 2002). Warm-rain processes likely domi-
nated over the eastern Atlantic Ocean as a result
of the growth or increase in hydrometeor content
at low elevation. The frequency isolines of re-
flectivity below the freezing level tilted to lower
reflectivity values over continental West Africa,
indicating a low proportion of shallow precipita-
tion clouds, and/or low-level evaporation. The
isolines gradually tilted to higher reflectivity val-
ues towards the surface from coastal to eastern
Atlantic Ocean, suggesting low-level rain drop
growth. Over the eastern Atlantic Ocean purely
warm rain clouds were more likely to occur than
over land (Fig. 5).

The intensity and depth of convective storms
systematically decreased from continental West
Africa to the eastern Atlantic Ocean. The region-
al changes in the vertical characteristics of pre-
cipitating storms, observed using the TRMM PR
2A25 data, are consistent with the changes in
CAPE, of the basic environment estimated from
NCEP-NCAR re-analysis data.
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