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Résume :

Latmosphére moyenne de la Terre est un laboratoire
naturel pour les études de la dynamique géophysique
des fluides et de I'optique pour la mesure des gaz.
Les recherches dans cette région ont longtemps été
limitées par le manque d’observations a long terme
susceptibles de couvrir 'ensemble de la région, de
la troposphére a la haute mésosphére et a la ther-
mosphére inférieure. Les derniéres décennies ont vu
la construction de nombreux observatoires au sol
et le lancement d’instruments par satellite dans le
but de fournir les mesures nécessaires pour com-
prendre la chimie, la dynamique et les changements
climatiques a long terme de I'atmosphére moyenne.
La télédétection atmosphérique, tant au sol que
dans l'espace, présente des avantages et des in-
convénients évidents. Les premiers étant capables
de fournir des mesures bien calibrées et a haute
résolution sur un seul site et les derniers permettant
une couverture globale au prix de la résolution et d’un
certain degré de certitude lors de I'étalonnage. Pour
ce travail, nous utilisons des mesures de température
obtenues a l'aide d'une technique de télédétection
au sol basée sur le lidar a diffusion de Rayleigh
et nous effectuons des comparaisons systématiques
avec les profils de température générés a l'aide de
trois instruments de télédétection passif basés sur
des satellites : Sondeur Micro-onde sur satellite Aura
(MLS). Sondage de I'atmosphére par radiométrie des
émissions a large bande (SABER) et surveillance
mondiale de l'ozone par occultation d’étoiles (GO-
MOS).

Ce manuscrit a trois résultats principaux 1a)
Présentation de plusieurs améliorations de I'algo-
rithme de la température lidar qui corrigent un
biais chaud connu dans les températures lidar

mésosphériques. Nous réduisons ce biais jusqu’a 20
K a 90 km. 1b) Meilleur accord entre les températures
du lidar et les profils de température SABER et MLS
entre 70 km et 90 km. 1c) Une validation croisée
entre les températures d’'un lidar de température
de Rayleigh et d’'un lidar d’'ozone co-localisés, qui
donne confiance en la stabilité de la technique du li-
dar et justifie I'utilisation de la température par lidar
comme base de données de référence pour la valida-
tion par satellite. 2a) Présentation d’'une comparaison
décennale entre les températures lidar validées et les
températures produites par SABER et MLS. 2b) Nous
montrons un biais froid dans les mesures satellitaires
par rapport au lidar (-6 K pour SABER et -17 K pour
MLS) dans la région de stratopause, un biais chaud
(6 K prés de 60 km) dans la mésosphere d’'été, et un
biais structuré verticalement pour MLS (-4 a 4 K) qui
couvre la moyenne atmospheére. 2¢) Nous réduisons
ampleur du biais en decallant verticalement la hau-
teur de la stratopause satellite et constatons une
amélioration de la comparaison de température lidar-
satellite qui en résulte. Ce résultat a des implications
importantes pour la notification des températures des
satellites en fonction de la hauteur géopotentielle. 3a)
La comparaison des profils de température lidar avec
la nouvelle base de données de température GOMOS
montre que les altitudes géométriques des satellites
peuvent étre mieux estimées par les techniques d’'oc-
cultaion que par l'inférence des niveaux de pression
a partir des données radiométriques 3b) de I'effet des
marées sur les comparaisons de température entre li-
dar et satellite lorsque Le passage supérieur du satel-
lite est décalé dans le temps par rapport a la mesure
lidar et peut étre de I'ordre de 2 a 4 K en fonction de
la phase de I'heure solaire.




Title : Study of decadal variations in the temperature of the middle atmosphere

Keywords : temperature / lidar / remote sensing / validation

Abstract :

The Earth’s middle atmosphere is a pristine natural
laboratory for the study of geophysical fluid dynamics
and optics in neutral gasses. Research in this region
has long been limited by a lack of long-term obser-
vations which are capable of covering the entire re-
gion from the troposphere to the upper mesosphere
and lower thermosphere. Past decades have seen
the construction of many ground based observatories
and launches of satellite based instruments in an ef-
fort to provide the measurements needed to unders-
tand the chemistry, dynamics, and long-term climac-
tic changes in the middle atmosphere. Both ground-
based and space-based atmospheric remote sensing
have clear strengths as well as limitations ; the former
being able to provide high resolution, well calibrated
measurements at a single site and the latter allowing
for global coverage at the cost of resolution and some
degree of certainty in calibration. For this work we
are using temperature measurements produced from
a Rayleigh-scatter lidar ground-based remote sen-
sing technique and making systematic comparisons
to temperature profiles produced from three passive
scanning satellite-based remote sensing instruments :
Microwave Limb Sounder on the Aura satellite (MLS),
Sounding of the Atmosphere using Broadband Emis-
sion Radiometry (SABER), and Global Ozone Moni-
toring by Occultation of Stars (GOMOS).

This manuscript has three main results : 1a) Presen-
tation of several improvements to the lidar tempera-
ture algorithm which address a known warm bias in
mesospheric lidar temperatures. We reduce this bias

by up to 20 K at 90 km. 1b) Better agreement bet-
ween the cooled lidar temperatures and temperature
profiles from SABER and MLS between 70 km and 90
km. 1c) A cross-validation between temperatures from
a co-located Rayleigh temperature lidar and ozone li-
dar which provides confidence in the stability of the Ii-
dar technique and justification for the use of lidar tem-
peratures as a reference database for satellite valida-
tion. 2a) Presentation of a decadal comparison bet-
ween the validated lidar temperatures and the tempe-
ratures produced by SABER and MLS. 2b) We show
a cold bias in the satellite measurements with res-
pect to the lidar (-6 K for SABER and -17 K for MLS)
in the stratopause region, a warm bias (6 K near
60 km) in the summer mesosphere, and a vertically
structured bias for MLS (-4 to 4 K) which spans the
middle atmosphere. 2c) We reduce the magnitude of
the bias by vertically shifting the height of the satel-
lite stratopause and see an improvement in the resul-
ting lidar-satellite temperature comparison. This result
has important implications for the reporting of satel-
lite temperatures as a function of geopotential height.
3a) Comparison of lidar temperature profiles with the
newly created GOMOS temperature data base shows
that satellite geometric altitudes can be better esti-
mated by occultaion techniques than by inference of
pressure levels from radiometric data 3b) The effect
of tides on lidar to satellite temperature comparisons
when the satellite overpass is temporally offset from
the lidar measurement can be on the order of 2 to 4 K
depending on the phase of the solar hour.

Université Paris-Saclay
Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France
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1 Introduction
1.1 The Middle Atmosphere

The middle atmosphere is the portion of Earth’s atmosphere which extends from
the tropopause (~ 8-16 km depending on season and latitude) to the turbopause
(~ 100 km) and is comprised of the stratosphere, mesosphere, and lower thermo-
sphere.

Interest in this region is driven primarily by studies of upper tropospheric and lower
stratospheric composition. In particular, studies of water vapour trends (Forster
and Shine, 2002) and studies of the dynamics and chemistry of stratospheric ozone
(Dobson, Harrison, and Lawrence, 1929), (Bourassa et al., 2014) have been crucial
for the formation of public policy with respect to the larger context of global at-
mospheric and climate change (IPCC, 2013). In addition, studies of wave driven
dynamics and mean atmospheric circulation (Brewer, 1919), (Dobson, Harrison,
and Lawrence, 1929) as well as studies of winds and turbulence (McIntyre and
Palmer, 1983) ask fundamental geophysical questions of atmospheric fluid dynam-
ics and the non-linear behaviour of waves. Of particular interest for this work are
studies of temperature profiles and the reported trends occurring in the middle
atmosphere (Ramaswamy et al., 2001), (W. J. Randel, 2009). Given that tem-
perature is one of the fundamental atmospheric parameters, intrinsically coupled
to pressure and density, the assessment of the accuracy and stability of these
measurements cannot be over stated.

In contrast to the lower atmosphere the layers of the middle atmosphere can gener-
ally be characterised as cold, dry, tenuous, and relatively clean of complex optical
scatterers like aerosols and clouds. The key physical parameters of the middle
atmosphere which are relevant for this work are shown in figure 1.1.
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The middle atmosphere is dynamically coupled to the troposphere by way of at-
mospheric waves (T. G. Shepherd, 2002) and is forced by radiation from the Sun
(Keating and Chen, 1991), (Haigh, 1996). As a result, it offers us a unique natural
laboratory for the study of atmospheric processes and the monitoring of climatic
change. Observational and modelling studies of physical variables (e.g. tempera-
ture, pressure, and density) and chemical composition in the middle atmosphere
are of great use for monitoring the rate of climactic change as the increasing burden
of CO, will provide a positive radiative forcing on the lower atmosphere. Addi-
tionally, the magnitude of the observed temperature trends in the stratosphere
and mesosphere are expected to be of a much larger magnitude than the near
surface tropospheric trends as total gas density is lower and the radiative cooling
to space is more direct. Stratospheric cooling since the 1980s has been measured
to be near 0.5 K per decade in the lower stratosphere, around 2 K per decade
near the stratopause (Ramaswamy et al., 2001), and nearly 3 K per decade in the
mesosphere (Beig et al., 2003). The measurement of lower stratospheric tempera-
ture is an important research topic as it answers fundamental questions about the
nature of ozone recovery, aerosol loading, physical wave-driven processes like the
Quasi-biennial oscillation, and variations in solar forcing (Steinbrecht et al., 2003).
In order to fully separate these processes and understand the component drivers
of our atmospheric environment we require precise, accurate and well calibrated
measurements on both a global and local scale.

1.1.1 The Stratosphere

Most studies of the stratosphere focus on the important and life preserving ozone
layer as well as the measurements and tracking of pollutants which degrade ozone.
The ozone layer absorbs solar UV radiation which is hazardous to terrestrial life.
The introduction of assorted ozone depleting halocarbon compounds into many
manufacturing processes led to the ozone layer depletion crisis of the 1970s. The
resulting Antarctic ozone hole precipitated a rush of studies and scientific interest
in the stratosphere and culminated in the successful implementation of the Mon-
treal Protocol which placed restrictions on several key ozone depleting substances.
In addition to ozone studies, the stratosphere is also home to several synoptic and
global scale wind patterns which greatly influence the tropospheric meteorology
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and the seasonal weather that we experience on the surface. Outside of geophysi-
cal research, the stratosphere is proving to be of interest to both professional and
amateur astronomers and photographers as complex government funded telescopes
and iPhones alike are launched on balloons to take pictures of our planet and the
cosmos which surrounds it.

1.1.2 History

Early studies of atmospheric temperature and pressure conducted in 1647 by
French mathematician Blaise Pascal established the relationship shown in Eq.
1.1 which would later be referred to as Pascal’s Law. This relation holds that
the change in hydrostatic pressure, AP, is related to the difference in elevation
within a fluid column, éh, times the gravitational acceleration, g, and the density
of the fluid, p (Pascal, 1664). Based on this simple relationship we are left with
the somewhat simplistic idea of an atmosphere limited in vertical extent, lacking
internal structure, and surrounded by vacuum.

AP = pgdh (1.1)

Prior to the invention of modern atmospheric measurement techniques like ra-
diosondes, lidars, or satellites, vertical profiles of atmospheric temperature and
pressure were determined by carrying a thermometer and a barometer up a moun-
tain and taking regular measurements. In 1787 Swiss physicist Horace-Bénédict
de Saussure climbed Mont Blanc in the Alps and made measurements of tempera-
ture and pressure up to nearly 5 km. From Saussure’s data a vertical temperature
gradient (also known as a temperature/environmental lapse rate) of ~ 0.7 K per
100 m was estimated. Modern measurements have the average environmental
lapse rate as 0.65 K per 100 m (Wallace and Hobbs, 1977). Extrapolating from
these data Hermann von Helmholtz estimated that the atmosphere would reach an
equivalent temperature of -300 °C above 40 km, a temperature which was beyond
comprehension at the time. The understanding of Earth’s atmosphere until the
end of the 19th century was of a layer of gas which had an exponential decrease
in pressure with altitude and a constant decrease in temperature with altitude.
The whole atmosphere was assumed to be only a few kilometres in vertical extent
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and the problem of the extremely cold temperatures at high altitude remained
unsolved. Lord Kelvin would establish the idea of -273 °C as an “absolute zero” in
1848 almost 60 years later in part driven by the questions raised from atmospheric
temperature studies.

In 1902 Teisserenc de Bort published 10 years of balloon measurements made near
Trappes, France and showed that between 8 km and 13 km the temperature did not
drop with altitude as was previously assumed (Teisserenc de Bort, 1902). Based on
these measurements, De Bort decided to divide the atmosphere into two spheres.
The troposphere, below 8 km, was characterised as having a negative environmen-
tal lapse rate and the isotherm region between 8 and 13 km was shown to have
an average lapse rate of zero. Coincident with the publication of de Bort, Richard
Afimann published balloon measurements which showed that the atmosphere be-

gan to warm above 10 km and exhibit a mean wind above the isothermal region
(ABmann, 1902).

1.1.3 Properties

In general, the stratosphere can be characterised by a positive lapse rate and an
increase in the concentration of ozone with altitude. The increase in temperature
with height is driven by the absorption of UV light by the ozone molecule and was
first shown by Sydney Chapman (Chapman, 1930). As a result of this positive
lapse rate the stratosphere is rather dynamically stable to convection and has lim-
ited amounts of vertical mixing of air parcels. The clear vertical stratification of
the stratosphere with respect to the troposphere has the consequence of producing
an atmospheric layer that is dry, largely free of aerosol contaminants, and rela-
tively unaffected by the tumultuous convection which dominated the layer below.
Exceptions to this dry, clean and clear state can occur in the lower stratosphere
when large thunder storms force moist air into the stratosphere by overshooting
the tropopause and when aerosol loading occurs due to volcanic eruptions (Hay-
wood, A. Jones, and G. S. Jones, 2013). Dust (Weinzierl et al., 2017), and forest
fire smoke (S. M. Khaykin, Godin-Beekmann, A. Hauchecorne, et al., 2018) can
also enter the lower stratosphere during periods of intense biomass burning. The
other major source of mixing between the troposphere and stratosphere is the
Brewer-Dobson cycle (Brewer, 1949), (Dobson, Harrison, and Lawrence, 1929).



6 Chapter 1. Introduction

When warm, moist air rises in the tropics it creates a simple wave-driven circula-
tion from the equator to the poles and transports ozone, water vapour, and energy
towards the mid-latitudes (Holton et al., 1995). The relative abundance of these
two chemicals can directly affect the temperature of the lower stratosphere and
the wave driven transport of energy can modify short to medium term synoptic
flows causing local changes to the vertical temperature profile.

Of particular interest when discussing stratospheric temperature profiles are Sud-
den Stratospheric Warming events (SSW). A SSW generally occurs in the winter
and can be seen by a rapid rise in temperature on the order of dozens of Kelvins
over the course of a few days. These unique phenomena occur when the dominant
zonal winds weaken or reverse direction. Typically, the winds that form the polar
jet blow west to east and act to isolate Arctic air in the so-called polar vortex.
However, large low pressure systems in the troposphere and vertically propagating
waves can perturb this zonal jet and cause an unbalanced state in the mean flow
(Triplett et al., 2017). To conserve energy and momentum the stratosphere col-
lapses downwards adiabatically and undergoes rapid warming due to compression
of the air. These events are often precede the appearance of easterly circumpolar
winds and increases meridional flow in the troposphere (Matsuno, 1971). Since
these events are important in meteorological weather forecasting, the best possible
measurements are required from our space based remote sensing instruments.

1.1.4 The Mesosphere and Lower Thermosphere

The mesosphere is the least studied portion of Earth’s atmosphere primarily due
to its location above the range of in situ measurements by typical balloon borne
sondes and aircraft. Measurements of this layer are only possible by use of rocket-
sonde or by remote sensing techniques like radar, lidar, and satellites. The extreme
difficulty in making measurements in this region has led many scientists to jokingly
refer to the mesosphere as the “ignorosphere”. In spite of this unfortunate nick-
name, the mesosphere is a complex and scientifically interesting part of the middle
atmosphere which exists near the edge of space and is subject to wave-driven per-
turbations from below as well as radiative and electrical perturbations from above.
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Recently, “space tourism” has become fashionable for the ultra-wealthy necessitat-
ing the need for measurements and models to extend higher into the atmosphere
to offer so-called “space weather prediction”.

History

Tracing the history of the mesosphere is an inexact exercise as this region of the
middle atmosphere has historically never had the focused scientific interest boasted
by the stratosphere below it or by the ionosphere at its upper reaches and above
it. The presence of the mesosphere can be inferred from the 1839 work of Carl
Friedrich Gauss - General Theory of Terrestrial Magnetism (English translation
(H. Glassmeier and T. Tsurutani, 2014)) in which Gauss predicts the existence of
an electrically charged layer high above the stratosphere. This electrically charged
layer, later named the ionosphere, was exploited by Guglielmo Marconi in 1901
to send a trans-atlantic radio frequency telegraph from Poldhu, Cornwall to St.
John’s, Newfoundland. The existence of a layer of gas between the stratosphere
and this electrically conducting layer was assumed but not measured.

Scientific measurements of the middle atmosphere were first proposed in a 1919
paper by Robert H. Goddard entitled “A Method of Reaching Extreme Altitudes”
(Goddard, 1919). Routine rocket measurements of the mesosphere were started
in the aftermath of the second world war and were well established as a branch of
atmospheric research by the 1950s (Boyd, 1954). Several of the atmospheric models
used in this manuscript like the US Standard Atmosphere, have their origins in
this early rocket work.

1.1.5 Phenomena and Properties

The mesosphere and lower thermosphere are home to some of the most spectac-
ular optical and dynamic phenomena in Earth’s atmosphere. Chief among them
are the aurorae which occur in the high-latitude regions of the planet and are the
result of high energy solar particles colliding with the atmosphere. These beautiful
spectacles are understood only by combining our understanding from otherwise un-
related disciplines of molecular spectroscopy, atmospheric physics, geomagnetics,



8 Chapter 1. Introduction

solar fluxes, and the fluid dynamics of charged flows. Similarly, transient lumi-
nous events are another class of interesting mesospheric phenomena. Colloquially
referred to as “upper-atmospheric lightning” these events include so-called “red
sprites” (Stratospheric/mesospheric Perturbations Resulting from Intense Thun-
derstorm Electrification), “elves” (Emission of Light and Very Low Frequency per-
turbations due to Electromagnetic Pulse Sources) and “blue jets” (Williams, 2001).
All three of these phenomena occur in the upper middle atmosphere as a result of
large thunder storms in the troposphere. The mathematics behind these electrical
phenomena is elegant, complex, and as yet incomplete (Pasko, 2000).

In contrast to the stratosphere, the mesosphere has a negative temperature lapse
rate and is primarily cooled by radiative emission from carbon dioxide. As was al-
luded to earlier, investigations of long-term temperature trends in the mesosphere
are of particular interest for climate change studies as the measured changes are an
order of magnitude larger than they are at the surface. Modelling studies suggest
that a doubling of CO, and CHy in the atmosphere would yield a net cooling in the
mesosphere between 10 and 50 K (Roble and Dickinson, 1989). The cooling around
the stratopause, central to our work in validating middle atmospheric tempera-
tures, is expected to be about 10 to 12 K given a similar doubling of greenhouse
gasses.

It is probable that noctilucent clouds (Lubken, Berger, and Baumgarten, 2018)
are another mesospheric telltale of climate change as their observed frequency cor-
responds closely with the recent increases in greenhouse gas concentration. Noc-
tilucent clouds are ice clouds which appear during the summer months near the
mesopause region at high latitudes. The clouds can form in the cold summer meso-
sphere in the presence of dust and water vapour. The dust is generally thought
to be of volcanic origin or to come from the ablation of meteors in the upper at-
mosphere. The water vapour primarily enters the mesosphere from two sources,
the first being advection and mixing of water vapour from lower altitudes and the
second being the photo-dissociation of methane (Thomas and Olivero, 2001). Re-
cent modelling studies have correlated increasing concentrations of carbon dioxide,
methane and water vapour, with cooling mesospheric temperatures and increased
observational frequency of noctilucent clouds (Lubken, Berger, and Baumgarten,
2018). The study also made use of lidar data sets to confirm that as the mesosphere
cools in response to increased emissions from carbon dioxide, the total atmospheric
column shrinks and the average altitude of the noctilucent clouds descends. The
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largest constraint for further study remains a lack of observations - a niche which
the unified lidar database presented in this thesis is well suited to fill.

The general circulation of the mesosphere varies seasonally. In the summer the
zonal mean flow is westward and in the absence of significant wave driving the
region is dominated by rising air parcels and relatively warm temperatures. How-
ever, this is not the case in the winter where wave breaking has a profound effect
on the middle atmosphere. As previously mentioned, wave breaking in the strato-
sphere leads to a breakdown of the zonal mean flow and a residual circulation is
forced from the equator to the winter pole. In the mesosphere, these same wave
breaking phenomena reverses the direction of the pole to pole flow and air moves
towards the winter pole. By moving air to the winter pole the atmospheric column
is forced to rise adiabatically and experience a rapid cooling at mesospheric alti-
tudes. As a result of these wave-driven circulations the summer mesopause is the
coldest part of the atmosphere and can have temperatures below 130 K (Vincent,
2015). Accurately measuring the temperature of the summer mesopause is a diffi-
cult task as it is often beyond the operational scope of many satellite missions and
is too high for smaller lidar systems. We present a comparison of lidar to SABER
(a satellite focused on the middle atmosphere) in figures 3.3, 3.4, and of lidar to
MLS (a satellite focused on the troposphere and lower stratosphere) in figures 3.5,
3.6. We can clearly see the seasonal variation in SABER near 80 km but MLS
temperatures appear insensitive to season.

Sampling is the key limitation to understanding and quantifying the trends and
dynamics in the mesosphere. A lack of measurements, inconsistency between
measurements from different satellite missions, large uncertainties in upper meso-
spheric and thermospheric densities, and disagreements between models and mea-
surements (Lastovicka, 2017) all serve as confounding variables to MA studies.
Our unified OHP (Observatoire de Haute-Provence) lidar temperature database
can provide a useful validation source for groups attempting to reconcile different
satellite databases as well as provide density measurements over the time period
of 1978 to 2018.
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1.2 Rayleigh Lidar

Rayleigh lidar is a remote atmospheric sounding technique which relies on the
elastic back-scatter of transmitted laser light from target molecules in the atmo-
sphere. The pulsed laser light allows for a high degree of precision in determining
the origin altitude of the target molecule with respect to the lidar station. A rela-
tive density profile is then inferred based on the number of returned photons from
a particular range of altitudes. Following the iterative technique developed by
(Alain Hauchecorne and M.-L. Chanin, 1980a) an a priori pressure is assumed at
the top of the atmosphere and an absolute pressure and temperatures profile can
be calculated. Pure Rayleigh temperature profiles are generally calculated in an
iterative manner from above 100 km down to 30 km and are limited primarily by
laser power, telescope size and optical efficiency in the transmission and receiver
assemblies. However, when supported by other lidar techniques like Raman or
metallic resonance lidar, the temperature profiles can be extended to cover ranges
from 1 km to over 110 km (Alpers et al., 2004).

1.2.1 Limitations on the Rayleigh Lidar Technique

Given that the raw data of a Rayleigh lidar profile are photon counts, the base
uncertainty for the lidar profiles follows the Poisson error statistics for discrete
counting (Bevington and Robinson, 1992). Two statistical errors are immediately
evident at the low signal to noise ratio end of the lidar measurement: the funda-
mental noise floor presented by the Poisson uncertainty and the error introduced
by integration and smoothing. The two problems are connected as the solution
for low signal to noise ratio is a larger window for either temporal or vertical inte-
gration. It then becomes a balance between tolerating uncertainty in the absolute
temperature profile versus losing information in time or altitude. We fully explore
this uncertainty analysis in Chapter 2 and the formal NDACC definitions for tem-
perature and vertical resolution are given by LeBlanc et al. (T. Leblanc, R. J.
Sica, et al., 2016), (T. Leblanc et al., 2016).

The third major limitation of the Rayleigh lidar technique comes from the error as-
sociated with the assumption of an a priori pressure at the top of the atmosphere.
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As previously stated the iterative technique for generating a lidar temperature pro-
file from a measured relative density profile involves the assumption of a starting
pressure. Unfortunately, pressures in the mesosphere and lower thermosphere are
not well measured as a function of altitude and many of the models are based on
density measurements from old rocket programmes or low resolution climatolog-
ical averages from radar data. It is notoriously difficult to estimate the pressure
at these altitudes with both accuracy and precision. The uncertainty (and possi-
ble inaccuracies) in our pressure a priori affect the top 10 to 15 km of the lidar
temperature profile (T. Leblanc and Alain Hauchecorne, 1997) and it is standard
practice to discard this data. (J. Khanna, R. J. Sica, and McElroy, 2011) and (J.
Khanna et al., 2012) have estimated the contribution of a poor a priori choice on
the resulting lidar temperature profile. They found that a small 10 percent varia-
tion in the a priori pressure can result in a 25 K difference in the lidar temperature
and that the full effects of a priori choice are not fully eliminated until below 75
km.

Recently, (R. Sica and Haefele, 2015) have proposed an Optimal Estimation
Method for the retrieval of lidar temperature profiles which relies on Bayesian
statistics and allows for the quantification of the complete lidar error budget.
This method is extremely promising and after extensive validation of multiple li-
dar datasets may be considered a viable candidate to replace or supplement the
iterative approach.

A final limitation to the Rayleigh lidar technique is that it can only be employed
on clear or partly clear nights. Mie scattering from optically thick clouds reduces
the signal amplitude of the lidar. Daytime measurements are possible but are
rarely conducted as the lidar requires expensive optical filters to exclude the light
from the sun.

1.3 Scope of this Dissertation

The objectives of this dissertation are to:

1. Show that ground based lidar temperatures are a stable, accurate and precise
dataset which can be relied upon for satellite validations as well as clima-
tological studies. We will do this by developing data processing tools and
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algorithms which minimise know temperature errors which occur due to the
initialisation of the lidar algorithm and by comparing two co-located, in-
dependent lidars operating at two different laser wavelengths over a 20 year
period. This is the first such multi-decadal temperature comparison between
two lidars. The results of this work are published (R. Wing, A. Hauchecorne,
P. Keckhut, Godin-Beekmann, S. Khaykin, McCullough, et al., 2018).

. Show that the cross-validated lidar temperature database, described above,

is useful for comparing with satellite data from SABER and MLS and may
be useful in identifying possible biases in the space borne instruments. This
will be the first time that the entire lifetime satellite temperature database,
for these two space borne radiometers, will be compared to a continuous
lidar data record. The results of this work are under review (R. Wing, A.
Hauchecorne, P. Keckhut, Godin-Beekmann, S. Khaykin, and McCullough,
2018a).

. Address concerns raised during the discussion of (R. Wing, A. Hauchecorne,

P. Keckhut, Godin-Beekmann, S. Khaykin, and McCullough, 2018a) regard-
ing the direct comparison of lidar temperature profiles which are a function
of geometric altitude and temperature profiles from space borne radiometers
which estimate geopotential co-ordinates from inferred pressure levels. The
comparison of the lidar temperature profiles to the temperature profiles from
GOMOS, which are also presented as a function of geometric altitude, pro-
vides some degree of certainty for the previous work done with comparisons
to temperature profiles from SABER and MLS. In addition, we investigate
the potential tidal contribution to the temperature differences reported be-
tween the lidar and GOMOS. Given that both MLS and GOMOS are on sun
synchronous orbits there is a temporal offset between the satellite overpasses
of OHP and the night time measurements made by the lidar. The results of
this work are under review (A. Hauchecorne, Blanot, et al., 2018).
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2 Lidar temperature series in the
middle atmosphere as a reference
data set. Part A: Improved
retrievals and a 20-year cross
validation of two co-located

French lidars

1

2.1 Author Contribution

Robin Wing conceived the idea to minimise lidar initialisation bias at the top
of the lidar temperature profile. He wrote and tested the codes for a data se-
lection and temperature retrieval which produced a new OHP lidar temperature
database. He ran the comparison between the LiO3S and LTA temperature profiles
and calculated the statistics and comparison parameters. He collected the most
recent system specifications for both lidar systems and detailed the changes to the
temperature algorithm, and wrote the manuscript.

Wing, R., Hauchecorne, A., Keckhut, P., Godin-Beekmann, S., Khaykin, S., McCullough, E.
M., Mariscal, J. F., and d’Almeida, E. (2018). Lidar temperature series in the middle atmosphere
as a reference data set. Part A: Improved retrievals and a 20-year cross-validation of two

co-located French lidars. Atmospheric Measurement Techniques, Furopean Geosciences Union,
11(10), pp.5531-5547.
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2.2 Abstract

The objective of this paper and its companion (R. Wing, A. Hauchecorne, P.
Keckhut, Godin-Beekmann, S. Khaykin, and McCullough, 2018b) is to show that
ground based lidar temperatures are a stable, accurate and precise dataset for use
in validating satellite temperatures at high vertical resolution. Long term lidar
observations of the middle atmosphere have been conducted at the Observatoire
de Haute-Provence (OHP), located in southern France (43.93° N, 5.71° E), since
1978. Making use of 20 years of high-quality co-located lidar measurements we have
shown that lidar temperatures calculated using the Rayleigh technique at 532 nm
are statistically identical to lidar temperatures calculated from the non-absorbing
355 nm channel of a Differential Absorption Lidar (DIAL) system. This result
is of interest to members of the Network for the Detection of Atmospheric Com-
position Change (NDACC) ozone lidar community seeking to produce validated
temperature products. Additionally, we have addressed previously published con-
cerns of lidar-satellite relative warm bias in comparisons of Upper Mesospheric and
Lower Thermospheric (UMLT) temperature profiles. We detail a data treatment
algorithm which minimises known errors due to data selection procedures, a priori
choices, and initialisation parameters inherent in the lidar retrieval. Our algorithm
results in a median cooling of the lidar calculated absolute temperature profile by
20 K at 90 km altitude with respect to the standard OHP NDACC lidar temper-
ature algorithm. The confidence engendered by the long term cross-validation of
two independent lidars and the improved lidar temperature dataset is exploited
in (R. Wing, A. Hauchecorne, P. Keckhut, Godin-Beekmann, S. Khaykin, and
McCullough, 2018b) for use in multi-year satellite validations.

2.3 Introduction

Rayleigh lidar remote sounding of atmospheric density is an important tool for
obtaining accurate, high resolution measurements of the atmosphere in regions
which are notoriously difficult to measure routinely or precisely. A key strength
of this technique is the ability to retrieve an absolute temperature profile from a
measured relative density profile with high spatio-temporal resolution, accuracy
and precision. This kind of measurement is exactly what is required to detect
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long-term middle atmospheric temperature trends associated with global climate
change and is of great value for routine satellite and model validation (Philippe
Keckhut et al., 2004a).

Comparisons of middle atmospheric temperatures measured from satellites to those
measured from lidars have all noted a relative warm bias in lidar temperatures
above 70 km. Several recent examples of lidar-satellite relative warm bias in the
upper mesosphere can be found in the work of: (Kumar, Rao, and Krishnaiah,
2003) [5-10 K relative to HALOE]; (Venkataraman Sivakumar et al., 2011) [5-10
K relative to HALOE, 6-10 K relative to COSMIC/CHAMP, 10-16 K relative to
SABER]; (Yue et al., 2014) [13 K at 75 km relative to SABER]; (Garcia-Comas
et al., 2014a) [3-4 K at 60 km relative to SABER and MIPAS]; (Yue et al., 2014)
[13 K at 75 km relative to SABER]; (Dou et al., 2009) [4 K at 60 km relative
to SABER]; (Remsberg et al., 2008) [5-10 K at 80 km relative to SABER]; and
(Taori, Kamalakar, et al., 2012; Taori, Jayaraman, et al., 2012) [25 K near 90
km relative to SABER]. The bias is generally attributed to lidar ‘initialisation
uncertainty’ and model a priori contributions to the temperature retrieval but, no
systematic attempts are made to fully establish this conclusion. These authors
also explore the possible influences of tides, lidar-satellite co-incidence criteria,
satellite vertical averaging kernels, and satellite temperature accuracy as possible
contributing factors.

The work of this paper is to evaluate the suitability of lidars as a reference dataset
and to address the problem of systematic errors due to initialisation of the lidar
algorithm. The subsequent comparison of the improved lidar temperatures to satel-
lite measurements is conducted in the companion paper (R. Wing, A. Hauchecorne,
P. Keckhut, Godin-Beekmann, S. Khaykin, and McCullough, 2018D).

This work follows three main goals: i) the introduction of the long term data set
and the instrumental changes, ii) treatment of this heterogeneous data set for use
in the accompanying paper, and iii) improvement of the temperature algorithm
and reduction of the warm bias compared to satellite soundings. These goals
cannot be completely separated from each other, but goal i) is broadly addressed
in sections 2.4.1 to 2.5.2 and 2.5.4; goal ii) is addressed in sections 2.5.3 to 2.5.4
and again in sections 2.5.5 - 2.6, and goal iii) is addressed in section 2.7.

Section 2.4 of this paper describes the current experimental setup, the specifi-
cations of two OHP lidars, and the measurement cadence of two key NDACC
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(Network for the Detection of Atmospheric Composition Change) lidar systems.

Section 2.5 of this paper outlines techniques to minimise the magnitude of the
aforementioned lidar-satellite temperature bias by systematically detailing a rig-
orous procedure for the treatment and selection of raw lidar data and will propose
improvements to the standard NDACC lidar temperature algorithm for the UMLT
(Upper Mesosphere and Lower Thermospshere) region.

Section 2.6 of this paper gives the net results of the temperature modifications and
system improvements in the LTA lidar at OHP.

Section 2.7 of this paper compares the lidar temperatures produced by an NDACC
certified temperature lidar at 532 nm with temperatures produced by the non-
absorbing 355 nm line of a co-located NDACC certified ozone DIAL (DIfferential
Absorption Lidar) system. This comparison is conducted using a large database
of two co-located lidar systems with the goal of providing confidence in the long-
term stability of the lidar technique at both wavelengths. There are currently 10
certified temperature lidars, 6 of which are current in their data submission and
have temperature profiles freely accessible online. Similarly, there are 12 certified
stratospheric ozone DIAL systems of which 5 systems are current with data submis-
sion and are available through the NDACC website. We hope that this work will
encourage sites with outstanding data obligations to submit their measurements
and for DIAL ozone sites to seek validation for their temperature data products
for inclusion in the NDACC database (NDACC' Lidar n.d.). As an ancillary goal
we will show that temperatures produced by the Rayleigh lidar technique are ac-
curate, precise and stable over multiple decades and as such are the ideal type of
measurement for use in future ground based validation of satellite temperatures.
The result of this demonstration will be used in the companion paper (R. Wing, A.
Hauchecorne, P. Keckhut, Godin-Beekmann, S. Khaykin, and McCullough, 2018b)
as justification for validating satellite data with lidar temperatures.
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2.4 Instrumentation Description

2.4.1 Rayleigh Lidar

The OHP Rayleigh-Mie-Raman lidar, LTA (Lidar Température et Aérosols), uses
a seeded Nd:YAG to produce a 532 nm laser source with a maximum power of
24 W. The transmitted beam is passed through a 13X beam expander and has a
30 Hz repetition rate, a 7 ns pulse width, and a beam divergence of less than 0.1
mrad.

The receiver assembly consists of a high and low gain elastic channel for 532
nm, a Mie scatter channel at 532 nm for aerosols, a Raman channel at 607 nm
for molecular nitrogen, and a Raman channel at 660 nm for water vapour. A
schematic of the telescope array is shown in Fig. 2.1. The high gain Rayleigh
channel consists of four telescopes. At the focal point of each telescope is an
actuator-mounted 400 pm diameter fibre optic. The four fibre optics are bundled
to project a single signal onto a Hamamatsu R9880U-110 photomultiplier. The
low gain Rayleigh, nitrogen Raman, water vapour Raman and Mie channels all
use a single telescope setup and actuator mounted fibre optic. The two Raman
channels rely on the largest telescope and the signals are separated by a dichroic
mirror. Specifications for each telescope are found in Table 2.1.

LTA Mirror Focal Field of Parallax  Optical Filter  Filter Maximum
Diameter (cm) Length (mm) View (mrad)  (mm) Width (nm)  Transmission (%)

High Gain Rayleigh 4X 50 1500 0.27 800 0.3 84

Low Gain Rayleigh 20 600-800 1.7 257 0.3 84

Nitrogen Raman 80 2400 0.6 600 1 ~ 50

Water Raman 80 2400 0.6 600 1 ~ 50

Aerosol Mie 20 600-800 1.7 257 0.3 84

TABLE 2.1: Specifications for the LTA receiver assembly.

All channels are sampled using a Licel digital transient recorder with a record time
of 0.1 us which corresponds to a vertical resolution of 15 m. The high and low
gain Raleigh channels are electronically gated at 22 km and 12 km, respectively,
to avoid damaging the photomultipliers with large signal returns. Further details
can be found in (P. Keckhut, A. Hauchecorne, and M. Chanin, 1993) and (S. M.
Khaykin, Godin-Beekmann, P. Keckhut, et al., 2017).
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Al

-A3

FIGURE 2.1: Mirrors Al, A2, A3, A4 (50 cm) are combined for

the high gain Rayleigh channel. B (20 cm) is low gain Rayleigh

channel. Mirror C&D (80 cm) is the Raman channel for water

vapour and molecular nitrogen. E (20 cm) is the Mie channel. The

beam expander for the transmitted laser source is between mirrors
E and B.

2.4.2 DIAL Ozone System (LiO3S)

The OHP Differential Absorption Lidar (DIAL), also referred to as Lidar Ozone
Stratosphere (LiO3S), uses two lasers to make a measurement of the vertical ozone
profile using the differential absorption by ozone at two different wavelengths. The
first laser is an XeCl eximer laser used to produce a 308 nm laser source with a
maximum power of 10 W. The beam is passed through a 3X beam expander and
has a final divergence of less than 0.1 mrad. The second laser is a tripled Nd:YAG
which is used to produce a 355 nm laser source with a maximum power of 2.5 W.
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The beam is passed through a 2.5X beam expander and has a final divergence of
less than 0.2 mrad. Both transmitted beams have a repetition rate of 50 Hz, and
a 7 ns pulse width.

The receiver assembly consists of four 53 cm mirrors each having a focal length of
1500 mm, a field of view of 0.67 mrad, and an average parallax of 310 mm. Each
of these four telescopes are focused onto an actuator-mounted 1 mm diameter fibre
optic. The outgoing signals are bundled before being passed through a mechanical
signal chopper to block low altitude returns below 8 km which would saturate the
photon counting electronics. The combined signal is split using a Horiba Jobin
Yvon holographic grating with 3600 grooves/mm and a dispersion of 0.3 mm /nm.
The light from the grating is projected directly onto the photomultipliers for a
high (92%) and low gain (8%) Rayleigh channel at 308 nm, a high gain (92%) and
low gain (8%) Rayleigh channel at 355 nm, and two Raman channels at 331.8 nm
and 386.7 nm for molecular nitrogen. The spectral resolution of the light incident
on the photo cathode is on the order of 1 nm. Figure 2.2 shows a schematic of
the OHP DIAL system.

All channels are sampled using a Licel digital transient recorder with a record time
of 0.25 us which corresponds to a vertical resolution of 75 m. Further details can
be found in (Godin-Beekmann, Porteneuve, and Garnier, 2003).
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FiGUure 2.2: LiO3S DIAL system. 1 355 nm laser source, 2 308
nm laser source, 3 four 530 mm mirrors, 4 four actuator mounted
fibre optic cables, 5 mechanical chopper, 6 Horiba Jobin Yvon holo-
graphic grating, 7 308 nm high and low gain photomultipliers, 8
331.8 nm photomultiplier, 9 355 nm high and low gain photo-
multipliers, 10 386.7 nm photomultiplier, 11 Licel transient signal
recorder, 12 Signal processing and analysis computer.

2.5 Methods

In this section we will set forth rigorous and well defined procedures for the re-
trieval of lidar temperatures in the middle atmosphere which will minimise the
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uncertainties at the upper limit of the lidar altitude range.

2.5.1 Rayleigh Lidar Equation

To calculate absolute temperature profiles from relative density profiles we ex-
ploit the gradient of the measured profile of back-scattered photons collected by
the receiver. From classical lidar theory (Alain Hauchecorne and M.-L. Chanin,
1980b), we know that the number of photons received is a simple product of trans-
mitted laser power, atmospheric transmission, telescope geometry, and receiver
efficiencies. This quantity can be expressed numerically in Eq. (2.1):

N(2) = Zoys - Tomittod (2, 1) - Treturn (2, 1) - O(2) - Praser - );l’—c Goross - 1(2) - é Ab-Az+ B
(2.1)

N is the count rate of returned photons per time integration per altitude bin

z is the altitude above the detector

Gsys is the system specific receiver efficiency

Tomitted (2, A) is the transmittance of the photons through the atmosphere

Treturn (2, A) is the return transmittance of the photons through the atmosphere

O(z) is the overlap function of the receiver field of view

Pyaser is the laser power at a given wavelength

Ocross 18 the backscattering cross section of the target molecule

n(z) is the number density of scatterers in the atmosphere

ﬁ is the effective area of the primary telescope

At is the temporal integration for data collection

Az is the spatial range over which photons in a bin are integrated

B is the background count rate.
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There are four simple assumptions we make when Eq. (2.1) is used. First, we
assume that each photon we count only scatters once. While this is almost cer-
tainly not the case, we can say that it is approximately true. Visual wavelength
photons have a very low probability of scattering in the atmosphere and with a
multiple-scatter process we must square that very small probability. Of these mul-
tiply scattered photons, only those with a scatter angle towards the lidar receiver
assembly will be seen, with the vast majority scattering outside of the field of
view. Further, the tenuous nature of the UMLT means that the small probability
of detecting a photon which has scattered more than once becomes exponentially
negligible with increasing altitude.

Second, we assume that the atmospheric density is directly proportional to the
number of returned photons incident on the receiver assembly. In the case of high
signal returns from the lower atmosphere, when the number of returned photons
can saturate the photon counting electronics, the measured photon count rate
will diverge from the received photon count rate. Multiple detection channels, at
different sensitivities, are used to compensate for this effect. In this work we are
primarily concerned with the UMLT, a region where lidars operate at very low
count rates, so for the purposes of this work we can safely make this assumption.
A correction for saturation in the lower stratosphere is described in Sect. 2.5.5.

Third, we assume that the atmosphere is in local hydrostatic equilibrium as well
as local thermodynamic equilibrium (LTE) and obeys the ideal gas law. This
assumption is potentially problematic at high altitudes where non-LTE processes
can affect gravity wave dynamics and temperature profiles (Apruzese, Strobel, and
Schoeberl, 1984). However, given that a single lidar profile is acquired every 2.8
minutes and a nightly average temperature is generated every 4 hours, we can have
some confidence in this assumption.

Fourth, we assume that the atmosphere at mid-latitudes is generally free of aerosols
above 30 km when there are no active volcanic or fire events (Alain Hauchecorne
and M.-L. Chanin, 1980b). During less severe background aerosol conditions
(aerosol scattering ratio < 1.02), (Gross et al., 1997) suggests lidar temperature
cold biases due to Mie scattering are less than 0.5 K at 20 km.

In the UMLT the signal to noise ratio and the model derived a priori assumptions
for pressure and density are the main sources of error for the lidar temperature
retrieval method. This paper lays out a rigorous method for reducing the noise in
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this region of the lidar signal with the goal of producing more robust mesospheric
temperatures.

2.5.2 The Raw Counts Lidar Signal

When back-scattered photons are incident on the lidar receiver they are integrated
for a set period of time in the counting electronics. This ensures that the recorded
signals are based on a similar number of transmitted photons. In the case of LTA
a photon count profile, as a function of arrival time, is generated for every 5000
laser shots. Similarly for LiO3S a photon counts profile is produced for every 8000
laser shots. These measurements can be further integrated for the entire night to
increase the signal to noise ratio at the upper limit of the measurement range. We
use the speed of light to convert our profiles of photon count rate per second as a
function of arrival time at the detector to total photon count rate per second as a
function of altitude.

2
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FiGURE 2.3: Nightly integrated profiles for high and low gain

Rayleigh signals for LTA and LiO3S. The background for LTA ex-

tends to 246.23 km and for LiO3S extends to 154.13 km. A single

lidar profile for both LTA and LiO3S has a temporal resolution of

roughly 2 minutes and 45 seconds and a vertical resolution of 75
m.
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Figure 2.3 shows four nightly integrated OHP lidar count rate profiles as a func-
tion of altitude. Both lidar systems employ a high gain and a low gain channel to
extend the measurements over a greater altitude range. The lower altitudes (cor-
responding to the fastest signal return times) of each channel are either blocked by
a mechanical chopper or electronically blanked. This is done to avoid saturation of
the receiver assembly from very large signals in the lower atmosphere. Addition-
ally, each channel has a set of optics designed to minimise the noise, with greater
care being given to the high gain channels. These optics are fully described in the
instruments Sect. 2.4.1.

2.5.3 Identifying Outliers, Signal Spikes, Signal Induced
Noise, and Transient Electronic Interference

When retrieving lidar temperature profiles in the UMLT it is necessary to take
extra precautions to carefully remove outliers, spikes, and electronic contamina-
tion from each profile in both the background region and the signal regions. Any
contamination of the signal in the background region will be of the same order
of magnitude as the true signal and thus, have a disproportionate effect on the
temperature. An overestimation of the background due to localised signal contam-
ination will result in the removal of true photons, a lower estimated density, and
by the ideal gas law, a higher temperature. The shape of the temperature profile
itself will be distorted if there is a non-constant background. If it is not possible to
fully correct the issue it is highly recommended to exclude the entire profile from
the nightly analysis.

Spikes

Spikes in fast integration photon counting data are not always easy to spot but
can be defined as anomalously large, isolated, signal rates which occur in only
one altitude bin without affecting adjacent data. If not properly identified and
extracted from the data they can contribute to false temperature features and
inaccurate background estimations. The spikes can have many potential origins
(thermal or electronic imperfection in the photomultiplier, small charges in the
Licel digital recorder, interaction of the photocathode substrate with a cosmic ray;,
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or dozens of different kinds of electronic ‘cross-talk’ between all the instruments
at the observatory station) and are therefore impossible, in practical terms, to
completely prevent in the lidar data set, and completely impossible to prevent in
measurements which have already been made. Therefore, it is necessary to address
this problem using software during the analysis. It is particularly challenging to
separate small amplitude spikes when the signal to noise ratio approaches 1. It
is therefore necessary to establish a consistent criterion to determine which data
points belong to the the population of real lidar returns and which points are likely
contamination spikes. We have chosen to employ a straight forward Tukey Quartile
test (Tukey, 1949) on the difference between consecutively binned lidar returns as
this statistic is relatively insensitive to signal drift during the course of the night.
The quartile technique is equally useful in both regions of high signal returns as
well as the background regions and shows stability and consistency in identifying
outliers. Figure 2.4 is a plot of photon count rate as a function of binned arrival
time and shows an example of several photon count acquisitions plotted as a stack
plot with the black line representing the 20 limit on the population of lidar returns.
Data points above the black line are considered as signal contamination and are
removed from the analysis.

Count Difference
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FI1GURE 2.4: Tukey Quartile spike identification based on the signal

difference between consecutive lidar time bins for short integration

lidar returns. An entire night of lidar profiles is over-plotted in the

stack plot. The black line is the 2 sigma limit and points above this
line are removed.
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Transient Electronic Signals

Transient Electronic Signals (TES) are short lived bursts in the lidar acquisition
chain and may be internal to the system or related to nearby electronic interference.
Possible sources for these transients include photomultiplier ringing from signal
saturation, voltage fluctuations in the power supply, ambient RF signals, and
ground loops between lidar electronics and Ethernet switches with metal sheathed
cables. While these events are rare they can drastically alter the background and
resulting temperature profile by inducing wavelike structures into the data.

Unlike simple spikes these features have an amplitude, a duration, and an effect
on the counting rate in bins subsequent to the TES burst. In the example shown
in Fig. 2.5 is a surface plot of counts differences between consecutive altitude bins
for the first 100 altitude bins of lidar data. Each bin is 0.1 ps wide. This plot
shows profiles for a night of lidar data with each profile accounting for roughly 1.6
minutes of lidar data. We can see that the 22nd and 46th profiles are contaminated
by a TES with a duration of about 0.5 us. These signals cannot be detected using
the Tukey Quartile test as the time derivative of the photon return signal may not
be sufficiently far from the nightly population median. However, a 2-D kurtosis
test will consistently detect this type of signal contamination as a TES will induce
a large skew in the photon count rate population distribution. The kurtosis test
is done in the time dimension as well as with altitude to exclude false positives in
the photon count rate skew which may be due to clouds or aerosols. Figure 2.5
(bottom) shows a plot of the kurtosis in the population of photon counts in each
lidar profile and the red line shows the 20 estimation of total lidar profile skew.
Isolated profiles with a total kurtosis above this limit are excluded.
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FiGURE 2.5: Upper panel is a surface plot of lidar returns as a
function of time bin and profile number. For clarity, only the first
100 bins are shown in this plot. The test is carried out using all
bins of each profile. Two instances of TES can be seen as anomalous
peaks in the photon count rate. Lower panel is a summation of the
fourth statistical moment (kurtosis/skew) for each scan. The red
line indicates a 20 limit on the skew of the population. Points above
the limit are excluded.

Bad Profiles

After the removal of lidar profiles which suffer from clear signal contamination,
there may still be profiles which ought not be included in a lidar temperature anal-
ysis because they are outliers of poor quality compared to other profiles within the
same night. Conceptually, ‘bad profiles” are lidar profiles with a high background
and/or a low signal strength as compared to profiles measured shortly before or
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after the profile in question. These profiles need to be positively identified as not
belonging to the general population of nightly lidar profiles. Quantitatively, iden-
tifying a ‘bad profile’ is a challenge as both the background and the signal can
change abruptly over the night as the laser power drops or sky conditions change
(see Fig. 2.6 for an example). In the top panel of the figure we see the evolution of
the background for a night of lidar data. We might suggest that profiles 1 through
23 and profiles 36 through 46 might belong to one population and the rest (exclud-
ing profile 69) belong to a second population. However, when we look at the panel
representing the signal, it is equally reasonable to, instead, interpret the plot as
containing four groups. Each of these groups has similar signals which match fairly
well with the changes in the backgrounds shown in the panels above (profiles 1-23,
profiles 24-35, profiles 36 - 48 and profiles 49 - 92) . However, whether these four
groups of signals should be treated in analysis as two, three, or four distinct pop-
ulations is open to interpretation. Therefore, we seek an objective programmatic
solution for identifying bad profiles. We now show two approaches for attempting
to address the issue of changing signal quality.

In Fig. 2.6 the green margin is an attempt to identify ‘bad profiles” based on a
moving average approach however, this method cannot accommodate quick tran-
sitions in signal strength and results in false positives when signal quality changes
abruptly.
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120

The simple reality of ground based observation means that lidar signals clearly
detect changes in the viewing conditions such as moon-rise, thin cirrus clouds,
optically thick clouds, changing light pollution, as well as changes in signal qual-
ity. Systematically identifying outlier signals is further complicated as there can
be multiple signal to noise population medians during the course of the night.
To properly characterise the non-Gaussian distribution of profiles and determine

which should be excluded we require a non-parametric statistic.

We use a one

sided non-parametric Mann-Whitney-Wilcoxon rank-sum test (Mann and Whit-
ney, 1947) to identify lidar profiles which do not belong to the nightly population

or sub-populations of lidar profiles.
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FIGURE 2.7: Rank sum plots for a night of lidar data. Top panel is

the cumulative background count and the bottom panel is the cu-

mulative signal count. The signal to noise ratio of the rank summed

photon counts in each profile is evaluated using a Mann-Whitney-

Wilcoxon rank-sum test to determine if an individual lidar profile
belongs to the nightly population of lidar profiles.

Figure 2.7 shows the ranked sum of the background (noise) and signal counts for a
night of lidar data. We do not exclude the profiles which fail the test for having high
quality. The benefit of using this metric is that it allows us to have a standardised
definition of a ‘bad profile’ which takes into account the nightly median without
the assumption that the quality of lidar profiles is normally distributed. In this
example the first 13 profiles fail the rank-sum test and are discarded.
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Good Profiles

Given that our objective is to calculate accurate temperature profiles at the highest
possible altitudes we must quality test each profile that we choose to include in
the nightly average. It is possible to include partial profiles but that is not done in
this work. The conceptual difference between a ‘bad profile’ and a ‘good profile’
is that bad profiles are positively identified as outliers to the general population
whereas good profiles represent the portion of the population of profiles which
contribute more information than noise to the nightly average at a given altitude.
Consider that a poor quality lidar profile which has a signal to noise ratio of 1 at
70 km contributes more information from the signal than from the (background +
noise) at 60 km, but less information from the signal than from the (background
+ noise) at 80 km. Thus, we need a flexible metric to determine signal quality
over a diagnostic altitude which reflects the general signal quality of the night.

Quantitatively, we express this with a signal, S, to noise, N, inequality in Eq. (2.2).
The background (noise) of an individual profile, N;, is expressed as the summation
of photon counts in bins which fall between 120 km and 155 km and the nightly
background, Ngy, is the summation of all N; for the night. To determine a metric
for the nightly average lidar signal, Sg;,,,, we first calculate a quick density profile
and determine the lowest altitude where the signal to noise ratio equals 1. We
chose a cutoff value of SNR=1 because it is the least strict value we could use
which ensures that we have more information than noise (or, specifically, more
information than noise plus background counts), at the altitude within the density
profile where we begin the downward temperature integration. Had we chosen a
criterion which was less strict (SNR<1), we would expect to see more statistical
variability in the top altitudes of the temperature retrieval as a result of starting
the temperature integration in a region which contains more noise than signal.
Conversely, choosing a criterion which is too strict (SNR>>1) limits the maximum
altitude of the temperature retrieval as discussed in Sect. 2.5.6. The SNR =
1 point forms the upper bound of the altitude range from which we derive the
representative signal for the profile. The lower bound of this representative signal
range is defined to be one density scale height (~8 km) below the upper bound.
The lidar range bins which correspond to this altitude range are then summed
to yield Sgym. A similar calculation, using the same range bins as in the nightly
average calculation, is done to determine the signal of a single profile, S;. If a
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profile fails the inequality test then it is not included in further nightly analysis.

Ssum + Nsum < (Ssum - Si) + (Nsum - Ni) (2‘2)
Ssum - Si

Ssum

2.5.4 Noise Reduction

Statistical uncertainty in photon counting can be described by a Poisson distri-
bution based on the square root of the number of photons received. Systematic
uncertainties in the photon counts are introduced by ambient background light
(light pollution, moonlight etc.), thermal excitation in the photomultipliers (so-
called dark current), and signal induced noise. The first two sources of error are
minimised by using narrow filters in the optical receiver chain and by cooling the
photomultipliers. The signal induced noise can be very difficult to correct experi-
mentally and is usually estimated in data processing. This type of noise can occur
if the photomultipliers have become saturated at any point in the signal acqui-
sition process and often manifest as non-linear artefacts superimposed upon the
true photon count profile.

Figure 2.8 shows the reduction in the background noise due to recent hardware im-
provements. The first drop corresponds improvements made to the photomultiplier
cooling system which reduces the number of thermally excited electrons detected
at the photo cathode of the photomultiplier in the absence of signal from the sky.
The second drop in background counts results from replacing the Hamamatsu
R7600U-20 multi-alkali photomultiplier with the improved Hamamatsu R9880U-
110 photomultiplier having a super bi-alkali photo-cathode. The third and final
drop in background counts is a result of replacing a 532 nm optical filter which
has a width of 1 nm with a newer filter having a bandwidth of 0.3 nm. These
experimental modifications result in a 100 fold decrease in the background noise
and allows us greater confidence in our UMLT temperature retrievals. The regular
monthly variations in the signal which become apparent at lower noise levels are
due to the phase of the moon.
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Ficure 2.8: This figure shows the improvements in the back-

ground count rate due to photomultiplier cooling, new photomul-

tipliers, and new optical filters. Note the logarithmic y-axis and

the total reduction of background counts by more than 2 orders of
magnitude.

2.5.5 Corrections Applied Before Temperature Calculation

In the previous subsection we detailed the process for removing bad data points
and profiles from our nightly lidar measurement. In this subsection we will detail
several corrections to our remaining photon count profiles which correct for signal
saturation, atmospheric transmission, and background estimation.

Deadtime Correction

The OHP lidars measure photons using photomultipliers and a digitising signal
counter. This system is highly efficient at detecting low signals and is optimised for
single photon returns in the UMLT. However, given that the returned lidar signal
directly follows the exponential density of the atmosphere, the photomultipliers
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and counting systems are susceptible to missing photons at lower altitudes due to
high count rates. To correct for this saturation effect we can estimate a correction
coefficient, T, also referred to as a deadtime.

The background theory and derivation of Eq. (2.3) is well described by (Donovan,
Whiteway, and Carswell, 1993), where N,,ceiveq is the number of photons incident
on the PMT per measurement time interval and N_,,,t04 is the number of pho-
tons per measurement time interval which are actually counted by the system. In
general, Neounted < Nyeceived due to effects of the system deadtime. This deadtime
correction can be calculated based on factory specification of the counting elec-
tronics, a theoretically derived deadtime, or it can be measured directly using a
low gain lidar channel. The OHP lidars measure the deadtime directly and cor-
rect for saturation in the high gain channels with information from the low gain
channels. If the low gain channel is not available a theoretical correction of 7 ns
is applied to pre-2013 data and 4 ns is applied to more recent data following the
installation of a Licel digital recorder.

In order to measure the deadtime experimentally, we assume that the low gain
channel, because it has low photon count rates, will always operate in the linear
response regime and will never suffer from deadtime effects. Thus, it represents a
value proportional to the ‘true’ rate for returned photons for each altitude. Once
scaled by a constant (e.g. using MSIS or another model), we can use this count
rate as Nyeceived-

The high gain channel, conversely, measures higher photon count rates at every
altitude than the low gain channel does. Similarly to the low gain channel, at
the low end of its dynamic range, the high gain channel operates linearly, and
therefore represents a value proportional to the ‘true’ rate for returned photons
for each altitude. The constant of proportionality is different for low and high
gain channels. At low count rates, the scaled counts measured by the high gain
and low gain channels are equal. As photon count rates move into the higher
end of the high gain channel’s dynamic range, deadtime begins to have an effect:
The high gain channel will measure too few photons compared to the ‘true’ rate;
the number of photons which are returned to the lidar. Therefore, we call the
scaled high gain count rate Nj,,corrected 0 Eq. (2.3); it has not yet been dead time
corrected. We will refer to the deadtime corrected scaled high gain count rate as
Njie. Equation (2.3) is used several times. First, we use data only from altitudes
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for which the low gain and high gain channels both have measurements (nominally
40 to 60 km). We iterate through various values of T, calculating a Ny, for each
Nyncorrected Value. This is carried out until the difference between Nigprecteq (from
the high gain channel) and N,eepiveq (from the low gain channel) is minimised. This
determines the dead time of the system, 7. Next, Eq. (2.3) is used again, using
the measured nightly value for T, to calculate Ny for all N, corrected high gain
channel measurements. This allows us to correct the high gain measurements for
the entire profile.

T* Nuncorrected) (2.3>

thc = Nuncorrected * exP( At

Atmospheric Transmission Correction

To correct for Rayleigh and ozone extinction we use MSIS-90 model (Picone et al.,
2002) to generate a vertical profile of ozone, molecular oxygen, oxygen radical,
molecular nitrogen, and argon, and then apply the correct Rayleigh cross-section
to each species. This method is adapted from (Argall, 2007) and is important for
accurate retrievals of density and neutral temperature in the UMLT. Correction
for aerosols is not done in this work as we assume that the atmosphere is generally
clean above 30 km (Alain Hauchecorne and M.-L. Chanin, 1930b).

Defining the Background

Normally, we assume that the rate of counted photons per laser shot is constant
in the background region during the signal acquisition time and can therefore be
approximated by a simple Poisson distribution. We further assume that in this
background region we are not measuring returned photons from the laser signal
but instead are measuring ambient sky light. However, if there is non-linear signal
induced noise in the photon counting chain, the number of counted photons is not
constant with time during the acquisition period of a single laser shot. When this
occurs we cannot assume that the variation in the background is a strictly Poisson
distribution around a constant expected value.
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If left uncorrected, we risk overestimating the number of ‘true’ photons returned
from the upper atmosphere and the result is an artificially dense and cold UMLT.
Erring on the side of caution we fit three backgrounds (constant, linear, and
quadratic) to each nightly summed profile, in a standard diagnostic region, and
choose the function with the best Chi-squared goodness of fit as our estimate of
signal induced noise. The best background function is subtracted from the raw
photon counts profile. Shown in Fig. 2.9 is an example of a night where the low
gain Rayleigh channel (blue) experienced signal induced noise which was best ap-
proximated by a quadratic function; the high gain Rayleigh channel (red) had a
background best estimated by a small negative linear function; and the nitrogen
Raman channel (green) had no apparent signal induced noise and was fit with a
constant background. The optimal solution for non-linear signal induced noise is
to determine the contribution of both the signal and the noise using exponential
fits however, we have found that method to be extremely sensitive to the choice
of background diagnostic region and was less stable than the simple quadratic
approximation.

We have some confidence that the quadratic background correction to the low gain
channel correctly approximates the moderate non-linear signal induced error be-
cause we can compare the corrected low gain channels to the high gain channel. In
the overlap region we have two channels making coincident measurements and we
can safely assume that the response rate for the high gain channel is linear. There-
fore, a correction for signal induced noise in the low gain channel which brings the
resulting low gain count rates into the closest agreement with the high gain chan-
nel count rates at the same altitudes will be the optimal choice for the correction.
In some cases, the quadratic correction for signal induced noise in the low gain
channel yields better agreement than the constant or linear corrections, in which
case it is employed. The best individual choice (constant, linear, quadratic) is used
for each profile. We believe these empirical corrections to be sufficient, because (a)
the resulting agreement with the high gain channel improves as compared to the
uncorrected profile, (b) the resulting corrected low gain count profiles are generally
equal to the high gain count profiles to within statistical uncertainty, and (c) for
the few cases in which the empirical correction ultimately fails, this will be appar-
ent by the corrected signal retaining poor SNR values. The melding procedures of
Section 3.6 weight the combined high and low gain Rayleigh channels according
to SNR, and so in these cases, the poorly-corrected low gain contributions to the
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final melded counts profile will be negligible, and all information will be obtained
from the high gain channel.

For the quadratic case, as soon as there is signal induced noise the profiles no
longer represent Poisson distributions as the count rate in each lidar bin is no
longer fully independent of the count rates in the bins on either side of it. There-
fore, precise calculations of the SNR would require the addition in quadrature of
real noise (from sky background and signal photon counts) and contamination
noise (from signal induced noise). Here, however, we make the assumption that
the signal induced noise is able to be completely removed from the raw profiles
with the subtraction of the quadratic function. We therefore interpret the back-
ground subtracted profiles to obey approximately Poisson distributions, thereby
approximating the total noise in the profile to the noise of only the real photons,
which can be treated as uncorrelated. Our standard altitude range for background
selection is 120 km to 155 km but this number is system and channel specific. To
illustrate this point we compare the background regions of the high gain Rayleigh
channel (red) and the nitrogen Raman channel (green) in Fig. 2.9. The nitrogen
Raman channel background could be calculated from 50 to 155 km or 120 to 155
km and yield the same result.
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FIGURE 2.9: An example of non-linear signal induced noise in

the low gain Rayleigh channel best estimated by a quadratic back-

ground. Also shown is the high gain Rayleigh channel (red) with a

background best fit by a negative linear function and the nitrogen

Raman channel (green) with no apparent signal induced noise and
a constant background.

2.5.6 Temperature Inversion Equation

The standard NDACC algorithm for Rayleigh temperature retrieval is the
Hauchecorne-Chanin (HC) method (Alain Hauchecorne and M.-L. Chanin, 1980b)
which makes a scalar normalisation of the photon-count profile to an in-situ density
measurement or to a density calculated from a model like CIRA-72, SPARC-80, or
MSIS-90. From a density gradient profile we calculate a pressure gradient profile
Eq. (2.4) and using the ideal gas law, Eq. (2.5), we can arrive at an expression
for pressure, Eq. (2.6). Here P is pressure, z is altitude above the lidar station,
p is density, g is the latitude dependent acceleration due to gravity for an ellip-
soid Earth given by the Somigliana formula, R is the ideal gas constant, T is the
temperature, and M is the molecular mass.

dP(z) = —p(z)g(z)dz (2.4)
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ple) = RITE .
dP(z) _ Mg(z), _
P(z) =~ RT(2) dz = d(log(P(z))) (2.6)

The crux of the challenge for initialising the lidar equation lies in the non-linear
nature of Eq. (2.6) which will necessitate the introduction of an a priori esti-
mate of pressure at the top of the atmosphere followed by an iterative approach
to retrieving the profile at lower attitudes. A full theoretical description of this
problem was well laid out by (J. Khanna et al., 2012). In this work we have chosen
to take our initial a priori seed pressure value, P(z1), from the MSIS-90 model.
We now arrive at an iterative expression for the generation of the pressure profile
as a function of altitude Eq. (2.7).

(2.7)

Given our iteratively generated pressure profile we can do an inverse calculation
to map our pressures to a set of temperatures using Eq. (2.8) and Eq. (2.9).
This iteration starts at the top of the atmosphere, in a region of low signal to
noise and thus of large relative uncertainty, and proceeds downwards in altitude
and becomes exponentially less uncertain with each step as signal quality improves
with increasing atmospheric pressure. As we iterate downward the influence of our
choice of a priori pressure becomes less significant and the calculated temperature
profile becomes entirely data driven.

T(z;) = Mg(zi) Az (2.9)

~ Rlog(1+ X;)
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In order to calculate a single temperature profile from 5 km to above 80 km we
meld the photon counts from the high and low gain Rayleigh channels together
with the counts from the Ny Raman channel. The slope of the logarithm of each
of the three photon counts profiles is compared to a synthetic lidar counts profile
generated based on the nightly average MSIS-90 density profile. The comparison
gives us a first estimation of the linearity and alignment of the lidar data. We
then select a clear linear region of each profile to use in calculating a MSIS derived
scaling factor for each profile. This procedure allows the top of the nitrogen Raman
profile to be melded to the bottom of the low gain Rayleigh profile and the top of
the low gain Rayleigh profile to be melded to the bottom of the high gain Rayleigh
profile. The melding calculation is conducted over a signal-to-noise defined altitude
range and is a straightforward weighted average. The resulting melded density and
pressure profiles are used to generate a single nightly average temperature profile
like the one shown in Fig. 2.10. The use of MSIS-90 as a scalar density reference
for the synthetic lidar profile does not affect the final lidar temperature profile
which depends only on the relative density and not the absolute value. We follow
similar procedures to those described by (Alpers et al., 2004).
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FIcURE 2.10: An example of a nightly average melded tempera-

ture profile from two Rayleigh channels and one Raman channel.

The profile is calculated at 300 m vertical resolution from a single

combined photon count profile and has a maximum relative error

near 80 km of 30%. Black line is the MSIS-90 temperature profile

which corresponds to the MSIS-90 pressure and density information
we used as an a priori.

Where to start the inversion

As can be seen in Eq. (2.8) and Eq. (2.9) the calculation of lidar temperature
requires an a priori guess of pressure at the top of the atmosphere and a relative
density gradient. Given that the signal to noise in the UMLT can be very low, the
choice of a priori as well as the uncertainties in the density gradient can have a very
large effect on the temperature profile (J. Khanna, R. J. Sica, and McElroy, 2011).
As a result, it is prudent to remove the top 15 km of the retrieval to minimise
the contribution of the a priori (T. Leblanc, McDermid, Philippe Keckhut, et al.,
1998).

In our treatment the a priori pressure is selected at the altitude where the signal
to noise ratio in a smoothed photon counts profile is 1. The resulting tempera-
ture profile is subsequently cut when the relative error exceeds 30 percent. This
treatment is not the optimal solution for the retrieval altitude as a fully Bayesian
algorithm is required to properly characterise the influence of the a priori choice
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(R. Sica and Haefele, 2015). However, we believe that our signal to noise metric
is sufficiently rigorous, and more importantly reproducible.

2.6 Net result of temperature algorithm modifi-
cations

The NDACC algorithm contains such corrections as deadtime, background, and
transmission. The new algorithm improves upon the background correction and
identification of bad profiles, and introduces corrections for: signal spikes, TES,
identification of good profiles, and noise reduction, all which have not previously
been addressed by the NDACC algorithm.

The LTA data is recorded and saved at 75 m resolution. The spike and TES
corrections described in sect.2.5.3 and 2.5.3 are carried out at this resolution.
Then the profiles are integrated to 300 m, at which point the remainder of the
corrections in Section 3 are applied.

Temperature profiles using the new algorithm are calculated at 300 m resolution
for LTA, and are plotted as the green line in Fig. 2.11. This is higher resolu-
tion than the standard NDACC temperature resolution, which is 1 km, smoothed
to 2 km effective vertical resolution. The LTA NDACC-calculated temperatures
(black line in Fig. 2.11) are plotted at 2 km effective resolution. By implementing
the new algorithm, we have cooled the UMLT lidar temperature retrievals with
respect to the standard NDACC temperature algorithm. The modifications cool
the mesospheric retrievals by approximately 5 K near 85 km and 20 K by 90 km.
There is no significant difference between the new and the NDACC algorithms for
LTA below 70 km.

Temperature profiles calculated for LiO3S are all carried out using the NDACC
algorithm at an effective vertical resolution of 2 km, and these are shown as the
orange line in Fig. 2.11. Whereas the LTA NDACC algorithm results are warmer
than the LiO3S NDACC algorithm results above 70 km, we now see that the LTA
new algorithm results are cooled sufficiently that they more closely match the
LiO3S measurements up to 78 km. Therefore the corrections for LTA proposed
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in the new algorithm represent a significant improvement over the LTA NDACC
algorithm for altitudes above 70 km.

A comparison with temperature retrievals from the satellites MLS (red line in
Fig. 2.11) and SABER (blue with shaded ensemble variance), and with the MSIS-
90 model (magenta line in Fig. 2.11), also shows an improvement in the LTA
temperatures retrieved using the new algorithm as compared to the LTA NDACC
algorithm. By implementing the techniques described in the sections above we
can account for nearly half of the temperature difference between the lidar and
the satellites at 90 km. The character change in the difference functions above and
below 84 km is in part due to the increasing contributions of the species specific
Rayleigh back-scattering correction and the corrections to the gravity vector. The
remaining temperature difference between the improved lidar temperatures (green)
and the satellites and model may be in part due to distortions in the satellite
a priori for the geopotential vector. This possibility is explored further in the
companion paper, and all coincidence criteria for the satellite comparisons are
available therein (R. Wing, A. Hauchecorne, P. Keckhut, Godin-Beekmann, S.
Khaykin, and McCullough, 2018D).

It is important to note that additional complications exist when comparing tem-
peratures derived from ground based lidars to temperatures derived from satellite
data which have their own calibration concerns. We explore the issues of lidar-
satellite comparison in part B of this paper (R. Wing, A. Hauchecorne, P. Keckhut,
Godin-Beekmann, S. Khaykin, and McCullough, 2018b). A co-located ground-
based resonance Doppler or Boltzmann lidar would provide a better comparison
data set as resonance lidars have high signal to noise ratios above 75 km (Alpers
et al., 2004).
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FicURE 2.11: Ensemble temperature differences from NDACC

standard LTA Rayleigh temperatures (black). MLS (red), SABER

(blue with shaded ensemble variance), MSIS-90 (magenta), LiO3S

(orange), and LTA Rayleigh temperatures with corrections given in
this work (green).

2.7 20 Year Comparison of OHP Lidar Temper-
atures

Conducting systematic inter-comparisons between independent lidar systems is
essential for assuring data quality and is a requirement for NDACC certified in-
struments. Most comparisons are conducted on a campaign basis where two or
more lidar systems are co-located and make coincident measurements. A good
example of this type of work was the stratospheric lidar and Upper Atmospheric
Research Satellite (UARS) validation campaign (Singh et al., 1996a). The present
study proposes a completely novel type of inter-lidar study on the long term sta-
bility of the Rayleigh lidar technique. The first step in our analysis is to compare
the temperature profiles from the LTA and LiO3S systems. LTA temperatures
were calculated using the OHP NDACC temperature code and LiO3S tempera-
tures were calculated using a modified version of the same code. There are very
few significant differences between these two codes. The most important difference
involves the choice of parameters for melding the high and low gain channels for
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the two systems. Given the differences in the relative gain between the four lidar
channels being considered, the melding of LiO3S often occurs at a lower altitude
than LTA. The present study considers temperatures between 35 km and 75 km
to ensure that we are well above any contamination from aerosols and below any
significant initialization errors. From Fig. 2.11 we can see that there is no signifi-
cant difference in the temperature outputs of these two algorithms (black baseline
and orange) or with the improved algorithm (green) below 75 km.

We selected the data from 1993 to 2013 for the comparison as both instruments
operated regularly and without significant design changes during this time. Since
the lidars are co-located and are operated by the same technicians they often
make measurements simultaneously. Figure 2.12 shows the average number of
measurements per month made by the LTA and LiO3S which were included in this
study as well as the average number of common measurements per month. We
defined common measurement times based on more than 80% temporal overlap,
good quality profiles in both systems, and good internal alignment of both lidars.
Of the 2482 nights of LTA data and 3194 nights of LiO3S, 1496 nights met our
criteria for coincidence.

12 B LiO3S W LTA B Common

10

Average Measurements per Month
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FIGURE 2.12: Average number of OHP lidar temperature measure-
ments per month during the period of 1993-2013.
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Figure 2.13 shows the nightly temperature differences between the two lidar sys-
tems. The 20 year data set contains 1496 coincident measurements lasting longer
than four hours. Black vertical rectangles indicate some of the time periods where
the high or low gain channels were misaligned in one or the other lidar. Internal
misalignments happen when one or more of the five mirrors in LTA or four mirrors
in LiO3S are not properly aligned with the laser or the fibre optic is not centred
on the focal point of the mirror. A few of these time periods can be associated
with minor system modifications. Misaligned lidar signals were identified by com-
paring the slopes of the density profiles in the high (generally above 50 km) and
low (below ~50 km) gain channels of each system. A simple chi-squared test was
used to detect these nights and exclude them from the rest of the analysis. It is
possible that the criteria described above for identifying periods of misalignment
is not yet stringent enough. Therefore, one limitation of the OHP measurements
in terms of accuracy, and depending on time scale, also precision, is the influ-
ence of periods of misalignment that have not been programmatically identified.
An ideal solution would be to have an independent method of monitoring mirror
alignment, during atmospheric measurements (e.g. installation of a small sighting
telescope to measure the alignment coupled with an automatic fibre optic align-
ment system). With the existing data set from OHP extending back two decades,
we unfortunately cannot retrospectively address such a hardware goal, but there
may be opportunities in future to look into the effects of choosing different criteria
to identify periods of misalignment.
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F1GURE 2.13: Temperature differences between LTA and LiO3S

OHP lidars for a 20 year period between 1993 and 2013. There are

1496 nights of comparison in this plot. Red indicates that LiO3S

was warmer than LTA and blue that it was colder. The black boxes

highlight periods where the two lidars were out of alignment with
respect to each other.

Figure 2.14 shows four curves depicting the average temperature differences as a
function of altitude and year. The red curve is the average temperature difference
between 65 km and 75 km with an average standard deviation of 6.6 K; the green
curve is the average temperature difference between 55 km and 65 km with an
average standard deviation of 4.5 K; the blue curve is the average temperature
difference between 45 km and 55 km with an average standard deviation of 2.7 K;
and the magenta curve is the average temperature difference between 35 km and
45 km with an average standard deviation of 1.6 K. A 30 day averaging window
is applied to each of the four curves.

For reference, a typical LTA temperature profile with an effective vertical resolution
of 2 km has an uncertainty due to statistical error of 0.2 K at 40 km; 0.4 K at 50
km; 0.6 K at 60 km; 0.7 K at 70 km; 1.8 K at 80 km; and 6 K at 90 km. For
reference, a typical LiO3S temperature profile with an effective vertical resolution
of 2 km has an uncertainty due to statistical error of 0.3 K at 40 km; 0.5 K at 50
km; 1.0 K at 60 km; 2.7 K at 70 km; and 10 K at 80 km.
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Examining the time evolution of the average temperature differences between LTA
and LiO3S at four altitude levels gives us confidence that both measurements are
stable in both time and altitude. Using all data, including misaligned periods (ex-
ample: winter 2006-2007 in Fig. 2.13 and Fig. 2.14) none of the lidar temperature
differences are significant at the 2-sigma level, although certain periods do have
temperature differences which are detectable at the 1-sigma level. This can be
seen where the blue shaded region (2005 - 2008) and the magenta shaded region
(in 2007) are entirely above the zero line. If the misaligned periods are disregarded,
no temperature differences are significant, even at the 1-sigma level. Therefore,
we conclude that the results from the lidars, when well-aligned, are stable in time,
over the 20-year period studied.
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FIGURE 2.14: Average temperature differences between LTA and
LiO3S OHP lidars for a 20 year period between 1993 and 2013 at
four altitude levels: 65-75 km (red), 55-65 km (green), 45-55 km
(blue), and 35-45 km (magenta). Shaded uncertainties are shown at
1 sigma for clarity and the black lines are zero temperature differ-
ence displaced to 40, 50, 60 and 70 km. All measurements, including
periods of lidar misalignment, are included in this plot. The ap-
parent anomalies (blue arrows) occur only during times where the
lidars were often misaligned, as indicated in Fig. 2.13.

After removing comparisons between misaligned instruments we can calculate the
ensemble median difference between the two systems. The ensemble median dif-
ference in Fig. 2.15 shows very good agreement between the two co-located lidar
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instruments. The temperatures produced by LTA and LiOs3S are statistically equal
above 45 km for the 20 year period between 1993 and 2013. There is a small —0.6
K systematic difference which reaches a maximum near 40 km. We believe this
slight cold bias is due to small differences in the signal melding technique between
the high and low gain channels in both systems. On a typical night, the LTA low
gain channel starts to significantly contribute to the combined signal near 50 km.
If the photon count rate in the low gain channel is too large at these altitudes
(due to residual noise contributions or from a slight misalignment with the high
channel) the counts will be artificially higher than expected, resulting in a lower
temperature. The converse holds true when the low gain channel is misaligned
in the opposite sense, resulting in a slight warming due to underestimation of the
counts.

The effect of these small temperature perturbations is so small that they can’t be
seen in single nightly temperature comparisons and were not detected before this
study. It is important to note that the 2¢ distribution about our ensemble at 40
km has a magnitude of approximately 0.45 K while the statistical error for a single
night of lidar measurements near 40 km at 300 m vertical resolution can be on the
order of 2 K. Detecting and resolving this small disagreement will be extremely
challenging and will not be accomplished in this work.

Given that the primary interest of this work is the upper middle atmosphere (nom-
inally above 50 km), we will focus on the upper portions of Fig. 2.15 where the
two lidars are in statistically perfect agreement. To our knowledge, this is the first
ever long term study of the temperatures produced by co-located temperature li-
dars operating at 532 nm and 355 nm. The excellent agreement between these
two independent measurements gives us confidence that A) there is no vertical
misalignment between the lidars, B) there are no unaccounted for optical trans-
mission effects which influence our temperatures, C) the lidar measurements are
reasonable and reproducible, D) we can now proceed with some confidence that
our ground based lidar measurements can be useful as a calibration source for the
space based satellite measurements.
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FIGURE 2.15: Ensemble of median temperature differences be-

tween LTA and LiO3S based on temperature measurements between

1993 and 2013. Shaded error is the two sigma distribution about
the ensemble.

2.8 Conclusions

2.8.1 Changes to Lidar Temperature Algorithm

In this work we have attempted to minimise the systematic temperature bias
at the top of the lidar temperature retrieval which has been noted previously
by several studies cited in the introduction. We have done this by clearly and
carefully outlining a rigorous, and complete algorithm for the calculation of lidar
temperatures in the UMLT. We have presented techniques for the detection of
signal contamination, the selection of the best data for inclusion in the calculation,
criteria for where to initialised the inversion when assuming an a priori pressure at
the top of the atmosphere, and have demonstrated the benefit of photomultiplier
cooling and narrow band pass filters to reduce lidar backgrounds.

After applying our techniques we have seen a reduction in the calculated values
of the high altitude lidar temperatures which brings them into better agreement
with the temperatures measured by both MLS and SABER (Fig. 2.11). It is also
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important to note the large variance associated with these ensemble differences
can partially be attributed to the lack of control exerted on the error contribution
from the choice of a priori initial pressure for lidar data and a priori contribution
and non-LTE effects for satellite data. Part of the difference may also be due to
altitude offsets and coarse vertical resolution.

Having applied these new data filtering techniques we have produced an improved
lidar temperature data set which is exploited in the companion paper (R. Wing, A.
Hauchecorne, P. Keckhut, Godin-Beekmann, S. Khaykin, and McCullough, 2018b)
in an effort to validate satellite temperatures.

2.8.2 OHP Lidar 20 Year Comparison

We have conducted the first ever decadal temperature inter comparison between
a co-located 532 nm Rayleigh lidar and an ozone DIAL system calculating tem-
peratures from a 355 nm line. We have shown that:

1) Rayleigh lidar temperatures calculated from ozone DIAL non-absorbing 355
nm line are statistically equal to temperatures from a traditional 532 nm Rayleigh
temperature lidar over a large altitude range. This finding is of particular interest
for the NDACC lidar temperature database as temperatures from ozone lidars may
also be available for validation and inclusion.

2) Further theoretical work must be done on algorithms for melding data from
high and low gain photon counting channels. The current techniques produce sta-
tistically identical nightly temperature profiles however, a -0.6 K bias near 40 km
becomes apparent when multiple years of data are compared. It is doubtful that
current data processing techniques can be easily adapted to address this problem.
However, an iterative, cost minimising, Bayesian approach such as the one pro-
posed by (R. Sica and Haefele, 2015) would be able to produce a single melded
temperature profile with the accompanying averaging kernels and an estimate of
the error due to the photon count melding. As a lidar development note, Fig. 2.13
demonstrates the need move towards the use of automated nightly alignment of
lidar system optics. Manual alignment by operators appears to lack consistency
over the time frame of multiple decades.
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3) The two independent lidars show no evidence of significant instrument drift
over a 20 year period. This means that ground based lidars are the ideal choice of
instrument for detecting small calibration drifts in satellite remote measurements
over long time scales. We rely on this finding to justify the use of lidars as a
reference data set for satellite validation in the companion paper R. Wing, A.
Hauchecorne, P. Keckhut, Godin-Beekmann, S. Khaykin, and McCullough, 2018b.

4) There is no evidence of a relative vertical offset between the two independently
calibrated lidar systems which would be seen as an ‘S’ shaped temperature bias in
Fig. 2.15 due to the sign change in temperature vertical gradient at the stratopause
(T. Leblanc et al., 1998a). Based on personal communication, recent July-August
2017 and March 2018 NDACC Ozone validation campaign at OHP (LAVANDE)
revealed no vertical shifts between either OHP lidar and the NASA STROZ mobile
validation lidar (McGee et al., 1995).
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3.1 Author Contribution

Robin Wing conceived of the study idea systematically compare OHP lidar tem-
perature profiles to MLS and SABER over a decadal time span. He conducted
sensitivity testing and wrote the codes for a data selection and coincidence cri-
teria. He ran the comparison between the ground and space based temperature
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temperature differences and developed the idea to shift the stratopause height to
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lough, E. M. (2018). Lidar temperature series in the middle atmosphere as a reference data set.
Part B: Assessment of temperature observations from MLS/Aura and SABER/TIMED satellites,
Atmospheric Measurement Techniques, European Geosciences Union, pp.(Under Review).
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3.2 Abstract

We have compared 2433 nights of Rayleigh lidar temperatures measured at
L’Observatoire de Haute Provence (OHP) with co-located temperature measure-
ments from the Microwave Limb Sounder (MLS) and the Sounding of the At-
mosphere by Broadband Emission Radiometry instrument (SABER). The com-
parisons were conducted using data from January 2002 to March 2018 in the
geographic region around the observatory (43.93° N, 5.71° E). We have found sys-
tematic differences between the temperatures measured from the ground based
lidar and those measured from the satellites which suggest non-linear distortions
in the satellite altitude retrievals. We see a winter stratopause cold bias in the
satellite measurements with respect to the lidar (-6 K for SABER and -17K for
MLS), a summer mesospheric warm bias (6 K near 60 km), and a vertically struc-
tured bias for MLS (-4 to 4K). We have corrected the stratopause height of the
satellite measurements using the lidar temperatures and have seen an improvement
in the comparison. The winter relative cold bias between the lidar and SABER
has been reduced to 1 K in both the stratosphere and mesosphere and the summer
mesospheric warm bias is reduced to 2 K. Stratopause altitude corrections have
reduced the relative cold bias between the lidar and MLS by 4 K in the early au-
tumn and late spring but were unable to address the vertical artefacts in the MLS
temperature profiles.

3.3 Introduction

Satellite atmospheric measurements are vital for providing global assessments of
long term atmospheric temperature trends. However, particular care must be
taken to validate each new satellite as well as provide periodic ground checks for
the entire instrument lifetime in order to counter drifts in calibration and local
measurement time (Wuebbles, Fahey, and Hibbard, 2016). Changes in satellite
measurements can occur over the course of a mission due to instrument degra-
dation, calibration uncertainties, orbit changes, and errors/assumptions in the
forward model parameters. Additionally, most mission planning agencies have
guidelines which require that satellite programs conduct formal validation studies
to ensure accuracy and stability of the measurements (Council, 2007).
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3.3.1 Lidar as a Validation Tool

Rayleigh lidar remote sounding of atmospheric density and temperature is an ex-
cellent tool for use in validating satellite measurements over a specified geographic
area and vertical range. Lidars can make routine high resolution measurements
over a large portion of the middle atmosphere in regions which are notoriously
difficult for other techniques to measure routinely or precisely. There are three
key strengths in the Rayleigh lidar technique which set it apart from other atmo-
spheric sounders. First is the ability to retrieve an absolute temperature profile
from a measured relative density profile with very high spatio-temporal accuracy
and precision. Second, lidars measure range by measuring the time required for
a back-scattered photon to return to the station and be recorded by the photon
counting electronics. The current OHP lidar uses a Licel digital recorder and has a
sampling 40 MHz which corresponds to a vertical resolution of 7.5 m. The uncer-
tainty on the sampling rate is negligible however, there is the possibility of trigger
delay and jitter in the counting electronics of 50 + 12.5 ns Licel, 2018 contributing
a maximum possible uncertainty of 18.25 + 3.25 m in the raw lidar measurement.
This error is constant with altitude which allows us to sample the upper middle
atmosphere with the same range resolved confidence as the lower middle atmo-
sphere and troposphere. Third, as a benefit of active remote sensing raw lidar
measurements don’t suffer from vertical distortion in the altitude vector. Each
altitude level in a lidar measurement corresponds to an independent collection of
back-scattered photons which are returning at a defined time from a given altitude
range. In contrast, passive remote sensors such as limb scanning satellites can suf-
fer biases at high altitudes due to: radiometric and spectral calibration, field of
view and antenna transmission efficiency, satellite pointing uncertainty, as well
as biases introduced by the forward model (Schwartz et al., 2008). Additionally,
many satellites like MLS are optimised for tropospheric and lower stratospheric
measurements and conduct faster scans with fewer channels at higher altitudes
(N. J. Livesey et al., 2006). These different biases can exist simultaneously in
both the retrievals of temperature and pressure and can be considered, in part, as
distortions in the altitude vector when compared to lidar measurements.
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3.3.2 Previous Lidar-Satellite Temperature Studies

Previous studies comparing ground based lidar and satellite measurements of tem-
perature have often used Sodium Resonance lidars to compare the lidar derived
neutral temperature between 85km and 105km to satellite temperatures in the
mesopause region. Studies of this sort have generally shown good agreement be-
tween ground and satellite observations (Xu et al., 2006). Due to the strength of
Na lidars in the upper mesosphere they naturally lend themselves well to studies
of tides and wave breaking dynamics.

Coincident with this work (Dawkins et al., 2018) submitted a comparison of tem-
perature profiles from 9 different metal resonance lidars with temperature profiles
from SABER from 75 to 105 km. At all sites they found that SABER temper-
atures were cooler than the lidar temperatures by -9.9 (£9.7) K at 80 km. The
study used coincidence criteria of +15° longitude, +5° latitude, and £30 min-
utes between the lidar and satellite profiles. A weak and unexplained mesospheric
summer bias was also reported. In the supplemental material to (Dawkins et al.,
2018) a sensitivity study was done for SABER overpasses as a function of season
and size of the co-location area. They found no significant differences between a
co-location area with a longitudinal size of +5° and +15°.

A study by (Yuan et al., 2010) compared Na lidar and SABER temperatures in
the context of a 6 year tidal analysis. They found semiannual disagreements in the
tidal amplitude around the spring and autumn equinoxes with a maximum differ-
ence of 12K near 90 km occurring in February. Several explanations and partial
corrections were offered but the phenomenon is robust and the authors concluded
that further study was required to fully resolve the temperature discrepancy. Stud-
ies have also been done comparing temperatures calculated from the Rayleigh lidar
technique and those derived from SABER and MLS observations. (Taori, Dashora,
et al., 2011; Taori, Jayaraman, et al., 2012; Taori, Kamalakar, et al., 2012) com-
prise an excellence series of publications using multiple instruments to measure
the atmospheric temperature from 40km to 100km. These works found good
agreement between the lidar and SABER up to 65km and significant initializa-
tion errors in the lidar of up to 25 K near 90 km. We have partially accounted for
this initialization induced lidar warm bias in the companion paper (Robin Wing
et al., 2018a). Our work here offers two improvements on these three publications.
Firstly, we have not focused as much on case studies but rather on the statistics of
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nearly a decade of lidar-satellite inter-comparisons. Secondly, we have conducted
our comparisons on a 1km grid in an effort to match small scale features in the
temperature profiles.

A good lidar to satellite temperature comparison was done by (Siva Kumar, Rao,
and Krishnaiah, 2003) using 240 nights of lidar temperatures, temperatures from
UARS, and model temperatures from CIRA-86 and MSIS-90. They compared
monthly and seasonal averages and found significant semiannual temperature
anomalies in the region of 45 — 50 km in February-March and September-October
as well as initialization related biases above 70 km. A second study by the same
authors compared 14 years of monthly average lidar temperatures to temperatures
from the satellites SABER, HALOE, COSMIC, and CHAMP (V. Sivakumar et al.,
2011). As with the previous study temperature anomalies of 3-5 K were identified
in the region near the stratopause. The differences were attributed to monthly
averaging and slight differences in measurement time and location of the lidar and
satellites. The approach employed in our work is to make comparisons of nightly
averages and then study the monthly median of the temperature differences — an
approach which will allow for finer temporal precision.

Another study which compares 120 nights of Rayleigh lidar temperatures mea-
sured over Beijing to temperatures from SABER over the course of one year found
good agreement between monthly average temperature profiles (Yue et al., 2014).
This study found winter time temperature anomalies in the stratopause region and
attempted to account for these features by fitting an annual, semi-annual, and 3
month sinusoid to the data. The objective of our study is similar to that of Yue et
al., 2014 insofar as we are interested in the time evolution of lidar-satellite temper-
ature comparisons and identifying potential seasonal or decadal trends. However,
we are seeking to make nightly temperature comparisons between lidar and two
satellites, SABER and MLS, over multiple years without assuming large contri-
butions from an Annual Oscillation (AO) or its harmonics. Our study uses more
than 9 times as many coincident measurements and spans the entire SABER data
record.

Further study of seasonal temperature anomalies between ground based lidar and
SABER was done by (Dou et al., 2009) comparing 2332 nights of lidar data from 6
different sites in the Network for the Detection of Composition Change (NDACC)
to zonally averaged temperature profiles from SABER. This study found a 2-5 K
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systematic bias in the stratopause region and concluded that this result may be
due to either a bias in SABER, tidal aliasing, or sporadic aerosols. As well the
study found systematic temperature differences in the upper mesosphere which
were attributed to tidal aliasing, bias in the SABER temperature retrieval, or
temperature differences due to the AO. In our work we use a smaller geographic
window and not a zonal average temperature to compare more truly co-incident
measurements. As well we limit the time difference between the lidar and satellite
measurements to minimise possible tidal contributions.

3.3.3 Alternative Measurement Techniques

Other current measurement techniques for atmospheric temperature in this region
of the atmosphere include:

a) Rocketsondes were used during the early satellite era to make in situ measure-
ments of the middle atmosphere but this technique has many well known limi-
tations and requires large corrections and uncertainties in the upper mesosphere
(Johnson and Gelman, 1985).

b) Meteor radar techniques provide an estimation of the temperature at 90 km and
can operate on a near continuous basis but they require several a priori assumptions
and must be calibrated with data from an independent source (Meek et al., 2013)

c) Satellites, like ML.S and SABER provide globally distributed temperature mea-
surements at several pressure levels throughout the vertical atmospheric column
(Waters et al., 2006) (Mertens et al., 2001). Satellite based measurements provide
a very good global view of the Earth’s middle atmosphere but can suffer from
calibration errors, temporal coverage gaps, and problems with vertical resolution.

d) OH airglow imagers (Pautet et al., 2014) provide high spatio-temporal resolution
2D images of temperature perturbations derived from OH emissions near 87 km.
These instruments can provide excellent wide field of view measurements over a
geographic area but cannot yield vertical profiles of temperature.

e) Ground-based resonance doppler and Boltzmann lidars can derive temperatures
from sodium, iron, and other meteoric metal layers in the upper mesosphere and
lower thermosphere (80 - 115 km) (Chu et al., 2002). These techniques are not



3.4. Instrumentation 59

only useful in deriving temperature profiles but are also well situated for studies
of other middle atmospheric phenomena such as gravity waves and noctilucent
clouds. These lidars are restricted to measuring in the altitude band defined by
the distribution of each metallic layer.

Considered together, this suite of remote sensing techniques can provide a com-
prehensive view of the middle atmosphere. The inclusion of Rayleigh lidar data
into multi-sensor studies of the middle atmosphere provides an important local
ground truthing perspective which helps to refine the global view offered by other
techniques.

3.3.4 Outline of this Work

In this work we give a brief description of the instruments involved in the study
(Sect. 3.4), a definition of the geographic area under consideration, and several
criteria for determining coincidence between lidar and satellite measurement pro-
files (Sect. 3.5). In Sect. 3.6 we directly compare temperature profiles from MLS
and SABER to the lidar temperatures and show a monthly median difference cli-
matology and note several systematic differences. Section 3.7 details a procedure
to correct the satellite temperature profiles based on the height of the stratopause
in the lidar data. Finally, Sect. 3.8 shows an improved lidar-satellite monthly
median difference climatology based on the altitude corrected satellite data.

3.4 Instrumentation

The Observatoire de Haute Provence (OHP) Rayleigh lidars have been in oper-
ation in southern France since 1978 and routinely produce nightly average tem-
perature profiles of the upper stratosphere and lower mesosphere. The details of
the Rayleigh lidar algorithm and the OHP lidar specifications are presented in the
companion publication (Robin Wing et al., 2018a).

SABER is a broadband radiometer aboard NASA’s TIMED (Thermosphere Iono-
sphere Mesosphere Energetics Dynamics) satellite and makes temperature mea-
surements based on CO; limb radiances from 20km to 120km. SABER has a
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vertical resolution of 2 km and random temperature errors of less than 0.5 K below
55km, 1K at 70km, and 5K at 100km (Remsberg et al., 2008). TIMED does
not have a sun synchronous orbit and does not pass though our OHP comparison
area at a fixed local time. This makes finding temporally coincident measurements
with the lidar relatively easy. We are using version 2.0 of the published SABER
temperatures. Further information for SABER/TIMED can be found in (Mertens
et al., 2001).

MLS is an microwave spectrometer aboard the Aura satellite and makes tempera-
ture measurements based on emissions from O,. Further information can be found
in (Waters et al., 2006). MLS vertical averaging kernels have a full-width-half
maximum of 8 km at 30 km, 9km at 45km, and 14km, at 80 km and a tempera-
ture resolution which goes from 1.4 K near 30km to 3.5 K above 80 km (Schwartz
et al., 2008). We are using version 4.0 of the published MLS temperatures. MLS
is a sun synchronous satellite which passes the equator around 1h45 UTC and is

generally temporally coincident with the last hour or so of lidar measurements.

3.5 Comparison Parameters

Defining coincident measurements between satellites and lidars can be difficult
due to temporal and spatial offsets, differences in viewing geometry, and different
approaches to smoothing. Studies such as Garcia-Comas et al., 2014b have defined
short time windows over a 1000 km square surrounding the observatory as sufficient
for coincidence while others such as (Yue et al., 2014) have chosen to approach the
problem by looking at monthly averages over a much narrower latitude band.

For this study we wanted to compare to satellite profiles geographically near the
lidar to minimise latitudinal variations in the temperature and within a small time
frame to minimise the contribution of tides, tidal harmonics, and gravity wave
effects. This desire for close spatio-temporal matching was balanced against the
need for a sufficiently large number of comparisons as to produce results which are
statistically significant and useful. Ultimately, we decided on a geographic window
of +4° latitude and £15° longitude similar to the analysis done by (Dou et al.,
2009). We reasoned that the UMLT (Upper Mesosphere and Lower Thermosphere)
structure would vary with latitude to a greater degree than with longitude and
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that the longitudinal separation between consecutive SABER satellite passes gives
a natural bound on the longitude. The contemporaneous work by (Dawkins et al.,
2018) includes a sensitivity study on the choice of longitudinal co-location limits.
Their final choice for a spatial coincidence (£5° latitude , £15° longitude) is
comparable to our study which employs (£4° latitude , £15° longitude). Figure
3.1 shows the geographic extent of our study.
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FIGURE 3.1: Area defined for coincident measurements (40° N,
9°E) to (48°N, 21° E). L’Observatoire de Havte Provence in blue
at (43.93°N, 5.71° E). (Google, 2017)

The minimum length of an OHP nightly lidar temperature measurement is four
hours. We chose to use a +4h window around the lidar measurement as the
temporal limit for coincidence with a satellite pass. This gives us a roughly 12h
window centred around the middle of the lidar measurement. Our choice was
influenced by a desire to minimise the effect of the 12h tidal harmonic. Previous
work comparing between satellites have been able to take advantage of daytime
satellite overpasses and chose to work within a +2h window(Hoppel et al., 2008).
(French and Mulligan, 2010) conducted a comparison between an OH spectrometer
(in conjunction with a sodium lidar) and SABER at £15min and £8h and found
no significant difference. However, it must be noted that this study was conducted
at a latitude of 69° S and the comparison may not hold in the mid-latitudes.
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3.6 Temperature comparisons without consider-
ing vertical offset

Here we demonstrate the directly-calculated temperature biases between OHP and
both SABER and MLS which are present before we carry out the adjustment for
satellite altitude offsets which are discussed in Sect. 3.7. An example of all three
temperature profiles for the night of the 25th of July 2012 is shown in Fig. 3.2.
In this comparison the lidar profile was produced over 4 hours and has a vertical
resolution of 150 m from 30 km to above 90 km. The large temperature uncertainty
above 70 km is a result of the fine vertical resolution required to capture the
mesospheric inversion layer present near 77 km.

Vertical Temperature Profile for OHP 20120725
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FIGURE 3.2: Example co-located temperature profiles from the
OHP lidar (green), SABER (blue), MLS (red), and MSIS (black).

3.6.1 Comparison OHP Lidar and SABER

From 2002 to 2018 there were 1100 coincident measurements of sufficient quality
between OHP lidars and SABER. Figure 3.3 (upper panel) shows the monthly
median temperature differences between the lidar and SABER while Fig. 3.3
(lower panel) shows the mean seasonal temperature bias with altitude.
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FiGURE 3.3: Sixteen year systematic comparison of OHP lidars
and SABER temperatures. The monthly median temperature dif-
ferences between the lidar and SABER are shown in the upper
panel. Red indicates that the lidar is warmer than SABER and
blue that the lidar is colder. There are 1100 nights of coincident
measurements in the colour plot. The lower panel is a seasonal en-
semble of lidar minus SABER temperature differences. The sum-
mer (May, June, July, August) ensemble in red includes 306 nights
of coincident measurements and the winter (November, December,
January, February) ensemble in blue includes 397 nights of coin-
cident measurements. Shaded errors represent 1 and 2 standard
deviations.
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Figure 3.3 upper panel contains the monthly median temperature differences be-
tween an OHP lidar temperature profile and a SABER temperature profile. After
2010 there are several time periods where the Lidar Température et Aérosol (LTA)
was not in routine operation or was in the process of being upgraded. To fill in
these data gaps we have used temperature profiles derived from the ozone Dif-
ferential Absorption Lidar (DIAL), also referred to as Lidar Ozone Stratosphere
(LiO3S), which is described and validated for temperature in (Robin Wing et al.,
2018a). Given that the main scientific interest of LiO3S is stratospheric ozone, the
noise floor of the raw lidar signal occurs a lower altitude than for LTA for sim-
ilar vertical integration. To produce temperature profiles which extend into the
mesosphere we use a coarser vertical resolution, a minimum altitude of 30 km, and
often stop the temperature profile below 80 km if the temperature error becomes
excessive.

The upper panel shows a relative warm bias for the lidars with respect to SABER
above 70 km. Discrepancies in this region are likely due to lidar initialization errors
and background uncertainty which we have attempted to minimise in the compan-
ion publication (Robin Wing et al., 2018a). There is also an evident seasonal
relative warm bias in the winter stratosphere between 30 km and 50 km - a region
where lidar uncertainties in both altitude and temperature are well described (T.
Leblanc, R. J. Sica, et al., 2016) (T. Leblanc et al., 2016). The lower panel shows
a very distinctive ‘S’ shape to the bias in both the winter and summer ensembles
which is indicative of a vertical offset between the lidar and satellite measurements.
The basic ‘S’ shape bias was identified in studies of synthetic lidar data as being
due to vertical offsets between lidar instruments (T. Leblanc et al., 1998b). Un-
fortunately, this offset is neither constant from night to night, nor constant with
altitude as evidenced by the elongated and distorted nature of the ‘S’ shape.

If we bin all the temperature differences by month we can clearly see that there
is a winter stratospheric warm bias below 45 km and a pronounced summer cold
bias in the mesosphere between 50 and 70 km, as shown in Fig. 3.4.
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FIGURE 3.4: Monthly median temperature difference between li-

dar and SABER temperature measurements. Red indicates regions

where the lidar measures warmer temperatures than SABER and

blue regions where the lidar measures colder temperatures than
SABER.

3.6.2 Comparison OHP lidar and MLS

From 2004 to 2018 there were 1741 coincident measurements of sufficient quality
between OHP lidars and MLS. Figure 3.5 (upper panel) shows the monthly median
temperature differences between the lidar and MLS while Fig. 3.5 (lower panel)
shows the mean seasonal temperature bias with altitude.

As was the case with the lidar-SABER comparison, in the upper panel we see
a lidar warm bias above 70 km and a strong winter stratospheric warm bias near
45 km. In this comparison the stratospheric warm bias appears to have a downward
phase migration as the winter progresses. In the corresponding lower panel we see
very pronounced summer time systematic differences which alternate from warm
to cold throughout the stratosphere and mesosphere. The winter ensemble shows
a very large lidar warm bias near the stratopause.
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F1GURE 3.5: Fourteen year systematic comparison of OHP lidar
and MLS temperatures. The monthly median temperature differ-
ences between the lidars and MLS are shown in the upper panel.
There are 1741 nights of coincident measurements. The lower panel
is a seasonal ensemble of lidar minus MLS temperature differences.
The summer (May, June, July, August) ensemble in red includes
554 nights of coincident measurements and the winter (November,
December, January, February) ensemble in blue includes 653 nights
of coincident measurements. Shaded errors represent 1 and 2 stan-
dard deviations.

Following the same procedure of binning lidar-MLS temperature differences by
month we see a very pronounced downward phase progression of the winter strato-
spheric warm bias from 45 km in January descending down to 40 km in February
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and March. Additionally, there is an evident layered cold bias in the summer
stratosphere and mesosphere. The three layers appear near 37 km, 53 km, and 68

km in Fig. 3.6.
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FI1GURE 3.6: Monthly median temperature difference between lidar

and MLS temperature measurements. Red indicates regions where

the lidar measures warmer temperatures than MLS and blue regions
where the lidar measures colder temperatures than MLS.

3.7 Minimising Temperature Difference Between
Lidar and Satellites with a Vertical Offset

We investigated a possible vertical offset between the lidar and satellite measure-
ments to determine whether this could be contributing to the temperature biases

seen in Sect. 3.6.
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3.7.1 Method to determine the vertical offset between
measurements

To match the two temperature profiles exactly in amplitude and altitude requires a
unique altitude dependent correction factor for each comparison. However, we can
make a rough estimate of the average vertical offset between the two measurements
by focusing on the region of the statopause which generally has a defined altitude
and a clear structure. We used a simple least squares method to best estimate
the vertical offset that would minimise the temperature differences between the
lidar measurement and the satellite measurement. Two examples of this offset
calculation for SABER are shown in Fig. 3.7 and two examples for MLS are shown
in Fig. 3.8. The examples in these figures show nights where the lidar and satellite
temperatures are in good agreement or can be brought into good agreement by
applying a small vertical displacement. However, it is important to note that there
are examples of lidar-satellite temperature measurements which cannot be brought
into good agreement with small vertical displacements. Two such examples can be
found in Fig. 3.9. These examples of poor agreement are almost exclusively found
in winter on nights where the stratopause is greatly disturbed.
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Ficure 3.9: Two examples of poor matches between lidar and

satellite temperature profiles (MLS upper panel, SABER lower

panel). These mismatches mainly occur between late November

and early April on nights where the stratosphere was disturbed
and experiencing a warming.
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3.7.2 Trends in Vertical Offset between Lidar and Satellites

We calculated an offset for every coincident measurement between the lidars and
SABER and the lidars and MLS. The monthly average of this altitude offset value
is represented in Fig. 3.10 as a green line for years where the comparisons were
primarily between LTA and the satellites and as a blue line for years where LiO3S
temperatures were used. The green and blue shaded regions are the respective
standard deviations. Given the reduced vertical resolution of the temperature
profiles from LiO3S, the least-squares minimised correction for stratopause height
is less sensitive to small and medium scale fluctuations in the temperature profiles
such as the triple peak structure seen in the lower panel of Fig. 3.7. As a re-
sult, comparisons between 1iO3S and both satellites (blue curve in Fig.3.10) tend
toward the mean altitude displacement. This effect is more pronounced when com-
paring with SABER, which has a finer vertical resolution, than when comparing
with MLS which has a coarser vertical resolution. There is a clear, but imperfect,
seasonality to these altitude displacements.
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FiGURE 3.10: The upper panel features the monthly average dis-
placement of SABER measurements with respect to the OHP lidars
(green for LTA and blue for LiO3S). The standard deviation is given
as the shaded area. The mean offset (magenta) is 1446 m with a
standard error of 49m. The lower panel shows the same analysis
with the monthly average MLS displacement. The mean value is
911 m with a standard error of 90 m.

Superimposing the traces shown in Fig. 3.10 onto the colour plots in Fig. 3.3 and
Fig. 3.5 shows a clear correlation between lidar-satellite temperature anomalies
and mean monthly altitude displacement between the lidar and satellite tempera-
ture profiles, as shown in Fig. 3.11.
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FIGURE 3.11: The upper panel features the monthly median tem-
perature differences between the lidar and MLS seen in 3.5 with
the estimated vertical displacement of the stratopause height over-
plotted. The lower panel features the monthly median temperature
differences between the lidar and SABER seen in 3.3 with the esti-
mated vertical displacement of the stratopause height over-plotted.
The black line represents comparisons between LTA and the satel-
lite and the grey line represents comparisons between LiO3S and
the satellite.



3.8. Recalculated Lidar-Satellite Temperature Differences 75

3.8 Recalculated Lidar-Satellite Temperature
Differences

We have attempted to make a more accurate comparison of the lidar and satellite
temperatures by using the stratopause height as a common altitude reference. We
re-calculated the lidar-satellite temperature differences shown in Fig. 3.4 and Fig.
3.6 after displacing the satellite measurement by a scalar value. Each satellite
measurement was shifted vertically according to the lidar derived stratospheric
displacements shown in Fig. 3.10.

Lidar minus Corrected SABER Seasonal Contour

[44]
[=]

R
|
I

Altitude (km)

30 ~ . _
— e 10
J F M A M J J A S o] N D

Month

FicUrE 3.12: Corrected seasonal temperature differences between

the lidar and the vertically displaced SABER temperatures. The

magnitude of the temperature differences is reduced in both the

stratosphere and mesosphere over the majority of the altitude range

when compared to a similar uncorrected temperature difference
contour seen in Fig. 3.4.

In Fig. 3.12 we see that by displacing the SABER temperature profiles so that the
stratopause height is the same in both the lidar and satellite measurements we have
reduced the maximum winter time stratospheric warm bias from approximately
8 K to 4 K. The summer time mesospheric cold bias of -10 K has likewise been
reduced by between 4 and 6 K depending on altitude and season. The remaining
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bias in both the stratosphere and mesosphere cannot be further minimised by a
simple vertical shift. The altitude dependent correction which would be required
to correct the temperature lapse rate is beyond the scope of this work.
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FIGURE 3.13: Corrected seasonal temperature differences between

the lidar and the vertically displaced MLS temperatures. The struc-

tured nature of the temperature bias seen in Fig. 3.6 remains un-
changed by the vertical correction.

In Fig. 3.13 we see that displacing the MLS temperature profiles was less successful
than in the case of the SABER measurements. We have reduced the magnitude
of beginning and end of winter time stratospheric warm bias by up to 5 K during
the months of March, April, October, and November but the correction does not
completely eliminate the issue. As well we have an improvement of 5 K in the
biased layer at 65 km. However, the horizontal layering inherent in the MLS
temperature data makes determining a scalar correction even more challenging
than in the case of SABER.

We have re-plotted the seasonal ensemble temperature difference curves shown in
the lower panel of Fig. 3.3 (lidar-SABER) and Fig. 3.5 (lidar-MLS) alongside the
ensemble temperature differences after we applied the correction for stratopause
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height. Figure 3.14a shows the ensemble temperature difference for all 1741 lidar-
MLS temperature comparisons before correction (red) and after correction (ma-
genta). The prominent warm bias near 45 km has been reduced from 8 K to 6
K but the cold biases at 53 km, and 68 km are made worse by the correction.
To understand this result we can look at the seasonal dependence of the applied
correction. Figure 3.14c is the summer ensemble temperature difference (MJJA)
consisting of 554 lidar-MLS temperature comparisons before correction (red) and
after correction (magenta). There is marginal improvement after correction below
55 km but the change is not significant at 20 and the structure of the temper-
ature bias remains unchanged. Figure 3.14e is the winter ensemble temperature
difference (NDJF) consisting of 653 lidar-MLS temperature comparisons before
correction (blue) and after correction (magenta). There is significant improve-
ment of 4 K in the large cold bias at 45 km. The corrected lidar-MLS comparison
is also significantly worse near the cold bias at 63 km.

Figure 3.14b shows the ensemble temperature difference for all 1100 lidar-SABER
temperature comparisons before correction (blue) and after correction (magenta).
the stratopause height correction has reduced the stratospheric warm bias from
4 K to less than 1 K and has reduced the mesospheric cold bias from -4 K to -1
K. The warm bias above 70 km has been slightly increased. Figure 3.14d is the
summer ensemble temperature difference (MJJA) consisting of 306 lidar-SABER
temperature comparisons before correction (red) and after correction (magenta).
There is a significant 3 K reduction in the warm bias at 45 km and a significant
reduction in the mesospheric cold bias from -6 K to -3 K. Figure 3.14f is the winter
ensemble temperature difference (NDJF) consisting of 397 lidar-SABER temper-
ature comparisons before correction (blue) and after correction (magenta). By
applying the altitude correction we have eliminated the ‘S’ shape in the tempera-
ture difference curve between 30 and 60 km. There is a significant 1 K constant
warm bias that remains after correction. Above 70 km there is no statistically
significant change.
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FIGURE 3.14: Ensemble for lidar minus MLS temperature dif-

ferences (left) and lidar minus SABER (right). Ensembles for all

profiles are on the top row, summer (MJJA) profiles in the middle
row, and winter (NDJF) in the bottom row.
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3.9 Discussion

3.9.1 The need for vertical altitude correction of satellite
data

Improved observations of stratospheric and mesospheric temperature profiles and
dynamical phenomena are required to advance our understanding of the middle
atmosphere. The process of ground to satellite measurement comparison and val-
idation is a vital ongoing scientific activity. By comparing long term, stable,
continuous, high quality temperature measurements, such as those made by the
lidars at OHP, to other data sets we can help to identify potential issues with
calibration or retrieval algorithms.

We have presented individual cases in Fig. 3.7 and Fig. 3.8 where both MLS
and SABER temperature profiles benefited from a slight vertical displacement
based on lidar derived stratopause height. While this scalar adjustment does not
correct for non-linear distortions in the altitude vector it can significantly reduce
the magnitude of the temperature bias in the stratosphere and lower mesosphere as
seen in Fig. 3.14a and Fig. 3.14b. This technique does not seem to work well when
the stratopause is highly disturbed as can be seen in the two winter time examples
in Fig. 3.9. The implications of satellite underestimation of sudden stratospheric
warming events is of particular concern to reanalysis projects attempting to model
middle atmosphere dynamics. However, by using lidar data to supplement the
satellite record these fast dynamical processes can be better resolved.

3.9.2 Temperature biases between OHP lidar and SABER

In the companion publication (Robin Wing et al., 2018a) we attempted to reduce
the magnitude of the initialization induced lidar warm bias which is often reported
above 70 km. We have reduced the bias by up to 5 K near 85 km and nearly 20 K
at 90km. There still remains some residual systematic warm bias between the
lidar satellite comparisons in this publication.

The average 9.9 + 9.7 K bias at 80 km reported by (Dawkins et al., 2018) using
9 different metal layer resonance lidars compares favourably to our ensemble bias
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of 5 K at 80 km Fig. 3.14b. Given that the resonance lidars do not initialise
their temperatures using the same inversion algorithm as the Rayleigh lidars, and
that the resonance lidars have a minimum uncertainty near 85 km, perhaps our
Rayleigh temperatures are not as influenced by a priori as we thought. Further
work needs to be done on the topic of initialization related bias to fully address
the effects of noise and a priori choice on high altitude Rayleigh lidar retrievals.
However, we are encouraged by our results and cannot discount the possibility
that some of the remaining temperature difference is due to incorrect altitudes in
the satellite data product.

When considering the residual temperature differences between the OHP lidars and
SABER after the altitude correction based on lidar derived stratopause height we
can see that much of the seasonal variability in the stratosphere and mesosphere
has been reduced. We are still left with a general summer time cold bias over most
of the atmospheric column, except near 45 km, which now achieves a maximum
of -4 K in the June mesosphere. We cannot explain this bias from the perspective
of the lidar data as nothing in our range resolution changes, our data acquisition
cadence and measurement duration are very similar (Robin Wing et al., 2018a),
and we are well into the linear region of lidar count rates and are not influenced
by our a priori or saturated count rates. It is possible that there could be a tidal
contribution as summer time lidar measurements start a bit later than winter time
measurements due to a shorter astronomical night. However, given that our criteria
for coincidence were chosen to minimise the effects of the first few tidal harmonics
this seems unlikely. It is also possible that there is a seasonally dependent bias in
the a priori used in the satellite retrieval of the geopotential height which could
influence the satellite altitude vector.

The cold bias seen below 30 km is most likely due to possible contamination in the
lidar data from aerosols and saturation in the low gain Rayleigh channel. Current
OHP lidar measurements use Raman scatter data to correct for these effects and
produce temperature profiles down to 5km. However, this Raman data is not
available for the entire 2002 to 2018 analysis period so we have opted not to
include it in this work.
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3.9.3 Temperature biases between OHP lidar and MLS

As with the comparison between the lidar and SABER, the lidar and MLS com-
parison has a pronounced warm bias above 70 km which is in keeping with previous
studies. However, the magnitude and extent of this warm bias in MLS is much
more pronounced than in the SABER comparison plot. Much of this difference is
due to the reduced vertical resolution of MLS at these high altitudes. This holds
true particularly when comparing lower vertical resolution lidar data to MLS.

The lidar MLS comparison has a winter time stratospheric warm bias which is not
much reduced by simply shifting the location of the MLS stratopause (Fig. 3.14e).
We have reduced the magnitude of the difference by 4 K but the stratopause
altitude correction was markedly less successful than in the case with SABER. It
is almost universally the case that sudden stratospheric warmings seen by the lidar
are missed or smoothed over in the corresponding MLS measurement. Figure 3.9
(upper panel) is very much a typical comparison for periods when the stratosphere
is highly disturbed. There is a limit to how much can be done to improve the lidar-
MLS comparison using a simple scalar correction.

The vertical structure which dominates much of the middle portion of the lidar
MLS comparison is also difficult to account for. The structure is particularly
evident in Fig. 3.14c and is nearly insensitive to our applied altitude correction.
There is nothing in the lidar technique that could explain this pattern. A similar
horizontal banding pattern is seen in the comparison of MLS to The European
Centre for Medium-range Weather Forecasts (ECMWF) assimilation in the MLS
geopotential validation paper (Schwartz et al., 2008). The effect is most likely an
artefact introduced in some stage of the satellite retrieval. Studies like ours provide
a perfect opportunity to incorporate lidar information into the satellite retrieval
and improve the satellite data products. Given the confidence we have in the
fixed width and amplitude of the vertical kernels in the lidar measurement, a lidar
altitude and temperature vector could be used to recalculate the MLS geopotential
and temperature profiles to help identify the source of this artefact.

It is also important to acknowledge that simply correcting for stratopause height
offset was counter productive for our lidar-MLS comparisons above 50 km as seen
in Fig. 3.14a. It is likely that any potential lidar-derived correction for MLS will
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be more complex than a simple scalar offset. Such a correction may even have
different functional forms in the stratosphere and mesosphere.

3.9.4 Seasonality of Temperature biases between OHP li-
dar and satellites

We have seen the 5 K difference between lidar-SABER stratopause temperatures
which was reported in (V. Sivakumar et al., 2011) however, unlike this study we
have found a clear seasonal dependence. We have correlated this temperature
bias directly to a vertical displacement of the satellite altitude with respect to the
lidar altitude and not with the Annual Oscillation. Further work must be done
to explore the possibility of North Atlantic Oscillation/Annual Oscillation effects
but a quick correlation of relative vertical displacement seen in Fig. 3.10 and a
monthly average AO phase shows an R squared value of only 0.04 for SABER
and 0.03 for MLS. There are isolated periods of up to a year where it seems like
the correlations are significant however, it is clear that over a period of nearly a
decade the AO phase and winter time stratospheric temperature anomaly are not
correlated. The 5 K stratospheric warm bias was attributed to tides in (Yue et al.,
2014) however, this explanation cannot explain the seasonal nature of this bias
found in this work nor explain why a simple vertical displacement of the satellite
stratopause height offers a suitable correction.

3.10 Conclusions

We can draw the following conclusions from the comparison of the lidar and satel-
lite temperature measurements.

1) We have found the same systematic 5-15 K warm bias in the lidar-satellite com-
parisons above 70km found in studies like (Garcia-Comas et al., 2014Db), (Taori,
Dashora, et al., 2011), (Taori, Kamalakar, et al., 2012), (Taori, Jayaraman, et al.,
2012),(Dou et al., 2009), (Remsberg et al., 2008), (Yue et al., 20141), (Dawkins
et al., 2018), and (V. Sivakumar et al., 2011). We have attempted to carefully
account for the the background-induced warm bias in high altitude Rayleigh lidar



3.10. Conclusions 83

temperatures. We believe that the algorithm set out in the companion publication
(Robin Wing et al., 2018a) is robust and accounts for many of the uncertainties
in the lidar initialization process. However, we are as yet unable to determine to
what extent the a priori estimate warms the lidar temperature retrieval at these
heights.

2) We have seen a layered summer stratosphere-mesosphere cold bias in lidar-
MLS seasonal temperature comparisons with peak differences at 37 km, 50 km,
and 65km. There is nothing in the lidar data or retrieval algorithm which could
account for this structure. The results of this study will be useful for any future
satellite validation studies in the style of (Schwartz et al., 2008) where lidar data
could be used as a reference dataset. In particular, lidar - satellite bias study
results are useful for the ongoing NASA project "The Mesospheric and Upper
Stratospheric Temperature and Related Datasets” (MUSTARD) which seeks to
merge historic and ongoing satellite datasets.

3) The persistent summertime cold bias between the lidar and SABER results from
a disagreement in the thermal lapse rate above and below the stratopause which
is independent of the scalar stratopause height offset. Given that lapse rate is a
fundamental geophysical parameter further work must be done to explore possible
errors in vertical resolution and altitude definition.

4) The periods of greatest lidar-satellite temperature disagreement are found dur-
ing times when the middle atmosphere is highly disturbed. In particular, the
amplitude of stratospheric warming events can be underestimated and features
like double stratopauses can be missed in the satellite measurements.

We have shown that ground based lidars can provide reliable and consistent tem-
perature measurements over decades. This kind of high vertical resolution tem-
perature database is useful both as a validation source for other instruments as
well as for fundamental geophysical research.
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4 A new MesosphEO dataset of
temperature profiles from 35 to
85 km using Rayleigh scattering

at limb from GOMOS/ENVISAT
daytime observations

1

4.1 Author Contribution

Robin Wing contributed the validation of the GOMOS temperature profiles using
the OHP Rayleigh lidar temperature profiles. By using data selection algorithms
and statistical tools for lidar developed in chapters 2 and 3 he tested both the
validity of the GOMOS temperature profiles as well as the general applicability
of his technique beyond comparisons with SABER and MLS. The majority of
this contribution is presented in Sect. 4.6. Robin Wing was also involved in the
discussion and selection of the lidar-satellite co-incidence criteria as they relate to
the section on tidal analysis.

'Hauchecorne, A., Blanot, L., Wing, R., Keckhut, P., Khaykin, S., Bertaux, J.L., Meftah,
M., Claud, C., and Sofieva, V. (2018). A new MesosphEO dataset of temperature profiles from
35 to 85 km using Rayleigh scattering at limb from GOMOS/ENVISAT daytime observations.
Atmospheric Measurement Techniques, European Geosciences Union, 2018, pp.(Under Review).
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4.2 Relation to Thesis Questions

Chapter 2 presented a series of algorithm changes to the traditional lidar temper-
ature retrieval technique which are primarily focused of improving the retrievals
above 70 km. One of the key motivations for making these changes was to min-
imise the systematic temperature bias which exists between ground based remote
sensing instruments and their space based counterparts in the UMLT. Figure 2.11
shows the net cooling of the lidar temperature profiles resulting from the changes
proposed in this paper. We can account for 20 K of the initial 33 K difference
between the original NDACC algorithm and the temperatures from SABER at 90
km. However, further cooling of the lidar temperatures in this region by algorithm
modification and noise filtering is not recommended. In order to further increase
the retrieved lidar relative densities (and cool the resulting lidar temperatures) in
this region we would be forced to make unrealistic assumptions regarding our noise
or artificially distort our raw lidar photon counts profile. As a result of the work
done in chapter 2 as well as the further exploration of lidar to satellite temperature
biases done in chapter 3, we concluded that there were several possible sources of
error that could contribute to the residual lidar warm bias with respect to the
satellite:

1. Residual a priori errors in the lidar temperatures resulting from the classical
frequentist approach (classical non-Bayesian statistics).

2. Geo-spatial and sampling errors associated with the number of co-incident
satellite overpasses in the comparison region.

3. Offsets and vertical distortions in the pressure based geopotential height
vectors of both MLS and SABER.

4. Tidally induced biases related to temporal offset between the lidar measure-
ment and the satellite overpass.

4.2.1 Addressing Uncertainties in A Priori and Sampling

As was concluded in chapter 2, we have, to the best of our ability, minimised
the contribution of initialisation related biases in the lidar temperature retrieval.
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Further efforts may be possible by taking a Bayesian approach to the lidar retrieval
similar to the work presented by (R. Sica and Haefele, 2015). In section 3.5
we outlined the rationale for our latitude and longitude range choices based on
satellite orbital cadence, assumptions about of latitudinal temperature variation,
and the sampling rate for coincident measurements. Subsequent sensitivity studies
by (Dawkins et al., 2018) concluded that our choice of geo-spatial coincidence was
unlikely contribute to sampling bias. However, in chapters 2 and 3 we were unable
to properly account for contributions due to altitude shifting and distortion, and
effects resulting from atmospheric tides.

4.2.2 Addressing Uncertainty in Geopotential Height

GOMOS is a star occultation experiment (method outlined in section 4.5.1) as
opposed to MLS and SABER which are spectral radiometers. This means that
MLS and SABER derive their geopotential altitude data using the thermal and
microwave emissions of specific molecules over a specified atmospheric volume.
These molecular emission measurements are then combined with similar measure-
ments from adjacent channels and are inverted to infer a relative pressure profile.
These relative pressure profiles are then normalised at some point in the lower
atmosphere (nominally 100 hPa) where the signal to noise ratio is high. The pres-
sure profile can then be converted to geopotential altitude by the Hyposometric
Equation for a dry atmosphere 4.1 where &1 and ®; are two geopotential layers,
Ry is the dry gas constant, gq is the gravitational acceleration at sea level, T is
the mean dry temperature, and P; and P, are two relative pressure levels.

R, [Pi_dDP
O, — @y = X [T dP

o 1P (4.1)

Geopotential height, ® is later converted to geometric height 4.2 for comparison
with the lidar measurements by assuming a vector for gravitational acceleration
as a function of latitude and geometric altitude.

h
o) = [ 5(¢,2)d (4.2)
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There are two main sources of error in this approach. The first involves the un-
certainty associated with the pointing of the radiometers aboard the satellite. For
example, the MLS data quality reference document estimates the uncertainty in
the accuracy of the geopotential height due to uncertainty in pointing/field-of-
view, uncertainty in spectroscopic parameters, and retrieval numerics to be on
the order of 100-150 m in the lower atmosphere (N. Livesey et al., n.d.). It is
reasonable to expect greater uncertainty at higher altitudes. As a result of this
type of uncertainty in satellite geometry, there exists the possibility of vertical
shifting and distortion in the calculated geopotential vector. In addition, the MLS
data quality document shows evidence of a small seasonal temperature bias and
a calibration drift in the initial years of the instrument. The second source of un-
certainty arises from the inversion algorithm and forward model used to convert
spectral radiance from target gasses into profiles of temperature as a function of
pressure. Continuing to use MLS as an example, a single scan from the ground to
90 km is conducted in roughly 20 seconds and radiance is measured every 1/6 of a
second. Many scans comprising multiple radiance profiles are assimilated into the
forward model and are inverted to produce a relative pressure profile. Given that
in any Bayesian inversion calculation there exists some necessary a priori infor-
mation, some gain matrix, and some averaging kernels, there exists the possibility
that some approximations may distort the resulting profile when the signal to noise
ratio is low. This is particularly the case for small artefacts having a "flat’” spectral
shape having a cumulative effect on the data matrix and the associated variances.
As an additional complication, the satellites do not have an external calibration
source for altitude/pressure for most of the atmospheric column. For tropospheric
work they may use in situ radiosonde data but above 25 km they rely exclusively
on model generated pressure-altitude conversions.

Section 4.5.1 lays out the methods for the GOMOS temperature retrieval. The dif-
ferences in measurement technique address several of the outstanding concerns we
have raised so far. First, GOMOS measure light from a calibration star and a star
being occluded by Earth’s atmosphere and thus, has none of the calibration related
errors associated with radiometric instruments. Second, GOMOS makes tangent
point measurements meaning that altitude is directly determined geometrically
and there are no errors associated with the radiance-pressure-geopotential-altitude
chain we have described. Third, the technique for deriving temperatures is very
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similar to the Rayleigh lidar algorithm 2.1 and does not have the associated uncer-
tainties of a Bayesian technique. As well, this makes GOMOS temperatures more
directly comparable to the Rayleigh lidar temperature profiles and will help us to
discriminate sources of potential bias when comparing ground based observations
and space based observations.

4.2.3 Addressing Uncertainty from Tides

Both GOMOS and MLS sun synchronous satellites which means that they make
measurements near OHP at nearly the same time every day. For GOMOS the
orbit crosses into the geographic region shown in figure 3.1 around 11 am local
time while MLS overpasses occur near 1:30 am. SABER has a precessing orbit
with a 60-day yaw cycle and can pass through our study region at different times
of the day and night. As a result we are able to apply a tight + 4 hour window
about the lidar measurement which ensures that the SABER measurements used
in our study occur during or relatively soon before or after the lidar measurements.
Our temporal coincidence criteria were designed to minimise the possible effects
resulting from the 12 hour, 8 hour and 6 hour harmonics of the diurnal tides.

Atmospheric tides are primarily driven by solar heating of the atmosphere and have
a primary period of 24 hours corresponding to the length of a solar day. The solar
energy is primarily absorbed in the lower atmosphere by water vapour and in the
stratosphere by ozone and can cause local perturbations in atmospheric pressure
and density. Given the exponential decrease in atmospheric density with increasing
altitude, small perturbations caused by solar warming in the lower atmosphere
can grow rapidly in size as they propagate upwards. When these waves reach the
mesosphere they can have a substantial amplitude and affect a large change to the
mean atmospheric state.

The presence of these solar driven tides is a possible confounding variable when we
compare our nightly average lidar temperature profiles to temperature profiles from
MLS, which occur after the lidar measurement is made, and GOMOS which are
made during the day. In the following section we have conducted a tidal analysis
for the summer time at mid-latitudes which is a good climatological approximation
of the mean tidal perturbations as a function of solar hour. Given that the orbits
for both sun synchronous satellites are only a few hours apart this exercise can be
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applied to the results from MLS seen in chapter 3 as a partial explanation for the
observed temperature biases.

4.3 Abstract

Given that the scattering of sunlight by the Earth’s atmosphere above 30-35 km is
primarily due to molecular Rayleigh scattering, the intensity of scattered photons
can be assumed to be directly proportional to the atmospheric density. From the
measured relative density profile it is possible to retrieve an absolute temperature
profile by assuming local hydrostatic equilibrium, the perfect gas law, and an a
priori temperature from a climatological model at the top of the atmosphere. This
technique is applied to Rayleigh lidar observations for over 35 years. The GOMOS
star occultation spectrometer included spectral channels to observe daytime limb
scattered sunlight close to the star direction. GOMOS Rayleigh scattering profiles
in the spectral range 420-480 nm have been used to retrieve temperature profiles
in the altitude range 35-85 km with a 2-km vertical resolution. A database of more
than 309,000 temperature profiles has been created.

A global climatology was built and compared to GOMOS external model. In the
upper stratosphere, where the external model is based on ECMWFEF analysis, the
agreement is better than 2 K. In the mesosphere, where the external model follows
MSIS climatology, 5 to 10 K differences are observed. Comparison with nighttime
collocated Rayleigh lidar profiles above south of France shows some differences with
a vertical structure that may be at least partially explained by the contribution of
thermal diurnal tide.

The temperature evolution obtained at Equator indicates the occurrence of meso-
spheric inversion layers in the temperature profile with global longitudinal exten-
sion, descending in about one month from 80 to 70 km. The climatology shows
a semi-annual variation in the upper stratosphere, a stratopause altitude varying
between 47 and 54 km and an annual variation in the mesosphere. The technique
to derive temperature profiles from Rayleigh scattering at limb can be applied to
any other limb-scatter sounder providing observation in the spectral range 350-500
nm. This is also a good candidate for a future small satellite constellation due to
the simplicity of the principle.
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4.4 Introduction

The middle atmosphere (MA: stratosphere and mesosphere, 12 to 90 km altitude)
is a transition region between the troposphere, which is heavily influenced by
anthropogenic activity, and the upper atmosphere (thermosphere and ionosphere)
at the edge of the space and strongly impacted by solar activity. The MA is a
unique environment for fundamental research as it is subject to the conjugated
influence of climate change, due to anthropogenic activities, and natural solar
driven variability.

The increase of GHGs (GreenHouse Gases) induces a global warming at the surface
and in the troposphere but also a global cooling in the MA (e.g. (P. Keckhut, W.
Randel, et al., 2011)) induced by the thermal infrared radiation emitted by GHGs
escaping directly to the space due to the low optical thickness of the atmosphere
above.

The mesosphere is a region where temperature and wind observations are sparse or
not well resolved. Recent studies have demonstrated the role of MA dynamics in
both tropospheric weather and climate ((Baldwin and Dunkerton, 2001); (Shaw,
Perlwitz, and Weiner, 20141); (Charlton-Perez, Ferranti, and Lee, 2018)). Weather
and climate-chemisty models are currently moving towards a more comprehensive
representation of the MA ( (Beagley et al., 2000); (Baldwin and Dunkerton, 2001);
(Hardiman et al., 2010)). Atmospheric observations in this region can also be used
as a benchmark for climate change studies due to its high sensitivity to the increase
of GHGs and to the external solar forcing. Furthermore several applications,
such as e.g. the re-entry of space and sub-orbital vehicles, the impact of meteors
on the atmosphere and infrasound propagation modelling in the atmosphere, are
dependent on the good knowledge of the mesospheric mean state and variability
at different scales.

The MA temperature is insufficiently observed above the top altitude of ra-
diosoundings, about 30 km. GNSS (Global Navidation Satellite System) Radio-
Occultation technique provides accurate measurements of temperature up to about
35 km with high vertical resolution. Nadir viewing satellite sensors observing in
the thermal infrared (SSU: Stratospheric Sounder Unit) and microwave (AMSU:
Advanced Microwave Sounding Unit) spectrum provide brightness temperature up
to the upper stratosphere (around 45 km) but with very broad vertical weighting
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functions (/= 10 km). These are the only temperature observations assimilated in
NWP (Numerical Weather Prediction) models. Limb viewing satellite sounders,
e.g. MLS (Microwave Limb Sounder on the Aura satellite) and SABER (Sounding
of the Atmosphere using Broadband Emission Radiometry on the TIMED mis-
sion), provide temperature profiles up to the upper mesosphere with a good ver-
tical resolution. However these data are not assimilated in NWP models because
these instruments are not part of operational meteorological satellite.

The scattering of sunlight (near UV and visible wavelengths) by the Earth atmo-
sphere above the top of the stratospheric layer, about 30-35 km altitude, is only
due to Rayleigh scattering by atmospheric molecules. Its intensity is directly pro-
portional to the atmospheric density. It is thus possible to retrieve a temperature
profile in absolute value using the hydrostatic equation and the perfect gas law.
The temperature is initialised at the top of the profile from a climatological model.
This technique has been applied to Rayleigh lidar observations since more than
35 years (Alain Hauchecorne and M.-L. Chanin, 1980a). Rayleigh lidars operated
in NDACC (Network for the Detection of Atmospheric Composition Changes) ob-
tain local observations of the temperature profile between 30 and 80-90 km with
a good accuracy and vertical resolution, but in less than 10 locations worldwide.
They have been used for trend analysis ((Alain Hauchecorne, M.-L. Chanin, and
P. Keckhut, 1991); (P. Keckhut, A. Hauchecorne, and M. Chanin, 1995); (Li et al.,
2011)) and or validation of satellite data and identification of possible biases and
trends due to orbital changes and instruments ageing ((Funatsu, Claud, Philippe
Keckhut, and Alain Hauchecorne, 2008); (Philippe Keckhut, Funatsu, et al., 2015);
(Funatsu, Claud, Philippe Keckhut, Alain Hauchecorne, and T. Leblanc, 2016)).

The observation from space of the Rayleigh scattering at atmospheric limb dur-
ing daytime may be also used to derive density and temperature profiles in the
UMLT. This technique has been applied by (Clancy, Rusch, and Callan, 1994)
who derived temperature profiles from 40 to 92 km for the period 1982-1986 us-
ing Solar Mesosphere Explorer bright limb observations at 304, 313 and 442 nm.
(M. G. Shepherd et al., 2001) determined temperature profiles from 65 to 90 km
during the period March 1992 - January 1994 analysing WINDII/UARS data at
553nm. More recently (Sheese et al., 2012) retrieved temperature profiles using
OSIRIS/Odin bright limb observations at 318.5 and 347.5 nm in the altitude range
45-85 km. In the frame of the ESA funded MesosphEO project, a new dataset of
temperature profiles in the altitude range 35-85 km was created from the analysis
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of GOMOS/ENVISAT bright limb observations in the spectral band 420-480 nm.
A dataset of more than 309,000 profiles from June 2002 to April 2012 is available
for climatology and atmospheric dynamics studies.

The paper is organised as follows. In Section 4.5, the principle of the method
is explained and the data processing is described. Section 4.6 is dedicated to
the validation against Rayleigh lidar observations. Section 4.7 presents the first
scientific results with a focus on the evolution of equatorial temperature profiles.
Finally, a summary is given in Sect. 4.8.

4.5 Principle and data processing

4.5.1 Method

GOMOS (Global Ozone Monitoring by Occultation of Stars), on board the Euro-
pean Space Agency ENVISAT (ENVIronmental SATellite) platform, was the first
operational space instrument dedicated to study the middle atmosphere by the
technique of stellar occultations. A description of the instrument as well as an
overview of the main scientific results is given in (Bertaux et al., 2010). GOMOS
observed the spectrum of a star during its occultation by the atmosphere. The
atmospheric transmission spectrum is equal to the ratio between the star spectrum
absorbed by the atmosphere and the reference star spectrum measured outside the
atmosphere. Atmospheric constituents are identified by their absorption spectral
features. As the reference spectrum is measured at the beginning of each occul-
tation, we can consider GOMOS as a self-calibrated instrument, independent of
any radiometric calibration. Furthermore the stellar occultation technique allows
a perfect knowledge of the tangent altitude, depending only on the geometry of
the light path between the star and the satellite. The 250-680 nm spectral domain
is used for the determination of O3, NO,, NOj3 and aerosols from the upper tro-
posphere to the mesosphere (Kyrold et al., 2010). In addition, two high spectral
resolution channels centred at 760 and 940 nm allow measuring respectively O;
and HyO. In order to remove the background signal due to the sunlight scattered
by the atmosphere, two background spectra are observed just above and below the
location of the star, referenced as upper and lower spectra. In this study we use
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only these background spectra during daytime (bright limb occultations). Bright
limb spectra have been used to derive vertical profiles of ozone during daytime
(Tukiainen et al., 2011). Here we use for each daytime occultation the vertical
profile of bright limb light averaged over three 20 nm spectral bands, 420-440 nm,
440-460 nm and 460-480 nm in the upper and lower background spectra. Above
about 35 km, the scattering of the sunlight by the stratospheric aerosol layer is
negligible and the signal at 420-480 nm is only due to the Rayleigh scattering by
atmospheric molecules and, hence, directly proportional to the atmospheric den-
sity (at these wavelengths ozone and other trace gases absorption is negligible).
Figure 4.1 shows an example of scattering profile at limb in the 3 spectral bands.
The decrease of the Rayleigh scattering signal due to the exponential decrease
of the atmospheric density is seen up to about 70 km. Above this altitude the
contribution of the measurement noise becomes more important but the Rayleigh
signal can be exploited up to at least 90 km after removing this noise.
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FIGURE 4.1: Spectrometer signal integrated in the three 20-nm

spectral ranges for one occultation on 1st January 2011 (star ID
=3, orbit number = 46209), lower background spectrum.

Data processing

For this study we used the full Level 1 GOMOS database between June 2002 and
April 2012 containing 418,000 bright limb occultations. A screening is made to
keep only data exploitable to retrieve temperature profiles:

e Occultations with a solar zenith angle larger than 84° are eliminated to avoid
spectra with too much absorption between the sun and the limb.

o Profiles, which do not cover the altitude range between 35 and 125 km,
are not considered. The lower limit is set to retrieve a temperature profile
covering the full altitude range 35-85 km and the upper limit is set to have
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enough data at the top of the profile to estimate correctly the measurement
noise.

 Occultations with the presence of Polar Mesospheric Clouds (PMCs) are also
removed. PMCs detection is based on the algorithm described by (Pérot et
al., 2010). After this screening 309341 occultations are selected.

Processing one occultation

For each spectrum the signal is integrated in the upper and lower background
bands of GOMOS spectrometer A2 (400-680 nm) in 3 spectral ranges, 420-440
nm, 440-460 nm and 460-480 nm to obtain 6 profiles versus tangent altitude. Af-
ter removing the noise contribution stray light and detector noise), estimated at
altitudes higher than 110 km and extrapolated at lower altitude, a vertical in-
version is performed using an onion peeling method. The resulting 6 profiles of
Rayleigh scattering versus altitude are assumed to be proportional to the atmo-
spheric density. The algorithm to retrieve temperature profiles is very similar
to Rayleigh lidar algorithm described in details in (R. Wing, A. Hauchecorne,
P. Keckhut, Godin-Beekmann, S. Khaykin, McCullough, et al., 2018). The tem-
perature is computed by downward integration of the hydrostatic equation 2.4
assuming the perfect gas law 2.5 where z is the altitude, P is the pressure, T the
temperature, p the atmospheric density, g the gravity, R the perfect gas constant

(R=287.06 1<+<g) and M the air molar mass (M=28.96 -5-). The initialisation

mol

of the pressure at the top of the profile is made at about 95 km assuming that
the mean temperature in the layer 85-95 km is equal to the temperature of the
NRLMSISE-00 climatological model (Picone et al., 2002). For each occultation,
6 individual temperature profiles are retrieved corresponding to 3 selected wave-
length intervals and upper and lower panels Fig. 4.2. For the following, we use
only the median profile as a temperature profile corresponding to this occultation,
and the dispersion (1 standard deviation) interval of the 6 individual profiles) as
an estimation of the its uncertainty.
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FIGURE 4.2: Temperature profiles processed for the same occulta-
tion as in Fig. 4.1. The horizontal bar indicates the dispersion (1
standard deviation) between the 6 individual profiles.

4.6 Validation using Rayleigh lidar observations

A validation exercise has been made using the Rayleigh lidar located at Ob-
servatoire de Haute Provence (OHP; 43.9°N, 5.7°E). This lidar has been part
of the Network for Detection of Atmospheric Composition Change (NDACC;
http://www.ndsc.ncep.noaa.gov/) since its creation in 1991 and has partici-
pated in several satellite validation experiments for instruments on board UARS
satellite ( (Fishbein et al., 1996); (Gille et al., 1996); (Hervig et al., 1996); (Singh
et al., 1996b); (Wu et al., 2003); (Philippe Keckhut et al., 2004b)), and more
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recently for MLS-Aura and SABER-TIMED (R. Wing, A. Hauchecorne, P. Keck-
hut, Godin-Beekmann, S. Khaykin, and McCullough, 2018a). For the present
study GOMOS profiles were selected in a geographical region around OHP (40° N,
9°E); (48°N, 21° E). Night-mean lidar profiles smoothed down to a 3-km vertical
resolution were used for the comparison. A maximum of 12h difference between
GOMOS and lidar measurements was accepted for the time coincidence. When
several GOMOS profiles reached the coincidence criteria, as shown in Fig. 4.3, the
median profile was used for the statistical comparison.

Nightly Average Temperature 21 October 2003
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FIGURE 4.3: Example of comparison between a Rayleigh lidar pro-
file at OHP on 21st October 2003 (in red) and two collocated GO-
MOS profiles selected using the co-location criteria (in blue and
green). When two or more GOMOS profiles are selected, the me-
dian profile is used for the statistical comparison. For the lidar pro-
file (red), each individual GOMOS profile (blue) and the median
GOMOS profile (green), the standard deviation of its uncertainty
is represented by the shaded area.
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The statistical median difference between OHP lidar and GOMOS temperature
(Fig. 4.4) is close to zero below 46 km, negative between 46 and 73 km with down
to -5 K between 55 and 60 km and again positive above 73 km with up to +7 K
at 85 km. The dispersion of the differences stays between + 5 K and £+ K in the
full altitude range. The positive difference in the upper part of the profile may
be at least partially due to a warm bias in OHP temperature above 75 km as re-
ported by (R. Wing, A. Hauchecorne, P. Keckhut, Godin-Beekmann, S. Khaykin,
and McCullough, 2018a) using a comparison with SABER-TIMED. The alterna-
tion of positive and negative differences with altitude may indicate a contribution
of atmospheric thermal tides, as temperature measurements are not obtained si-
multaneously. This effect has been already observed when comparisons involved
measurements obtained at different solar time (Wild et al., 1995); (Philippe Keck-
hut, Gelman, et al., 1996); (Philippe Keckhut, Funatsu, et al., 2015)). GOMOS
measurements above OHP are performed during daytime at around 11:00 am so-
lar time while lidar operations are conducted during the first part of the night for
several hours, with an estimated mid-sequence around 21:00 solar time in average.
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FIGURE 4.4: Statistical median temperature difference between

OHP lidar and GOMOS temperature profiles (lidar minus GOMOS

temperature). The shaded area represents the dispersion of the
differences (one standard deviation).

To evaluate the potential effect, tidal characteristics above the lidar site have
been extracted from the Global Scale Waves Model (GSWM; (Hagan et al.,
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1999)).  The model has been optimised to provide the migrating thermally
forced tides on a global scale throughout the atmosphere on a monthly mean
basis. The amplitude and phase of the diurnal and the semi-diurnal compo-
nents can be calculated from the outputs of the GSWM-00 tidal model (http:
//www.hao.ucar.edu/modeling/gswm/gswm.html), which is an extension of the
GSWM-98 (Hagan et al., 1999). Such a model has been compared with many
observations. While the vertical shape of the observations is well reproduced with
this model, the amplitude is often smaller as reported by (Raju et al., 2010). In
this study, the amplitude (Fig. 4.5, left panel) and the phase (Fig. 4.5, middle
panel) of the diurnal component of the tides have been extracted from the GSWM
for the 45°N latitude for August and middle panels). In the summer period and in
the middle atmosphere diurnal component is the dominant one. The expected dif-
ference between lidar and GOMOS temperatures is represented in Fig. 4.5, right
panel. In the middle mesosphere we observe a +3 K difference while in the vicinity
of the mesopause, we note a reverse effect of -3 K. The expected tide contribution
does not fully reproduce the observed temperature difference between the OHP
lidar and GOMOS but, considering uncertainties associated with the amplitude
and phase of the tidal effect, and the fact that non-migrating tides were not taken
into account, it appears that at least some part of the observed differences may
be explained by local time differences. Further work would be needed to confirm
this hypothesis.


http://www.hao.ucar.edu/modeling/gswm/gswm.html
http://www.hao.ucar.edu/modeling/gswm/gswm.html
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FIGURE 4.5: Amplitude (left panel) and phase (time of the maxi-
mum temperature; right panel) of the diurnal tides extracted from
the GSWM above 45°N for August. Temperature differences (lidar
minus GOMOS; right panel) expected from diurnal atmospheric

tides as simulated by the GSWM-00 model.

4.7 First scientific results

The monthly climatology of GOMOS temperature has been built by averaging the
data into 10° bins from 80°S to 80°N. For each month-latitude bin, the average
value is kept only if at least 15 valid profiles are considered. The results are
presented in Fig. 4.6. At the stratopause the warmest temperatures are observed
at the North Pole from April to September and at the South Pole from November
to January, the equatorial stratopause temperature showing relative maximum
all around the year. As expected, the coldest temperatures are observed in the
upper mesosphere at high latitudes in summer, from May to August in the North
hemisphere and from November to February in the South hemisphere. This is due

to adiabatic cooling of ascending air in this configuration.
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FIGURE 4.6: Monthly climatology of GOMOS Rayleigh tempera-
ture. Data are averaged over 10° latitude bins.

In order to better visualise the main features of the GOMOS climatology, the
temperature difference with the GOMOS external model is represented in Fig.
4.7. The GOMOS external model is used for processing of GOMOS data for the
retrieval of atmospheric species as described by (Kyrola et al., 2010). For each
occultation the external atmospheric profile is built by using ECMWEF analysis up
to 1 hPa (about 48 km) with a smooth transition to NRLMSISE-00 climatological
model above 1 hPa, preserving the hydrostatic equilibrium at all altitudes.
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FIGURE 4.7: Monthly climatology of the temperature difference
between GOMOS and the external (ECMWF-+MSIS). Data are
averaged over 10° latitude bins.

Figure 4.8 shows the average temperature difference between GOMOS and the
external model averaged over all latitudes and months. Below 48 km, where the
external model is based on ECMWF analysis, the agreement is very good, almost
always better than 5 K and in average better than 2 K. The only exception is
at 35 km in the equatorial region where GOMOS presents a cold bias compared
to the model, especially from January to May (cold bias of about -10 K). We
attribute this cold bias to a contamination of the Rayleigh scattering profile by
Mie scattering due to the presence of aerosols in the lower stratosphere that may
reach 35 km at the equator (Vernier et al., 2009). Above 48 km, where the external
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model is driven by NRLMSISE-00, the temperature is warmer in GOMOS data
than in the external model up to 80 km by up to +10 K in average at 60 km.
Above 80 km GOMOS is colder than the external model.
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FIGURE 4.8: Mean difference between GOMOS Rayleigh tempera-
ture and external model temperature as a function of altitude. The
standard deviation of the difference is shaded.

An interesting characteristic of the geometry of observation is that for a line of sight
parallel to the Earth pole axis, the tangent point in the atmosphere is exactly at
the Equator. The occultation of Polar Star, with 89.5° declination, gives all around
the year a tangent point between 0.8°S and 0.8°N in bright limb conditions. More
than 22,000 occultations of the Polar Star have been performed during the 10 years
of ENVISAT life, providing a quasi-continuous survey of the temperature evolution
at the Equator (Fig. 4.9, left panel). The temperature at the stratopause exhibits
a semi-annual variation. In the mesosphere we observe the descent of cold layers
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from 80 to 70 km in about 1 month. The more intense cold layers occurred in
April-May 2007. The vertical profile during the first week of May ((Fig. 4.9, right
panel) shows that this cold layer corresponds to a so-called mesospheric inversion
layer (MIL) in vertical temperature profiles.

Temperature evolution at Equator from GOMOS Rayleigh bright limb Mean profile 1-7 May 2007
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FIGURE 4.9: Left) Evolution of the weekly averaged temperature

profile at Equator obtained using all occultations of the polar star

with a tangent point latitude always situated in the interval 0.8°S-

0.8°N. Right) Vertical weekly mean profile beginning of May com-
pared to the GOMOS external model.

MILs have been observed by rocketsondes (Schmidlin, 1976) and Rayleigh lidars
at middle latitudes ((A. Hauchecorne, M. L. Chanin, and Wilson, 1987); (Duck
et al., 2001)), high latitudes (Cutler et al., 2001) and low latitudes (Ratnam et al.,
2003). Satellite observations showed the global extend of MILs ((T. Leblanc and
Alain Hauchecorne, 1997); (Fechine et al., 2008); (Gan, Zhang, and Yi, 2012)).
Several explanations have been proposed to explain the formation of MILs includ-
ing gravity wave breaking ((Alain Hauchecorne and Maillard, 1990)), planetary
wave structure (Salby et al., 2002) and thermal tides (Meriwether et al., 1998).
Explanations of the long duration and the global longitudinal extend of the ob-
served equatorial MILs are beyond the scope of this paper and will be the topic of
a future publication.
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Polar Star profiles have been used to build a seasonal climatology at the Equator
Fig. 4.10. In the upper stratosphere the dominant feature is the semi-annual evo-
lution with maxima at equinoxes (February to April and September-October) and
minima at solstices (June-July and December). The altitude of the stratopause,
taken at the altitude with warmest temperature, varies between 47 and 54 km
during the year with a maximum in December-January, a secondary maximum in
July. In the mesosphere the evolution is dominated by the annual variation with
a maximum in December-January, corresponding to the period with an elevated
stratopause, and a long minimum from April to October.
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FIGURE 4.10: Seasonal evolution of the equatorial temperature
derived from temperature data presented in Fig. 4.2 The altitude
of the stratopause is indicated by the white dotted line.

4.8 Conclusions

A database of more than 309,000 temperature profiles from 35 to 85 km, covering
the period June 2002 to April 2012, has been created in the frame of the ESA
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funded MesosphEO project using the daytime Rayleigh scattering at limb observed
by GOMOS.

Comparison with nighttime Rayleigh lidar profiles at OHP shows some differences
with a vertical structure that may be at least partially explained by the contri-
bution of thermal diurnal tides. This data set was used to build temperature
climatology as function of latitude and month and to compare it with the GO-
MOS external model. The agreement is better than 2 K in the upper stratosphere
below 48 km (1 hPa) where the model is driven by ECMWE, but 5 to 10 K differ-
ences are observed in the mesosphere from 50 to 80 km where the model follows
NRLMSISE-00 climatology. The evolution of the temperature at Equator shows
the occurrence of temperature MILs with global longitudinal extension, descend-
ing in about one month from 80 to 70 km. The climatology shows a semi-annual
variation in the upper stratosphere, a stratopause altitude varying between 47 and
54 km and an annual variation in the mesosphere.

The technique to derive temperature profiles from Rayleigh scattering at limb can
be applied to any other limb-scatter sounder providing observation in the spectral
range 350-500 nm where the Rayleigh scattering is efficient and the absorption
by ozone and other stratospheric constituents not too important. This is also a
good candidate for a future small satellite constellation due to the simplicity of
the principle.
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5 General Conclusions and
Future Work

5.1 Conclusions

In this work we have presented an improved algorithm which minimises the sys-
tematic temperature warm bias at the top of the lidar temperature retrieval. The
bias in the lidar temperatures has been reduced by 20 K near 90 km as is repre-
sented in figure 2.11. The modification were made to the classic iterative technique
of (Alain Hauchecorne and M.-L. Chanin, 1980a) and focused mainly of the im-
provements to signal to noise ratio reduction and background identification (see
chapter 2.5). The techniques we have employed for the detection of signal contam-
ination, the selection of the best data for inclusion in the calculation, and criteria
for where to initialised the inversion when assuming an a priori pressure at the
top of the atmosphere, are easily adaptable to other lidar systems. We hope that
the suggestions presented here will be of help in the ongoing discussion of how to
better NDACC lidar temperatures in the UMLT.

Having conducted the first ever decadal temperature inter comparison between a
co-located 532 nm Rayleigh lidar and temperatures from the 355 nm Rayleigh line
of an ozone DIAL system we have shown that these two techniques can produce
statistically identical and robust temperature profiles over an extended time pe-
riod as is seen in figure 2.14. Residual temperature differences between the two
sets of temperature profiles is likely due to periods of internal or inter-system
misalignment and underscores the need for an automated alignment system go-
ing forward. This should provide motivation for all NDACC DIAL systems to
contribute temperature data products to the NDACC database.

The OHP lidars have been shown to be stable and consistently produce high
quality temperature profiles over a period of four decades. After applying our new
data processing techniques, we have seen a systematic cooling of the high-altitude
lidar temperatures which brings them into better agreement with the temperatures
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measured by both MLS and SABER. Additionally, these profiles are made at a
high cadence, averaging two to five nightly average profiles per week allowing for
statistically rigorous comparisons with other instruments. In particular, we would
conclude that these improved lidars are ideal candidates for long-term validation
of temperature profiles measured by satellites.

We have detected the same systematic 5-15 K warm bias in the lidar to satellite
temperature comparisons above 70 km found by many other authors (described in
section 3.3.2). Having addressed many of the issues concerning the initialisation
of the lidar temperature profile using the integrative technique in Chapter 2 we
are confident that our temperatures are not unduly influenced by noise, electrical
transients or background and that the resulting temperature differences between
the lidar and satellites is either indicative of systematic effects in the satellites or
geophysical variation.

In total, 2433 nights of Rayleigh lidar temperatures from OHP were compared to
1741 temperature profiles from MLS (2004-2018) and 1100 temperature profiles
from SABER (2002-2018). The comparisons were done in the geographical region
surrounding OHP [(40°N, 9°E) to (48°N, 21°E)] using a time window of +4
hours for coincidence with a SABER orbit and £12 hours for a MLS orbit (refer
to map 3.1).

In general, we found that the SABER to lidar temperature comparison has a sea-
sonally dependent bias which varies with altitude. In the summer we determined
that the SABER temperatures were approximately 2 K colder than the lidar tem-
peratures in the upper mesosphere above 70 km, up to 6 K warmer than the
lidar in the mesosphere (50 to 70 km), up to 3 K colder than the lidar in the
stratopause region (40 to 50 km), and warmer than the lidar below 35 km. In
the winter we determined that the SABER temperatures were approximately 4 K
colder than the lidar temperatures in the upper mesosphere above 70 km, up to
3 K warmer than the lidar in the mesosphere (50 to 70 km), up to 6 K colder
than the lidar in the stratopause region (40 to 50 km), and also warmer than the
lidar below 35 km. These seasonal, altitude dependant biases are seen in figure
3.3. We concluded that the upper most bias could be due to lidar a priori choice
but that further corrections are not possible using an iterative technique for lidar
temperature estimation. The middle two regions from 40 to 70 km are where the
lidar measurements and technique are most robust and we can not account for
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the temperature differences from the ground based perspective. The lowest layer
biases below 35 km are possibly due to aerosol contamination of the Rayleigh li-
dar or perhaps some non-linearity in the low gain channel. This problem will be
resolved by the addition of a rotational Raman temperature channel to the OHP
lidar in the near future. We theorised that the seasonal variation in the systematic
bias could be due to improper estimation of the stratopause height in the satellite
estimation of geopotential height.

After correcting for satellite geopotential height using the lidar data we redid the
comparison between the SABER and lidar temperature profiles. The summer
time showed statistically significant improvements between 35 and 70 km. The
temperature bias in the mesosphere was reduced from 6 K to 3 K and is now
characterised by a flatter shape as opposed to the “S” curve which dominated the
uncorrected comparisons. The bias in the stratopause temperature was reduced
to nearly zero from an initial peak of 3 K. Above 70 km and below 30 km the
temperature differences are slightly larger after the altitude correction but the
results are either small or not significant (see figures 3.14d). The winter comparison
showed marked improvement after adjusting the satellite altitudes using the lidar
determined stratopause height. In the region from 35 to 65 km, the bias was
reduced to a nearly constant offset of 1 K with the almost no residual altitude
dependence. No significant changes were found below 35 km or above 70 km (see
figure 3.14f).

When repeating the satellite to lidar temperature comparison using temperature
profiles from MLS we found a highly layered bias in the stratosphere and meso-
sphere that also varied with season and altitude. In the summer the lidar minus
MLS temperature bias had an oscillating structure with local extrema at 25 km
(-5 K), 37 km (4 K), 50 km (-2 K), 63 km (3 K), 70 km (-5 K), and 80 km (13
K). The winter temperature comparison shared the same general layered form as
the summer comparison but had an even more extreme bias near the statopause.
In the winter we saw a systematic bias with local extrema at 25 km (-10 K), 37
km (17 K), 63 km (3 K), and 70 km (12 K). These extreme seasonal variations are
presented in figure 3.5.

Correcting the MLS temperature profiles using the stratopause height as measured
by the lidar had no significant affect on the temperature differences in the sum-
mer time comparison (see figure 3.14c). Likewise, the winter comparison saw no
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meaningful improvement beyond a 5 K reduction near 50 km.

Based on the success of our technique in correcting the satellite temperature pro-
files using the lidar derived stratopause height as well as making qualitative obser-
vation for nightly comparisons during the winter (figure 3.9), we have concluded
that both satellites often have difficulty identifying the altitude of layers with
sharp temperature gradients such as the stratopause. In particular these instru-
ments have difficulty during the winter when the middle atmosphere is more dy-
namic and rapid, wave-driven events such as sudden stratospheric warmings can
be missed entirely.

We have used the lidar database which was assembled and tested in this work to
validate the temperature retrievals from the newly derived temperature database
from the GOMOS satellite. This is another example of the value of lidar as a
ground based remote sensing instrument for middle atmospheric temperature.

5.2 Future Work

We are collaborating with colleagues from the UK Met Office to produce an anal-
ysis of NDACC temperature lidars, the MLS temperatures and the ERA-interim
reanalysis model. The scope of this work is to use the ERA-interim pressure grid
to compare the lidars, satellites and models and attempt to eliminate temperature
differences which may be due to conversion errors in the geopotential height. Given
the stability of the lidar temperature measurements and the utility they show as
tools for validation of other measurements, the next logical step is to compare the
lidar data to numerical weather predictions of the stratosphere. Given that the
lidar data is not assimilated by the current weather prediction models they will
provide a good independent reference in the effort to identify potential sources of
error and bias.

We are also collaborating with colleagues in Canada who are using the Bayesian
Optimal Estimation Method for temperature retrieval (R. Sica and Haefele, 2015).
We have calculated the averaging kernels for the OHP temperature lidar but we
need to fully express the error contributions in the gain matrix for the OHP lidar.
We are attempting to characterise the a priori error in the OHP temperature
profiles to address one of the major sources of uncertainty we have left in our
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temperatures. However, some challenges remain in the characterisation of the
background and the selection of which profiles to include in the Bayesian forward
model. I need to reconcile the work presented in Chapter 2 where I have relied on
a frequentist approach to noise and background reduction with the new Bayesian
techniques. The inclusion of several of my data quality processes into the Canadian
lidar forward model may also help constrain data variances.

Chapters 2 and 3 represent the first two stages in presenting the temperature pro-
files from the OHP lidars as a valuable dataset for long-term geophysical and vali-
dation studies. We have raised some interesting questions about the resolution and
identification of the stratopause in the temperature profiles from MLS and SABER
which need further study. The next paper for the series is a study of temperature
and geophysical trends in the middle atmosphere using the lidars, satellites, and
models to identify the cause of the disagreements regarding stratopause shape and
altitude. Given that we have 40 years of middle atmospheric lidar profiles we can
also do a trend study to look at both temperature trends broadly as well as the
altitude of the stratopause.
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A Résumé Francais

Des observations lidar de longue durée de I'atmosphere moyenne ont été effectuées
depuis 1978 a 1’Observatoire de Haute-Provence (OHP), situé dans le sud de la
France (43.93° N, 5.71° E). Dans cette these, j’ai décrit la configuration technique
actuelle des deux expériences lidar co-localisées a OHP. La premiére expériences
est le lidar Rayleigh, Lidar Température et Aérosols (LTA), qui fonctionne a une
longueur d’onde de 532 nm et mesure les profils verticaux de la densité atmo-
sphérique, des aérosols et de la température. La deuxieme expériences est le lidar
pour I’Ozone dans la Stratosphere (LiO3S), utilise deux longueurs d’onde a 355
nm et a 308 nm et mesure la densité, la température, les aérosols et I'ozone. En
utilisant 20 années de mesures lidar co-localisées de haute qualité, nous avons
montré que les températures lidar calculées a ’aide de la technique de Rayleigh au
LTA a 532 nm sont statistiquement identiques aux températures lidar calculées a
partir du voie non absorbant a 355 nm de LiO3S. La figure A.1 montre une série
chronologique complete des différences de température sur 20 ans entre les deux
lidars a quatre niveaux d’altitude différents. La figure A.2 montre la différence de
température moyenne médiane statistique entre les deux lidars.
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FIGURE A.1: Différences des température moyennes obtenues avec
les lidars de OHP, LTA et LiO3S, pendant une période de 20 ans
entre 1993 et 2013 & quatre niveaux d’altitude: 65-75 km (rouge),
55-65 km (vert), 45-55 km (bleu) et 35-45 km (magenta). Les in-
certitudes ombrées sont indiquées en 1 sigma pour plus de clarté et
les lignes noires représentent une différence de température nulle
décalée a 40, 50, 60 et 70 km. Toutes les mesures, y compris
les périodes de mauvais alignement de lidar, sont incluses dans ce
graphique. Les anomalies apparentes (fleches bleues) ne se pro-
duisent que pendant les périodes ou les lidars étaient souvent mal
alignés.
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FIiGURE A.2: Ensemble des différences de température médianes

entre LTA et LiO3S basé sur les mesures de température effectuées

entre 1993 et 2013. L’erreur ombrée correspond a la distribution
en deux sigma de I’ensemble.

En plus, nous avons abordé les préoccupations précédemment publiées concernant
le biais relatif chaud lidar-satellite lors de comparaisons dans la haute mésosphere
et la thermosphere inférieure en préparation de notre comparaison lidar décennale.
Nous détaillons un algorithme de traitement de données qui minimise les erreurs
connues dues aux procédures de sélection de données, aux choix a priori et aux
parametres d’initialisation inhérents a la récupération lidar. Comme on peut le
voir sur la figure A.3, notre algorithme a pour résultat un refroidissement médian
du profil de température absolue calculé par le lidar de 20 K a 90 km d’altitude par
rapport a l'algorithme standard de la température du lidar. La confiance suscitée
par la validation croisée a long terme de deux lidars indépendants et le base de
données de température lidar amélioré est exploitée pour étre utilisée dans des
validations de satellites pluriannuels.
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FiGure A.3: Différences de température d’ensemble par rapport

aux températures standard NDACC LTA de Rayleigh (noir). MLS

(rouge), SABER (bleu avec variance d’ensemble ombrée), MSIS-90

(magenta), LiO3S (orange) et LTA Rayleigh températures corrigées
dans cet ouvrage (vert).

Ce travail est la premiere analyse décennale des différences de température systé-
matiques entre les lidars OHP et 2433 nuits de températures lidar OHP avec des
mesures de température co-localisées a partir du Sondeur Micro-onde des Limbes
(MLS) et de l'instrument Sondage de 1’Atmosphére par Radiométrie a4 Emission
du large bande (SABER). Les comparaisons ont été effectuées a l'aide de don-
nées de janvier 2002 a mars 2018 dans la région géographique située autour de
I'observatoire (43.93° N, 5.71° E). Nous avons trouvé des différences systématiques
entre les températures mesurées a partir du lidar terrestre et celles mesurées a
partir des satellites, ce qui suggere des distorsions non linéaires dans les récupéra-
tions d’altitude des satellites. Nous trouvons un biais froid di a la stratopause
hivernale dans les mesures satellitaires par rapport au lidar (-6 K pour SABER
et -17 K pour MLS), un biais chaud mésosphérique (6 K vers 60 km), et un biais
structuré verticalement pour MLS (-4 & 4 K). Nous avons corrigé la hauteur de
stratopause des mesures satellites en utilisant les températures lidar et avons con-
staté une amélioration de la comparaison. Le biais relatif en hiver entre le lidar
et SABER a été réduit a 1 K dans la stratosphere et dans la mésosphere et le
biais chaud mésosphérique en été est réduit par 2 K. Les corrections d’altitude de
stratopause ont réduit le biais relatif entre le lidar et le MLS de 4 K au début de
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I’automne et a la fin du printemps, mais n’ont pas permis de traiter les artefacts
verticaux dans les profils de température du MLS.

Un exemple des trois profils de température de la nuit du 25 juillet 2012 est
présenté a la Fig. A.4. Dans cette comparaison, le profil lidar a été produit en 4
heures et a une résolution verticale de 150 m, allant de 30 km a plus de 90 km. La
grande incertitude sur la température au-dessus de 70 km résulte de la résolution
verticale fine requise pour capturer la couche d’inversion mésosphérique présente
a proximité de 77 km.

Vertical Temperature Profile for OHP 20120725
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FiGURE A.4: Exemple de profils de température co-localisés du
lidar OHP (vert), SABER (bleu), MLS (rouge) et MSIS (noir).

De 2002 a 2018, il y a eu 1100 mesures simultanées de qualité suffisante entre les
lidars OHP et SABER. La figure A.5 (panneau supérieur) indique les différences
de température mensuelles médianes entre le lidar et SABER, tandis que la Fig.
A5 (panneau inférieur) indique le biais de température saisonnier moyen avec
I’altitude.
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Entre 2004 et 2018, 1741 mesures simultanées de qualité suffisante entre lidars
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FIGURE A.5: Comparaison systématique sur 16 ans des lidars OHP
et des températures SABER. Les différences de température men-
suelles médianes entre le lidar et SABER sont indiquées dans le
panneau supérieur. Le rouge indique que le lidar est plus chaud
que SABER et le bleu que le lidar est plus froid. 11 y a 1100 nuits
de mesures coincidentes dans le diagramme de couleurs. Le pan-
neau inférieur est un ensemble saisonnier des différences de tem-
pérature lidar moins SABER. L’ensemble d’été (mai, juin, juillet
et aoiit) en rouge comprend 306 nuits de mesures coincidentes et
lensemble d’hiver (novembre, décembre, janvier, février) en bleu
comprend 397 nuits de mesures coincidentes. Les erreurs ombrées
représentent 1 et 2 écarts types.
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OHP et MLS ont été effectuées. Dans la figure A.6, nous voyons un biais chaud
dans la stratosphere qui semble avoir une phase de migration vers le bas a mesure
que l'hiver avance. Dans le panneau inférieur correspondant, nous voyons des
différences systématiques tres marquées de 'heure d’été qui alternent du chaud au
froid dans la stratosphere et la mésosphere. L’ensemble hivernal présente un tres
important biais chaud lidar pres de la stratopause.
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F1GURE A.6: Comparaison systématique sur 14 ans des tempéra-
tures de OHP lidar et de MLS. Les différences de température
mensuelles médianes entre les lidars et MLS sont indiquées dans
le panneau supérieur. Il y a 1741 nuits de mesures coincidentes.
Le panneau inférieur est un ensemble saisonnier des différences de
température lidar moins MLS. L’ensemble d’été (mai, juin, juillet
et aolit) en rouge comprend 554 nuits de mesures coincidentes et
Pensemble d’hiver (novembre, décembre, janvier, février) en bleu
comprend 653 nuits de mesures coincidentes. Les erreurs ombrées
représentent 1 et 2 écarts types.

Nous avons étudié un décalage vertical possible entre les mesures lidar et satellite
afin de déterminer si cela pouvait contribuer aux biais de température. Pour que les
deux profils de température correspondent exactement en amplitude et en altitude,
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un facteur de correction dépendant de l'altitude unique est utilisé pour chaque
comparaison. Cependant, nous pouvons faire une estimation approximative du
décalage vertical moyen entre les deux mesures en nous concentrant sur la région
de la statopause qui a généralement une altitude définie et une structure claire.
Nous avons utilisé une méthode simple des moindres carrés pour estimer au mieux
le décalage vertical qui minimiserait les différences de température entre la mesure
lidar et la mesure par satellite. Nous avons calculé un décalage moyen de 1446
m avec une erreur standard de 49 m pour SABER et de 911 m avec une erreur
standard de 90 m en MLS. Nous avons appliqué cette correction d’altitude aux
données satellite et comparé aux mesures lidar d’origine.

La figure A.7a montre la différence de température d’ensemble pour toutes les com-
paraisons de température entre le lidar et le MLS 1741 avant correction (rouge) et
apres correction (magenta). Le biais chaud important pres de 45 km a été réduit
de 8 & 6 km, mais les polarisations dues au froid a 53 km et a 68 km sont ag-
gravées par la correction. Pour comprendre ce résultat, nous pouvons examiner la
dépendance saisonniere de la correction appliquée. La figure A.7c représente la dif-
férence de température d’ensemble d’été (MJJA), constituée de 554 comparaisons
de température lidar-MLS avant correction (rouge) et apres correction (magenta).
Il y a une amélioration marginale apres correction au-dessous de 55 km, mais le
changement n’est pas significatif a 2 ¢ et la structure du biais de température
reste inchangée. La figure A.7e représente la différence de température d’ensemble
d’hiver (NDJF) composée de 653 comparaisons de température lidar-MLS avant
correction (en bleu) et apres correction (en magenta). Il y a une amélioration
significative de 4 K dans le grand biais froid a 45 km. La comparaison lidar-MLS
corrigée est également nettement moins bonne pres du biais froid, a 63 km.

La figure A.7b montre la différence de température d’ensemble pour toutes les com-
paraisons de température 1100 lidar-SABER avant correction (en bleu) et apres
correction (en magenta). la correction de la hauteur de la stratopause a réduit
le biais chaud de la stratosphere, de 4 K a moins de 1 K, et du biais froid de la
mésosphere, de -4 K a -1 K. Le biais chaud au-dessus de 70 km a été légerement
augmenté. La figure A.7d représente la différence de température d’ensemble d’été
(MJJA) composée de 306 comparaisons de température lidar-SABER avant cor-
rection (rouge) et aprés correction (magenta). Il y a une réduction significative
de 3 K du biais chaud a 45 km et une réduction significative du biais du froid
mésosphérique de -6 K a -3 K. La figure A.7f est la différence de température
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d’ensemble d’hiver (NDJF) constituée de 397 comparaisons de température lidar-
SABER avant correction (bleu) et apreés correction (magenta). En appliquant
la correction d’altitude, nous avons éliminé la forme en ”S” dans la courbe de
différence de température entre 30 et 60 km. Il reste un important biais chaud
constant de 1 K apres correction. Au-dessus de 70 km, il n’y a pas de changement
significatif sur le plan statistique.
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(D) Différence de température médiane es-
tivale (MJJA) pour 306 lidar moins les pro-
fils de température SABER de 2002 a 2018.
Le rouge est ’ensemble original et le ma-
genta est ’ensemble apres correction.
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FiGURE A.7: Ensemble pour lidar moins MLS différences de tem-

pérature (& gauche) et lidar moins SABER (& droite).

Les en-

sembles de tous les profils sont situés dans la rangée supérieure,
les profils d’été (MJJA) dans la rangée centrale et d’hiver (NDJF)
dans la rangée inférieure.
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Nous avons également apporté des données lidar a la validation de la nouvelle base
de données de température GOMOS. La figure A.8 montre un exemple de profil
de température lidar et de quelques profils de température GOMOS.

Nightly Average Temperature 21 October 2003

a1 (o2] ~ (0]
o o o o
T T I I

Altitude (km)

N
o

30 - -
l 1 o 1 I

150 200 250 300 350
Temperature (K)

FIGURE A.8: Exemple de comparaison entre un profil lidar de
Rayleigh & OHP le 21 octobre 2003 (en rouge) et deux profils GO-
MOS colocalisés sélectionnés a ’aide des criteéres de co-localisation
(en bleu et vert). Lorsque deux ou plusieurs profils GOMOS sont
sélectionnés, le profil médian est utilisé pour la comparaison statis-
tique. Pour le profil lidar (rouge), chaque profil individuel GOMOS
(bleu) et le profil médian GOMOS (vert), I’écart type de son incer-
titude est représenté par la zone ombrée.

En suivant la méme procédure utilisée pour comparer les données lidar a MLS
et SABER, nous avons comparé les profils de température lidar OHP a GOMOS.
La différence médiane statistique entre la température du lidar et la tempéra-
ture du gant est inférieure a 46 km, négative entre 46 et 73 km et inférieure a -5



Appendix A. Résumé Francais 127

K entre 55 et 60 km et encore positif au-dessus de 73 km avec +7 K a 85 km.
La dispersion des différences reste comprise entre + 5 K et & K dans toute la
gamme d’altitudes. La différence positive dans la partie supérieure du profil peut
étre au moins partiellement due a un biais chaud dans la température de OHP
supérieure a 75 km, comme indiqué par (R. Wing, A. Hauchecorne, P. Keckhut,
Godin-Beekmann, S. Khaykin, and McCullough, 2018a) en utilisant une compara-
ison avec SABER-TIMED. L’alternance des différences positives et négatives avec
I’altitude peut indiquer une contribution des marées thermiques atmosphériques,
car les mesures de température ne sont pas obtenues simultanément. Les mesures
GOMOS au-dessus de OHP sont effectuées pendant la journée vers 11h00, heure
solaire, tandis que les opérations lidar sont effectuées pendant la premiere partie de
la nuit pendant plusieurs heures, avec une séquence moyenne estimée vers 21h00.
temps solaire en moyenne.

85 T
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D |
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FiGURE A.9: Différence de température médiane statistique entre

les profils de température lidar OHP et GOMOS (température li-

dar moins GOMOS). La zone ombrée représente la dispersion des
différences (un écart type).
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