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Preface 
The work on this thesis started in August 2005 and has been funded by The 
University Centre in Svalbard (UNIS) through their grant from the Norwegian 
Ministry of Education and Research. The major part of the research has been 
carried out at UNIS in Longyearbyen, but much time has also been spent at the 
optical observatories located close by: the Auroral Station in Adventdalen (August 
2005 to September 2007) and the Kjell Henriksen Observatory (KHO) (September 
2007 to September 2009). 
 The main object of this work has been to measure temperatures in the 
mesopause region by utilizing the infrastructure already present at Svalbard and 
combine with data from satellites to improve these temperature estimates. The 
project also includes investigation of atmospheric dynamics inferred from the 
temperature series and airglow spectra. 
 In addition to the work done in direct relation to my PhD project, I have 
participated in several other projects. Some of these have resulted in publications 
that are not part of this thesis. The papers are listed below. 
 

• Sigernes, F., J. M. Holmes, M. Dyrland, D. A. Lorentzen, , S. A. 
Chernouss, T. Svenoe, J. Moen and C. S. Deehr (2007), Absolute 
calibration of optical devices with a small field of view, Journal of Optical 
Technology, 74, 669-674. 

• Sigernes, F., J. M. Holmes, M. Dyrland, D. A. Lorentzen, T. Svenoe, K. 
Heia, T. Aso, S. Chernouss, and C. S. Deehr (2008), Sensitivity calibration 
of digital colour cameras for auroral imaging, Optics Express, 16(20), 
15623-15632. 

• Hall, C. M., J. Röttger, K. Kuyeng, M. Tsutsumi, M. Dyrland, and J. L. 
Chau (2009), Polar mesospheric summer echoes at 78°N, 16°E, 2008: First 
results of the refurbished sounding system (SOUSY) Svalbard radar, J. 
Geophys. Res., 114, D11111, doi:10.1029/2008JD011543.  

 
 
 



 



Abstract 
The polar mesopause region (80-100 km) is one of the most dynamic regions of the 
Earth’s atmosphere. It may hold important clues to understand the Earth’s energy 
and climate balance. This thesis uses a multi-instrument approach to gain new 
insight into the relation between temperature and airglow variations and dynamical 
processes occurring in the mesopause region above Svalbard (78°N, 16°E).  
  A daily rotational temperature series derived from ground-based spectral 
measurements of hydroxyl (OH) airglow emissions from 1980-2001 has been 
updated until February 2005, and analyzed for short time periodicities and long 
term trends. Temperatures from the unusually warm 2003-2004 winter were 
compared to temperatures measured by SABER (Sounding of the Atmosphere 
using Broadband Emission Radiometry) on the TIMED (Thermosphere Ionosphere 
Mesosphere Energetics and Dynamics) satellite. Studies of OH volume emission 
rates measured by SABER reveal that the assumption of a constant height for the 
OH layer is a strong simplification for the data from Svalbard. The observed 
lowering of the peak altitude of the order of ~10 km may explain up to 30% of the 
temperature increase observed during 2003-2004. A strong linear correlation was 
found between SABER measurements of OH temperatures and peak altitudes and 
meridional mesopause region winds measured by the Nippon/Norway Svalbard 
Meteor Radar (NSMR). This implies a strong coupling between the meridional 
wind strength, vertical transport and temperature on a local scale.  
 Knowledge of the peak altitude of the OH layer may be crucial for assessing 
variabilities observed in OH temperatures. By comparing simultaneous 
measurements of OH layer emissions made by SABER and the ground-based 
spectrometer, an empirical relationship was found between the OH layer peak 
altitude and brightness. This enables us to assign peak altitudes to ground-based 
measured OH spectra even when no satellite measurements are available.  
 While the retrieval of OH rotational temperatures depends on the observing 
conditions, the NSMR radar can measure meteor echoes during the whole day and 
year. The results using temperatures measured by the satellite instrument Aura 
MLS (Microwave Limb Sounder) to calibrate the initial temperatures obtained by 
the radar are presented. We argue that we obtain a better estimate for the neutral air 
temperature at 90 km than previously analyzed data from the NSMR radar. 
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1  Introduction 

1.2 Atmosphere and climate 
Understanding, predicting and eventually perhaps even modifying the processes 
related to climate change, have been some of the most important goals of the 
scientific communities around the world for the last couple of decades. Whether 
induced by human activity or not, the predicted changes of sea and atmospheric 
temperatures will have significant consequences for human society, economic 
activity and natural diversity as pointed out by the Intergovernmental Panel of 
Climate Change (IPCC) in their assessment reports (downloadable from 
http://www.ipcc.ch/ipccreports/). As a part of understanding the global energy 
budget of the Earth, knowledge about all sources, sinks and transport mechanisms 
of the atmospheric constituents is needed. Ground-based weather stations, 
tropospheric and stratospheric balloons, radars and satellites have provided input 
data to atmospheric models. However, there are limitations. Our globe is large and 
some geographical locations and atmospheric regions are less accessible than 
others.  
 One of these atmospheric regions is the mesosphere. Located between 50-100 
km above ground, it is too high to reach by balloon and too low for in-situ satellite 
measurements. Rockets can fly through and measure atmospheric parameters in-
situ, but these are expensive and few such measurements are available. Ground-
based instruments do also have limitations. Radars depend on gradients and 
discontinuities in refractive indices that are usually not present in the mesosphere, 
and optical measurements suffer from variable transmission and cloud conditions. 
These difficulties have led to the mesosphere often being ironically referred to as 
“the igonorosphere”. Despite the somewhat pessimistic nickname, being able to 
model and measure the dynamics and coupling of this and other atmospheric 
regions from the surface and into the thermosphere, is considered highly important 
[Jarvis, 2001]. Large scientific resources have been and are still used to complete 
this task and to understand how atmospheric dynamics couple to solar and 
anthropogenic forcing [Haigh, 2006].  
 A fundamental parameter to monitor and understand the variation of is the 
temperature. The temperature of the uppermost part of the mesosphere can be 
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obtained from a variety of ground-based and satellite instruments monitoring 
phenomena occurring there [Beig et al., 2003]. The upper part of the mesosphere is 
often referred to as the mesopause region (80-100 km). It has been highlighted as a 
key part of the atmosphere to monitor for climate change signals by The Network 
for the Detection of Mesopause Change (NDMC) (http://wdc.dlr.de/ndmc/). Many 
of the instruments measuring mesopause region properties are available at the 
Arctic archipelago Svalbard (~78°N). Since the early 1980s a spectrometer has 
been used to measure hydroxyl airglow spectra. From these spectra rotational 
temperatures have been derived and assigned as neutral air temperatures at the 
assumed peak of the hydroxyl layer at ~87 km [Sigernes et al., 2003]. 
Temperatures at 90 km have also been deduced from measurements of meteor echo 
decay times made by a meteor wind radar at Svalbard [Hall et al., 2006]. However, 
as we shall argue, both of these techniques have their limitations. Data from 
satellites provides a new perspective useful for assessment and validation of earlier 
studies and results. With our multi-instrument approach we aim to contribute to 
solve some of the unresolved scientific issues in this field of research.  

1.2 Unresolved scientific issues 
 There are two main motivations for measuring and analyzing temperatures and 
airglow spectra from the polar mesopause region: 
 1) One of them is to look for trends that can be attributed to climate change, 
either naturally or anthropogenically induced. The observed increase of 
temperatures in the troposphere is expected to have its counterpart in a decrease of 
temperatures in the middle atmosphere (stratosphere and mesosphere) [Akmaev and 
Fomichev, 2000]. Models have predicted that a trend would be largest in the polar 
regions and that an observed temperature decrease there could be considered a 
signal of future climate change in other regions [Olivero and Thomas, 2001]. Beig 
et al. [2003] compiled estimates of mesospheric temperature trends from a variety 
of observations from ground-based instruments, rocketsondes, satellites, lidars etc, 
looking for such a trend. They did not find a consistent picture and many of the 
reported time series showed no significant temperature trend. Updated chemistry 
climate models (CCMs) which extend to above the mesopause region and in which 
influence from the 11-year solar cycle as well as anthropogenic forcing are 
incorporated, have been developed and evaluated [Schmidt et al., 2006; Yuan et al., 
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2008, and references therein]. Several of these confirm the existence of a near zero 
temperature trend at mesopause level [e.g. Garcia et al., 2007]. Still, ground based 
and satellite measurements show large spatial and temporal asymmetry in the 
response of both the middle- and upper atmosphere to the forcing [e.g. Chanin et 
al., 2006]. The question of the value and sign of a possible temperature trend is still 
not fully answered. These inconsistencies are the motivation for performing trend 
analyses of the long term time series of mesopause region temperatures from 
Svalbard and other places around the world. Our results are presented in Paper 1.  
 2) The second and main motivation for studies of mesopause region 
temperatures and airglow characteristics is simply to be able to parameterize and 
understand the state and dynamics of the Earth’s atmosphere. Especially for the 
high Arctic winter (>75oN), models and measurements of parameters such as wind 
and temperature, diverge from each other [Schmidt et al., 2006; Hall et al., 2006]. 
The polar mesopause region is highly dynamic with large gradients in temperature 
and large variability in vertical, zonal and meridional circulation resulting from 
waves passing and breaking [Holton, 1983]. Analyses of periodicities in the 
temperature dataset can give clues about the connection towards variable solar 
input (Paper 1). Comparisons between data sets are highly useful for data 
validation purposes (Papers 2 and 4). Correlations with wind strength and direction 
indicate coupling mechanisms between atmospheric regions, and allow us to 
identify the processes responsible for observed temperature changes (Papers 2 and 
3).  

1.3 Structure of the thesis 
In addition to presenting our results we will also establish a background for the 
themes in this thesis. 
 Terms and concepts associated with the dynamics of the mesopause region, are 
presented in Chapter 2. Chapter 3 describes our site and the instruments used in our 
studies. In Chapter 4 we provide the background and theories for remote sensing of 
hydroxyl emissions and rotational temperatures. The basis for deriving mesopause 
region temperatures and winds from meteor radar measurements are given in 
Chapter 5. The satellite data are briefly described in Chapter 6. Chapter 7 
summarizes the results and we discuss them in the context of previous work. 
Concluding remarks and perspectives for the future are given in Chapter 8. Finally, 
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the four papers that constitute the basis of this thesis are attached in manuscript 
form.  
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2  Middle atmosphere dynamics 

2.1 The mesopause region defined 
According to its characteristics at different altitudes, the atmosphere has been 
divided into different regions. Figure 1 shows a schematic of the mean thermal 
structure of the atmosphere and processes occurring there. The main divide is 
between the homosphere and heterosphere. The homosphere consists of mainly 
neutral constituents, while the heterosphere is ionized [Wayne, 2000]. The 
troposphere, stratosphere and mesosphere comprise the homosphere. In the 
homosphere gases are mixed by turbulent diffusion. The result is that molecules 
and atoms produce a homogeneous gas with even concentration and gradually 
varying temperature. In the heterosphere (thermosphere and exosphere) the mean 
free path between the gas molecules becomes large enough for molecular diffusion 
to control the vertical gas distribution. Gravitational effects separate the different 
gases from each other. Heavy gases accumulate at lower altitudes, while lighter 
gases become dominant at higher altitudes. Thus the mean molecular mass varies 
with altitude while in the homosphere it is constant [c.f. Mueller-Wodarg et al., 
2008]. The stratosphere and mesosphere are often termed the middle atmosphere. It 
is the middle atmosphere that is the study area of this thesis, and in particular we 
study the so-called mesopause region.  
 The mesopause is the boundary between the mesosphere and the thermosphere 
and it is the place where the atmospheric temperature is at its minimum. It is often 
referred to as a region rather than a certain altitude, since the actual mesopause 
changes height both on shorter (diurnal) and longer (seasonal and annual) time 
scales. The temperature minimum can also be two-leveled [e.g. Thulasiraman and 
Nee, 2002, and references therein]. In the following we will consider the altitude 
range 80-100 km as the mesopause region. At these heights the atmospheric 
pressure varies from approximately 0.01 hPa (80 km) to 0.001 hPa (97 km) 
[Wayne, 2000]. 
 Some of the most important processes occurring in this region are illustrated in 
Figure 1. Two of these will be used as tracers of mesopause region dynamics in our 
study. These are the formation of the hydroxyl (OH) airglow layer at ~87 km and 
the ablation of meteors occurring at heights 70-110 km. 
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Figure 1. Illustration of the different regions of the Earth’s atmosphere and 
processes occurring at different altitudes (courtesy of Michael Wößner). 

 
From remote sensing of these phenomena, parameters such as temperature and 
winds can be derived. These phenomena will be discussed more thoroughly in 
Chapters 4 and 5. The mesopause region is also home to noctilucent clouds (NLC) 
also known as polar mesospheric clouds (PMC), which occur during the polar 
summer when the mesopause region temperatures are very low [Gadsden and 
Schröder, 1989]. The associated polar mesospheric summer echoes (PMSE) can be 
detected by radars and their occurrences have been studied from Svalbard [Hall et 
al., 2009]. There are several scientific problems that can be addressed by studying 
NLC’s and PMSE. However, these will not be a subject of this work. The 
mesopause region is also a place where gravity- and planetary waves break and 
deposit energy [c.f. Holton, 1983] and precipitation of energetic particles during so-
called solar proton events (SPEs) can also influence the composition and dynamics 
of the upper mesosphere strongly [Jackman et al., 2001]. 
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2.2 Large-scale circulation  
Latitude-height cross sections of zonal-mean temperature (upper panel) and wind 
(lower panel) for solstice are shown in Figure 2. The tropopause, stratopause and 
mesopause are marked by dashed lines. In the stratosphere there is a relatively 
uniform decrease of temperature from the summer to the winter pole, as expected 
by radiative equilibrium conditions [Holton, 2004]. 
 

 

Figure 2. Schematic latitude-height cross sections of zonal mean temperatures (°C) 
(upper panel) and zonal mean wind (ms-1) (lower panel) for solstice conditions. 
Dashed lines indicate tropopause, stratopause and mesopause levels. W and E 
designate centers of westerly (from west) and easterly winds (from east), 
respectively (from Andrews et al., 1987). 
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Above 60 km the sign of the gradient changes - the summer mesopause region is 
colder than the winter mesopause region (upper panel in Figure 2). The main 
features for the winds are an easterly (i.e. from the east or westward) jet in the 
summer hemisphere and westerly (i.e. from the west or eastward) jet in the winter 
hemisphere at 60 km (lower panel in Figure 2). At the lower stratosphere a cold 
region is seen poleward of 70°N for winter. This is the so-called polar vortex and 
its origin is the lack of solar radiation during polar night. The rapid decrease of 
temperature poleward of 45°N in winter requires a zonal vortex with strong 
westerly shear with height [Holton, 2004]. 
 The mean zonal flow shown in the lower panel of Figure 2 arises from the 
balance between the pressure gradient force and the Coriolis force acting on parcels 
of air. If an air mass is transported upwards from its equilibrium level it will 
adiabatically adjust to the surrounding pressure by expanding its volume. The work 
required decrease the temperature of the air. This process is called adiabatic 
cooling. The opposite happens when air subsides. It is compressed and the 
temperature increases. This is called adiabatic warming. 
  

 

Figure 3. Schematic of the meridional circulation in the atmosphere (illustration by 
WMO 1985, adapted from Hoppe, 2001). 
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 Due to the temperature/pressure gradients between the equator and higher 
latitudes, air will move northward from the Equator and the Coriolis force will 
induce a counterclockwise/eastward rotation in the northern hemisphere and 
oppositely in the southern hemisphere [e.g. Andrews et al., 1987]. 
 The departure from radiative equilibrium for the temperatures above 60 km 
altitude is caused by vertically propagating internal gravity waves which transfer 
momentum from the troposphere into the mesosphere. When the waves break they 
produce a strong zonal forcing which alters the strength of the zonal jet. By 
continuity this induces a meridional flow from the summer to the winter pole at 
mesospheric level [Andrews et al., 1987]. Figure 3 shows a schematic of the 
meridional circulation in the atmosphere.  

2.3 Heating and cooling processes 
We have already mentioned some of the processes responsible for heating or 
cooling certain parts of the atmosphere. Transport of air leads to adiabatic 
heating/cooling. In addition to ozone (O3) absorbing UV and warming the 
stratosphere, other atmospheric molecules and atoms also contribute to the thermal 
structure. Molecular oxygen (O2) causes heating by absorbing UV radiation in the 
upper mesosphere. The heating is balanced by radiative cooling mainly caused by 
vibrational relaxation in the infrared 15 μm band of carbon dioxide (CO2) [López-
Puertas et al., 1992]. Water vapor (H2O) also adds to the cooling, but to a smaller 
degree compared to CO2 and O3 [Kuhn and London, 1969]. 

2.4 Sudden stratospheric warming and mesospheric cooling 
Figure 4 shows a schematic of the Arctic polar vortex. The temperature is low in 
the lower stratosphere vortex core, and it increases with radius from the axis of 
rotation. In the upper stratosphere and lower mesosphere vortex core, the 
temperature decreases by radius relative to a mean vertical temperature from 0-60 
km [Gerrard et al., 2002]. The low temperatures in the lower stratosphere are 
associated with radiative cooling during the polar night, while the high 
temperatures in the upper stratosphere and lower mesosphere are due to subsidence 
of air and adiabatic warming [Duck et al, 1998]. The westerly (eastward) jet is 
shown as a green arrow.  
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 Occasionally the polar stratospheric vortex breaks down over the course of a 
few days. This is accompanied by large-scale warming of the polar stratosphere 
known as a sudden stratospheric warming (SSW) [Schoeberl, 1978]. If both the 
zonal wind direction and temperature gradient at 10 hPa and 60°N reverse, the 
SSW is termed a major SSW. Major SSWs do not occur every year, but for the last 
decade they have been frequent. They occurred in 1999, 2001, 2002, 2003, 2004, 
2006 and 2009 [Manney et al., 2005; Manney et al., 2009]. Studies show that 
enhanced propagation of planetary waves from the troposphere, especially zonal 
wave numbers 1 and 2, are closely associated with the SSWs [e.g. Shepherd et al., 
2007]. The planetary waves distort the polar vortex which may lead to a break-up 
or splitting of it. Sudden stratospheric warmings have been shown to be closely 
associated with negative temperature gradients in the mesosphere [e.g. Labitzke, 
1972; Walterscheid, 2000; Pancheva et al., 2008]. 
 

   

Figure 4. Schematic of the overall configuration of the Arctic polar vortex (from 
Gerrard et al., 2002). 
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Liu and Roble [2002] studied SSWs in a model and concluded that the likely 
explanation for the temperature decrease is that the weakening and reversal of the 
polar vortex allows more propagating gravity waves into the mesosphere, forcing 
the meridional circulation to turn equatorward and thus leading to adiabatic 
cooling.  

2.5 Short and long term variability 
Following the nomenclature of Azeem et al. [2007] the temperature varies with 
time according to a number of reasons: 
 
   Temperature = {Solar cycle in temperature 

  + annual variation in temperature 
    + semi-annual variation in temperature  (1) 

     + periodic terms 
     + long-term trend in temperature 
     + residual} 
 
 The 11-year cyclic activity of the Sun has a large impact on the variability of 
Earth’s environment and is also believed to influence the temperature of the middle 
atmosphere. Some studies have found a correlation between f10.7 solar flux and 
mesopause region temperature [e.g. Azeem et al., 2007, and references therein], but 
other have found no dependence [e.g. Sigernes et al., 2003]. In addition to the 11-
year solar flux period there is also a shorter-term variation of solar flux due to 
uneven distribution of active regions on the Sun. These periods are close to the 27 
day rotation period of the Sun [Hall et al., 2006; Paper 1; Höppner and Bittner, 
2009]. 
 Temperatures in the mesopause region exhibit annual and semi-annual 
variations. In the northern hemisphere the temperature is warm during the winter 
and cold during the summer. The variation is quite close to a sinusoidal variation 
[e.g. Hall et al., 2006; Paper 4], although with shorter periods imposed, especially 
during the winter. These sub-semi-annual periods of less than 6 months define the 
periodic terms. Long-term temperature trends also influence the temperature and 
the residual is the unexplained variability of the temperature time series. The cause 
of these can be gravity or planetary waves, diurnal or semi-diurnal tides or as we 
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show in Paper 2, meridional circulation variations. This way to parameterize the 
different variations in a time series also applies to the observed time series of other 
parameters, e.g the airglow emission rate [Shepherd et al., 2006; Paper 3]. 
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3  Site and instruments 

3.1 Site description 
This study has utilized data from instruments mainly located at the high-latitude 
location Longyearbyen (78°N, 16°E) at the Svalbard archipelago (see Figure 5). 
Being located in the so-called High Arctic, Svalbard is a unique place for 
atmospheric studies. No other place in the world at such high latitude has a similar 
well developed research infrastructure, reasonable climate and is at the same time 
available for anyone by regular air traffic. Svalbard has historically been a site for 
scientific research. 
 

 

Figure 5. Map of the Svalbard archipelago. Longyearbyen is marked as a red 
bullet. Svalbard’s location in the Arctic is indicated to the right.  
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Measurements of the auroral spectrum were conducted as early as 1872 
[Wijkander, 1874]. Since the late 1970s a series of optical instruments have been 
deployed close to Longyearbyen to measure the characteristics of the aurora and 
airglow. In the later years (late 1990s and early 2000) several radars were also put 
up at the same site, making multi-instrument studies possible [Röttger, 2000; Hall 
et al., 2004]. In the beginning of this century a number of satellites were sent up 
and they have brought a new perspective and new knowledge of the mesopause 
region. In the following sections a very brief description is given of each 
instrument that is used in this thesis. More details may be found in Papers 1-4, and 
references therein. 

3.2 The Ebert-Fastie spectrometer 
The Ebert-Fastie spectrometer was constructed by W. G. Fastie at John Hopkins 
University, Maryland at the beginning of the 1970s. The original design for the 
spectrometer was developed by Hermann Ebert in 1889, but since Fastie made 
significant improvements, the spectrometers were named after both and hence were 
from then on referred to as Ebert-Fastie spectrometers. In 1978 the Ebert-Fastie 
spectrometer named “1 m Silver Bullet” was brought to the Auroral Station in 
Longyearbyen from the Geophysical Institute, University of Alaska Fairbanks. 
Since 1983 it has been used to measure hydroxyl airglow spectra. Temperatures 
and intensities measured by the instrument have been extensively studied [Sigernes 
et al., 2003, and references therein]. In the autumn of 2007 it was moved to the new 
optical observatory: The Kjell Henriksen Observatory (KHO). 
 Figure 6 shows the experimental setup of the 1 m focal length Ebert-Fastie 
spectrometer used for the OH measurements in this study and a picture of the 
instrument. Inside the instrument a 1 m focal length spherical mirror is placed at 
the bottom of the instruments. It reflects and collimates light from the entrance slit 
onto the plane reflective diffraction grating. The grating has 1200 grooves/mm. The 
diffracted light from the grating is focused by the mirror onto the exit slit. Both the 
entrance and exit slits are curved to remove the effect of astigmatism by the mirror 
and to improve the spectral resolution of the system [Fastie, 1952]. The 
spectrometer has a fixed field of view of approximately 5° centered on 
geographical zenith.   
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Figure 6. Photograph and schematic of the Ebert-Fastie spectrometer used in this 
study (courtesy of F. Sigernes).   

  
 Examples of OH spectra measured by the instrument and other specifications 
are given in Chapter 4 and in Papers 1, 2 and 3. The relative intensity of the 
observed OH airglow lines can be used to derive the temperature at the height of 
the OH layer [Kvifte, 1961]. These temperatures are referred to as rotational 
hydroxyl temperatures. The theory and practice behind the retrieval are thoroughly 
described in Chapter 4. 

3.3 The NSMR meteor radar 
The Nippon/Norway Svalbard Meteor Radar (NSMR) is located a few kilometers 
away from the optical site near Longyearbyen. It is owned by the National Institute 
of Polar Research (NIPR) in Japan and operates on an automated basis all year 
round. Figure 7 shows a picture of the radar.   
 The radar has been described in several papers [e.g. Hall et al., 2004; Hall et 
al., 2006]. The Nippon/Norway Svalbard Meteor Radar (NSMR) consists of one 
transmitter antenna and five receivers. Echoes from meteor trails illuminated at 31 
MHz are detected by the 5-antenna interferometer array.  
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Figure 7. The Nippon/Norway Svalbard meteor radar (NSMR) located in 
Adventdalen, Svalbard. Part of the Sounding System radar (SOUSY) can be seen in 
the background (photo: F. Sigernes). 

 
The phase differences of the signals received by the receiving antennas are used to 
determine the location of the meteor in the sky. The range resolution is 1 km, and 
the height resolution is therefore of the same order, depending on the spatial 
distribution of echoes within the field of view. The fading times of echoes 
measured by the radar are employed for estimation of the ambient neutral air 
temperature at 90 km altitude. Doppler shift of the echoes measured by the five 
receiving antennas provides zonal and meridional winds. The basis for the 
temperature and wind retrieval is given in Chapter 5. Winds and temperatures 
measured by NSMR are used and discussed in Papers 2 and 4. 

3.4 TIMED SABER 
The satellite TIMED (Thermosphere Ionosphere Mesosphere Energetics and 
Dynamics) was launched in 2001. It has a circular orbit at an altitude of 625 
kilometers. The SABER (Sounding of the Atmosphere using Broadband Emission 
Radiometry) instrument is a ten channel multi-channel radiometer (1.27-16.9 μm). 
Once every 58 seconds SABER scans up and down Earth’s horizon and data from 
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an altitude range of ~180 kilometers are obtained [Russell et al., 1999]. Figure 8 
show where the SABER instrument is located at the TIMED spacecraft. 
 Temperatures and hydroxyl volume emission rates are two of the data products 
that are obtained from these scans and that we have made use of. Further 
descriptions of the instrument and data are given in Chapter 6 and in Papers 2, 3 
and 4. 

3.5 Aura MLS 
The Microwave Limb Sounder (MLS) was launched on the Earth Observing 
System (EOS) Aura spacecraft in 2004. From its orbit at ~705 km it measures 
microwave thermal emissions centered near 118, 190, 240, 640 and 2250 GHz 
from the limb (edge) of Earth’s atmosphere. It views forward along the flight 
direction of Aura [Schoeberl et al., 2004]. 
 The 118 Hz radiometer provides temperatures which is the data product used in 
our study. In the following chapters and in Paper 4 we refer to the instrument as 
Aura MLS.  
 

 

Figure 8. Artist rendering of the TIMED spacecraft. The position of SABER on the 
satellite is shown down to the left  (credit: NASA). 
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This is done to avoid confusion with its predecessor UARS MLS (Upper 
Atmosphere Research satellite Microwave Limb Sounder) which operated between 
1991 and 2001. Figure 9 shows a schematic of the field of views of the different 
instruments on board Aura. The MLS instrument parts are shown to the right. 
Temperatures retrieved from Aura MLS are used extensively in Paper 4. A brief 
description of the data retrieval is given in this paper and in Chapter 6. 
 

 

Figure 9. Schematic of the Aura instrument’s field of views. MLS instruments are 
located at the right (credit: Aura @ NASA ). 
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4  Remote sensing of hydroxyl airglow  

4.1 Airglow emissions 
Airglow is the common name of weak emissions of light from the sky having its 
origin in atmospheric photochemical processes. According to the time of day that 
airglow is observed, it is termed dayglow or nightglow [Chamberlain, 1961]. There 
are three major classes of visible nightglow emissions in the mesopause region: (1) 
the atomic and molecular emissions of oxygen, (2) the emissions of metallic atoms 
such as sodium, calcium, potassium and magnesium, and (3) emissions from the 
vibrational-rotational bands of hydroxyl (OH X2Π). The energy source for these 
emissions is the absorption of solar UV radiation by molecular oxygen which 
produces atomic oxygen. Diffusion processes bring the atomic oxygen down to the 
mesopause region, where reactions form ozone, OH and active states of molecular 
oxygen [c.f. Meriwether, 1989]. Figure 10 shows an image of red and green oxygen 
airglow photographed from the International Space Station (ISS). 
    

 

Figure 10. Green and red airglow emitted by excited oxygen photographed from 
the International Space Station (ISS). The blurry orange-red lights are city lights 
from Earth (photo: Don Pettit, ISS-6, NASA). 
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The green oxygen line has been known as a nightglow radiator for nearly 150 years 
[Ångström, 1869]. The airglow emissions in the non-visible infrared wavelength 
range were not observed until the 1930s [Herzberg, 1934, and references therein]. 
The airglow spectra investigated in this thesis are nightglow spectra emitted by 
vibrationally exited hydroxyl radicals and the wavelength range studied is in the 
near-infrared part of the spectrum (~8400 Å). Following Sivjee [1992] we denote 
them OH* clarifying that we are talking about the vibrationally excited OH X2Π 
ground state. Unfortunately, this has not been done consistently throughout the 
papers. When we refer to airglow in the following, we mean nightglow emissions 
and we will use the terms hydroxyl-, OH- and OH* airglow semi-randomly. 
 The theories behind the formation of these spectra are the basis for the retrieval 
of rotational hydroxyl temperatures. These are the key data in our Papers 1, 2 and 
3. In the following paragraphs we therefore present the theoretical background and 
discuss the approach we have used to obtain these temperatures. 

4.2 Mechanism for hydroxyl airglow 
The hydroxyl airglow was first identified by Meinel [1950] and is referred to as the 
Meinel bands of OH. They consist of several wavelength bands between 3800-
50000 Å. Bates and Nicolet [1950] identified the main mechanism for the 

production of vibrationally excited )(* vOH ′  near the mesopause: 

eVvOHOOH 3.3)9(*
23 +≤′+→+   (2) 

v′  indicates the upper vibrational level. This is the main mechanism for hydroxyl 
airglow [Sivjee, 1992], but a second mechanism is also important in the polar night 
above Svalbard according to Sivjee and Hamwey [1987]. Based on observed 
differences in OH(6-2) intensities observed above Svalbard compared to lower 
latitudes [Llewellyn et al., 1978] they suggest that the HO2 abundance is higher at 
higher latitudes where there is no photodissociation of molecular minor 
constituents. Thus the following reaction may be the source of up to half of the 

)6(* =′vOH  in polar night regions: 

eVvOHOOHO 3.2)6(*
22 +≤′+→+  (3) 
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 The production of OH* has a peak at altitudes of 80-90 km above ground. 
Above this height the production is limited by the rapid fall off in ozone 
concentration and below it is limited by the onset of rapid quenching of the excited 
products by collisions more frequent at the higher atmospheric pressures 
[Chamberlain, 1961]. The balance between the two processes creates the narrow 
OH airglow layer. Rocket measurements have found a normal peak altitude of ~87 
km and a width of 8 km [e.g. Baker and Stair, 1988]. Ground-based instruments 
measure column integrated emission rates from the full atmospheric layer they 
view through, and thus no height information is available. Liu and Shepherd [2006] 
developed an empirical model for the altitude of OH airglow emissions based on 
simultaneous satellite and ground-based measurements of OH volume emission 
rates. The result was a model that may be applied to ground station observations. 
However, since the satellite they used only covered the latitude range 40°S-40°N, 
this is also the assumed valid range of that empirical model. Therefore it is 
customary to use the value of Baker and Stair [1988] as the altitude of the OH 
emissions. 

4.3 OH molecular spectra and the rotational temperature 
The hydroxyl molecule is a so-called diatomic molecule formed by two atoms. The 
theory behind the formation of the emission spectra of diatomic molecules is 
described by Herzberg [1950]. The energy of a diatomic molecule is a total of the 
energy of the electronic configuration (Ee), the nuclear vibration (EV) and the 
nuclear rotation (ER). Each of these are quantized and light is emitted as a result of 
vibrational-rotational transitions at certain levels. The energy difference of a 
transition between an upper and lower molecular state determines the wavelength 
of the emission and can be expressed as: 

RVe EEEhcE Δ+Δ+Δ==Δ λ/ . (4) 

Since the OH in the upper mesosphere is in its translational ground state Χ2Π, the 
wavelength of the emission can be formulated [Herzberg, 1950]: 

1)),(),()()(( −

′′′′′′

′′′′−′′+′′−′=
−+−

= vJFvJFvGvG
EEEE

hc

vv γγ

λ , (5) 
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where G(v) is defined as the vibrational term in vibrational state ν and ),( vJF  is 

the rotational term in rotational state J and vibrational state ν. The single prime 
indicates the upper state and the double prime indicates the lower state. The 
vibrational term is determined from the formula: 

...)2/1()2/1()2/1()2/1()( 432 ++−+++−+= vzvyvxvvG eeeeeee ωωωω   (6) 

ωe is and xe are the vibrational constants calculated by Chamberlain and Roesler 
[1955]. They are given in Table 1. 
 
Table 1. Vibrational constants from (from Chamberlain and Roesler [1955]). 
 

ωe ωexe ωeye ωeze ωeqe 
3737.90 85.965 0.5398 0.01674 -0.001637

  
There are two different rotational terms. Those come from the fact that the electron 
spin can be either up or down, and they are designated Χ2Π3/2 and Χ2Π1/2. There is 
also a splitting due to so-called Λ-doubling which is an effect of the rotation of the 
nuclei [Krassovsky et al., 1962]. Due to the limited band pass of the spectrometer 
used, this is of little importance for the analysis of our measurements. Λ-doubling 
is therefore neglected. The two rotational terms important are thus: 

[ ] 422
1:2/3

2 )4()2/1(42/11)2/1()(: JDYYJJBJF vvvv −−++−−+=Π  (7) 

[ ] 422
2:2/1

2 )4()2/1(42/11)2/1()(: JDYYJJBJF vvvv −−+++−+=Π  (8) 

Bv, Yv and Dv are functions of the vibrational state. These are calculated by Hill and 
van Vleck [1928] and the numbers relevant for the OH(6-2) transitions are given in 
Table 2 (from the paper by Krassovsky et al. [1962]).  
 Transitions between different vibrational levels are denoted )( vvOH ′′−′  bands, 

where v′  is the upper state and v ′′  the lower. Only certain rotational transitions are 
possible. The selection rules limits them to transitions where ΔJ=-1,0 or 1. These 
transitions give rise to the P-, Q- and R-branches of the vibrational bands.  
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Table 2. Rotational constants from Krassovsky et al. [1962]. 
 

Rotational constants v=6 v=2 
Bv (cm-1) 14.349 17.108 
Dv (cm-1) 0.0018 0.0018 
Yv -9.795 -8.214 

 
Rotational transitions in the Χ2Π3/2 state are identified with subscript 1 (P1, Q1 and 
R1 lines), while those in the Χ2Π1/2 state are called P2, Q2 and R2 lines.  
 The intensity of a line in photons/s is a product of the number of molecules in 
the upper state N and the transition probability A to end up in the lower state: 

)'',''','(',''',''',' JvJvANI JvJvJv →=→  (9) 

 Assuming that the OH* molecules are in thermodynamical equilibrium the 
distribution of rotational levels in a certain vibrational state Nv’,J’ can be defined by 
the Boltzmann distribution. This assumption is validated by the relatively long 
radiative lifetime of OH* allowing the molecules to undergo several collisions and 
be thermalized at the kinetic temperature [Sivjee, 1992]. In thermodynamical 
equilibrium, the number of molecules in the upper state can be expressed like this: 

R

kT
hcJF

Jv Q
eJvN

N
rot

)(

0
,'

)12(2)(
′

−

′
+′′

= , (10) 

where N0 is the population of the lowest rotational level, k is the Boltzmann 
constant, c the is the speed of light, h is the Planck constant, Trot is the rotational 
temperature, QR is the partition function and F(J’) is the upper rotational term. 
Combining Equations 9 and 10 and taking the logarithm gives: 

rot
R

JvJv

JvJv
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hcJFQN
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JvJvA ′′′′→′′ ,,  is the transition probability between the states producing the particular 

line, also know as Einstein coefficients.  
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QR can be expressed as: 
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So both N0 and QR are functions of the rotational temperature, but constant for all 
the lines in a band. Plotting{ }AJI )12(2/ +′  against F(J’), where I and A are the 

measured intensity and transition probabilities for the different rotational lines 
should yield a straight line and is referred to as a Boltzmann plot (c.f. Paper 1).  
 Note that the assumption of thermodynamical equilibrium might be false for 
rotational levels above J’=5 [Pendleton et al., 1993]. Recent analysis of high-
resolution night-sky spectra from the telescope Keck show that rotational 
temperatures derived from low-J emission intensities show a strong dependence on 
vibrational level [Cosby and Slanger, 2007]. Care should therefore be taken before 
interpreting the OH temperatures from any band as absolute neutral air 
temperatures.  

4.4 Data handling 
The OH(6-2) band are the emissions resulting from the transition from vibrational 
level 6=′v  to 2=′′v . The emissions of this band are in the range from 8280-8600 
Å. The temperature retrieval algorithm has been described in earlier papers 
[Sigernes, 2003] and Papers 1, 2 and 3. However, we will present some more 
details and discussions here. 
 The top panel of Figure 11 shows a typical raw spectrum for the Ebert-Fastie 
spectrometer when there are few clouds and relatively low auroral activity. The 
bulge close to the P2(4) line is the auroral line OI 8446, but here it is very weak. 
The bulge around 8200 Å results from scattered city lights from Longyearbyen 
nearby. A single spectrum is obtained each 25 seconds and the integration time per 
bin is 65.54 msec. Due to limited data storage capacities, the data used in this thesis 
were stored as averages of 10 scans. The temperature retrieval starts with the 
process of hourly averaging the spectra, i.e. all spectra obtained during one hour are 
averaged and a resulting counts/integration time spectrum is the result. This is done 
to get the noise as low as possible. This is accordance with Bittner et al. [2002] 
who argue that 0.5-1 hour time intervals for integration are optimal. Before the 
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temperature retrieval, poor spectra are removed. Poor spectra may result from times 
when the background is extremely high due to light scattered by clouds or during 
high auroral activity [Myrabø et al., 1987]. Some spectra may also have noise 
spikes that make temperature retrieval from them impossible. The spikes are 
probably due to strong electric pulses coming through the electrical system, or even 
cosmic rays. 
 The first step in the procedure is to wavelength calibrate the measured 
spectrum. The temperature retrieval continues by interpolating the raw spectrum to 
1 Å resolution. The resulting spectrum is seen in the lower panel of Figure 11. The 
interpolation is done to match the resolution of the synthetic and measured 
spectrum. The wavelength range we analyze is indicated by a pink dashed rectangle 
in both panels. The bandpass of the spectral lines of the synthetic fit is chosen after 
visual inspection of one of the good quality raw spectra. The temperature from the 
last run of the program is used to construct an initial synthetic spectrum.  

 

Figure 11. Top panel: An hourly averaged “raw” spectrum from the spectrometer. 
Bottom panel: The measured spectrum after being interpolated to 1 Å resolution. 
The bulge close to the P2(4) line is contamination by the auroral line OI 8446. 
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The background points are chosen as those not part of the wavelength ranges of the 
different rotational lines. Next, a linear fit to the background values is found which 
is used to subtract the background from the peak values of the rotational lines. The 
resulting intensities of the P1 and P2 lines are plotted in a Boltzmann plot. The 
temperature is found from the slope of the best fit to the P1 intensities. The output 
values of our analysis program are hourly averaged temperatures, background level 
and slope, covariance between the measured and synthetic spectrum, variance of P1 
and P2 lines from the linear fit of the Boltzmann plot (Paper 1) and the relative 
intensity (Paper 3). Based on criteria specified in Papers 1-3, certain hourly 
averaged spectra were considered “good quality data”. The rest was discarded from 
further analysis. 

4.5 Choice of transition coefficients 
There are several sets of transition coefficients available for the OH Meinel system. 
For temperature retrieval from spectra measured in Longyearbyen, Svalbard 
(78°N), the Mies-values [Mies, 1974] have been used since the early 1980s for the 
purpose of trend analysis. However, these have by several authors been shown to 
yield the wrong absolute temperature, but since the original spectra up until 1991 
are missing, they are still used since the object has been to look at relative 
variations anyway.  
 Sometimes it is useful to look at “absolute” temperatures, e.g. when comparing 
or validating data from other instruments and it is therefore a goal to identify the 
set of coefficients that is “most accurate” to date. Cosby and Slanger [2007] made a 
thorough comparison of the transition coefficients of Mies [1974] (Mies), Langhoff 
et al. [1986] (LWR), Turnbull and Lowe [1989] (TL), and Goldman et al. [1998] 
(GSG), and found the coefficients of Goldman et al. [1998] are to be preferred for 
J’<10. However, other papers have concluded differently. French et al. [2000] 
concluded the LWR fits the experimental OH(6-2) data best.  
 The question of which set is the best has not been a major theme for this thesis. 
However, we did a very basic test of just choosing an OH-spectrum with a 
minimum of auroral contamination. Table 3 shows the result using the different 
sets of transition coefficients in our temperature analysis program. In addition to 
those tested by Cosby and Slanger [2007], we also included a recent set of 
coefficients by van der Loo and Groenenboom [2007] (LG). 
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Table 3. The fit parameters for the OH(6-2) hourly averaged spectrum from 
31.1.2004 

Coefficient 
set 

Covariance Variance P1 Variance P2 Trot (K) 

Mies 0.97203 0.00075 0.00916 235 
LWR 0.97205 0.00090 0.00895 230 
TL 0.97183 0.00075 0.00619 243 
GSG 0.97203 0.00078 0.00855 236 
LG 0.97207 0.00084 0.01529 243 

 
 
The spectrum chosen was from 31 January 2004 and it was an ~hourly averaged 
spectrum from ~01 UT. All the sets yielded relatively good fits. The covariance is 
the fit between the measured and synthetic spectrum. Variance P1 and P2 is the 
variance of the P1 and P2 values from the linear fit in the Boltzmann plot. Trot (K) is 
the rotational temperature obtained from the slope of the line in the Boltzmann 
plot. 
 Panel a) of figure 12 shows the measured spectrum and the various synthetic 
spectra computed with the different transition coefficients. Panel b) shows the top 
of the P2(3) line (inside the pink dashed square in panel a) to visualize the 
difference between the transition coefficients, which is not so obvious in panel a). 

4.6 Calibration 
The calibration procedure and functions are thoroughly described in Paper 1. 
Intensity calibrations were performed approximately every two years after 2001, 
however it should be emphasized here that the OH temperatures reported in Papers 
1-3 were all retrieved from spectra that were not adjusted according to the intensity 
calibration. In Paper 1 calibration coefficients from 1980, 2002 and 2004 were 
shown to re-assure that the instrument sensitivity was relatively stable, and an error 
relating to the non-stability of the instrument was estimated (3%). This is the same 
approach that Sigernes et al. [2003] used when analyzing the former part of the 
time series.  
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Figure 12. Panel a) Synthetic spectrum calculated by the use of different transition 
coefficients and with the background values from the measured hourly averaged 
spectrum from 31 January 2004 at 01 UT. Van der Loo and Groenenboom – purple 
squares; Goldman et al. – red circles; Langhoff et al. – blue stars and line; Turnbull 
and Lowe – black plusses; Mies – green crosses; measured raw spectrum  – black 
bullets and dotted line. Panel b) Same as above, but zoomed in on the P2(3) line 
(inside the pink dashed square in panel a) to visualize the difference between the 
transition coefficients. 
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The choice is reasonable since the temperatures are retrieved from the relative 
intensities of the OH(6-2) lines. As long as the calibration function is relatively 
constant throughout the wavelength interval and the slope of the calibration 
function does not change much over the years, we conclude that the instrument is 
operating stably. 

4.7  Uncertainties 
The uncertainties of the temperature retrieval technique described above have been 
evaluated by previous authors studying the rotational OH(6-2) temperatures from 
Svalbard. Myrabø [1986] estimated it to be ±3K due to uncertainties in determining 
the background continuum. Those estimates were made using a 1/2m focal length 
spectrometer and with a setup corresponding to a spectral resolution of 7 Å. The 
band pass of the raw data used in our study (data from 2001-2005) is ~6 Å. Thus 
we adopt Myrabø’s value for the estimate of the uncertainty in determining the 
background.  
 Sivjee and Hamwey [1987] discussed the mechanisms that can be responsible 
for the deviation of the temperatures from an observed mean. Potentially they are: 
(1) errors in the relative transition probabilities, (2) errors related to relative 
instrument response, relative atmospheric transmission, relative level of 
background light intensity and statistical variations in rotational line intensities, and 
(3) periodic variations in temperature due to tides and gravity waves, and long term 
variations due to other atmospheric effects. We have not considered all of these in 
detail. However, we ran some tests with the spectra being calibrated and non-
calibrated. It should also be noted that the calibrations were performed outside and 
not always under optimal weather conditions and this gives large uncertainties in 
these numbers. This is especially relevant for the 2002 calibration. Sigernes et al. 
[2003] state that the uncertainty in the calibration procedure is 5%. The fractional 
difference between calibrated and non-calibrated values are of the same order if we 
compare the calibration functions for 2002 and 2004 displayed in Figure 2 in Paper 
1 to one where the slope and intercept is 1. The slope of the calibration functions 
gives rise to a up to 10 K difference in temperature when using our analysis 
program on calibrated and non-calibrated data. We will consider this a reasonable 
estimate for the uncertainty associated with the relative instrument response. 
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 To estimate the total uncertainty of rotational OH(6-2) temperature we take the 
root-mean-square of the differences found in the sections above. The resulting 
uncertainty is of the order of ±10K. It should be noted that this is an estimate valid 
for the temperatures used in this thesis, i.e. data from 2001-2005, not before or later 
when other setups of the instrument have been used.  
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5 Temperatures and winds from meteor trails  

5.1  Formation and diffusion of meteor trails 
Meteors are small fragments of sand and dust and occasionally larger objects, 
entering the Earth’s atmosphere at speeds of 12-72 km/s. Their source is debris 
floating around the solar system such as remnants of long-gone comets or asteroids. 
Most meteors are very small, typical grains span just a few tenths of a millimetre 
and weigh less than 10-4 grams. When a meteor impinges on the Earth’s 
atmosphere, it interacts with the neutral atmosphere and ablates meteor atoms. 
Collisions between the ionized atoms and atmospheric molecules are frequently 
repeated to slow the ions down to the thermal velocities of the environment neutral 
atmosphere within less than a millisecond [McKinley, 1961]. 
 The resultant ionized trail has an initial radius, r0, that can been approximated 
based on results from simultaneous multi-frequency radar studies [Cervera and 
Elford, 2004]:  

)40/(log6.096.10194.0log 10010 Vhr +−= ,  (13) 

where r0 is in meters, and h and V are altitude in km and initial velocity in km/s. r0 
is 0.61 at 90 km at 40 km/s. The higher the trail lies, the larger the initial radius 
becomes because of fewer collisions. 
 Meteors are characterized according to the number of electrons per unit length 
along the trail - the so-called line-density denoted q [McKinley, 1961]. Meteors 
with line densities q<1014 per meter are called underdense meteors and are the ones 
analyzed in this study. The ionized trail of an underdense meteor has a plasma 
frequency that is higher than the frequency of a radio wave. The radio wave can 
thus penetrate into the meteor trail and be scattered by each electron. Underdense 
echoes show fast rise times (< 0.1 seconds), generally exponential decay and have 
lifetimes less than ~0.4 s. Overdense echoes have line densities q>1015 per meter. 
Radio waves are reflected off the surface of the trail and they have lifetimes that 
exceed 0.4 seconds, often leading to a oscillatory type of decay and they are not so 
useful for scientific purposes (Hocking, lecture notes).  
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 After their formation meteor trails expand in the radial direction mainly due to 
ambipolar diffusion. Ambipolar diffusion is diffusion of positive and negative 
particles in a plasma at the same rate due to their interaction via the electric field. 
The meteor trail is further moved by wind motion of the ambient neutral 
atmosphere. There are also other factors that influence the diffusion of meteor trails 
and we will discuss them in Section 5.4. The free electrons of the meteor trail 
scatter incident radiation through the trail. An expression for the amplitude of the 
scattered radiation is given by McKinley [1961]: 
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where ne(r,t) is the density of the free electrons in the trail, r is the distance from 
the axis of the trail, t is the time since the trail formed, λ is the wavelength of 
incident radiation, and J0 is a zero-order Bessel function. Assuming the ionized trail 
diffuse outward at a rate determined by the local temperature and pressure, the 
backscattered radio amplitude from an underdense trail decreases exponentially 
with time. This is called ambipolar diffusion. Assuming a Gaussian initial 
distribution of electrons, the decay of the signal amplitude can be expressed as: 
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Da is the ambipolar diffusion coefficient, λ  is the radar wavelength and t is time. 
The equation shows that the duration becomes dramatically longer by using a radar 
with a lower radio frequency. 
 Meteor trails often drift due to high altitude winds, which cause a Doppler shift 
of the reflected signal. This Doppler shift can be used to measure wind direction 
and strength. 

5.2  Meteor radar temperatures 
The decay of the radar signal can be used to infer the temperature of the neutral 
atmosphere. For the most common meteors, the underdense meteors, the temporal 
variation in amplitude varies according to Equation 15.  
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The signal decay can also be expressed as: 
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Where t is time and τ  is the time for the amplitude to fall to 1/e of its maximum 
value. From the two expressions we get one for the ambipolar diffusion coefficient: 

 τπλ 22 16/=aD   (17) 

This coefficient has also been shown to depend on atmospheric temperature and 
pressure [Mason and McDaniel, 1988]: 
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K0 is the zero-field mobility of the plasma in the meteor trail, and depends on the 
species of ions assumed to comprise the meteor trail. We use 

1124
0 104.2 −−−−⋅= VsmK  in accordance with Cervera and Reid [2000], and 

references therein.  
 Measuring decay times with a radar and calculating corresponding ambipolar 
diffusion coefficients Da will provide an estimate of T2/P. Input of pressures from 
measurements or models allows us to find the corresponding temperature 
[Holdsworth, 2006]. 

5.3 Zonal and meridional winds from meteor echoes 
To be able to determine the winds guiding the motion of the meteors, the cross-
correlation between the complex data recorded on each receiver must be found and 
then the phase differences at zero lag is used to deduce the angle of arrival. The 
rate of change of phase gives the radial velocity [Hocking, 2001]. Once a large 
number of radial velocities have been collected, it is necessary to use these data to 
determine zonal and meridional winds. Usually this is done by clustering the radial 
velocities into groups – in our case 30-minute bins, and 1 km height bins for the 
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raw data. Then a least-squares fitting procedure are applied to determine mean 
wind components for this height-time bin. Finally the bin is shifted by half its size 
and the calculation repeated [e.g. Tsutsumi et al., 1999]. This 4-bit complementary 
code means that the neighboring height influences the measurement at the main 
altitude bin. 
 Figure 13 and 14 shows the mean zonal and meridional wind from 2001-2009 
measured by NSMR from 80-100 km altitude. The transition from eastward winds 
during the winter to westward winds during summer is identified in Figure 13 
around day 100 (10 April). The mean meridional winds in Figure 14 are as 
expected weaker in magnitude, but the feature of mean northward meridional winds 
during winter and southward winds during summer are clearly visible. The zonal 
and meridional wind measurements we utilized in Paper 2 were daily averages 
over 2 km height bins to make them in a more useful format to be compared to our 
daily averaged rotational OH temperatures. 
 

 

Figure 13. Mean zonal winds measured at 90 km by the NSMR meteor radar from 
2001-2009. Contour levels are at 5 m/s (courtesy of Chris Hall). 
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Figure 14. Mean meridional winds measured at 90 km by the NSMR meteor radar  
above Svalbard from 2001-2009. Contour levels are at 3 m/s (courtesy of Chris 
Hall). 

  

5.4 Uncertainties 
Roughly above 95 km, the motion of electrons becomes increasingly magnetically 
dominated due to fewer collisions with the neutral atmosphere [Dyrud et al, 2004].  
The diffusion of meteor trail has been shown to be anisotropic and also showing a 
distinct diurnal variation probably being related to tidally driven variations of the 
electric field [Hocking, 2005]. Below 90 km collisions with neutral molecules 
damps the motions of ions and electrons [Dyrud et al., 2001]. Results from a study 
by Havnes and Sigernes [2005] show that the meteor decay time can decrease up to 
10% for a trail affected by absorption of trail electrons by dust compared to one 
where there is no absorption by dust. Singer et al. [2008] studied the above 
mentioned effects on diffusion rates measured from Andøya 67°N and found that 
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for altitudes below 88 km weak meteor echoes were correlated with reduced decay 
times (increased diffusion rates). They also found that for summer the decay times 
were further reduced at Andøya, however not at lower latitudes. This is probably 
related to the presence of larger icy particles (NLC particles) in the lower part of 
the cold summer mesopause region. Their measurements also confirmed that 
anomalous/anisotropic diffusion rates can be ruled out at height below 91 km. 
Based on this we argue that our choice of using only the 90 km echoes for the 
temperature retrieval in Papers 4 is reasonable. These effects are not believed to 
influence the wind measurements, since the total motion of the meteor trails are 
still determined by the collisions of ions and the neutral atmosphere [Tsutsumi et 
al, 1999].  
 Uncertainties in the altitude determination of meteor echoes are of the order of 
1 km. The relative uncertainty in the raw temperature estimates used in our papers 
is based on the derivation from uncertainties in the ambipolar diffusion coefficients 
(obtained from M. Tsutsumi, personal communication). Typical values are ~2 K, 
but at times reaching up to 10 K. The total uncertainty after calibration with Aura 
MLS data is probably in the order of ~7 K (Paper 4).  
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6  Remote sensing from satellites 

6.1  Limb scanning  
Both Aura MLS and SABER are limb sounders, meaning their field of view 
through the atmosphere is at an angle to the underlying atmosphere, not straight 
down towards Earth like nadir viewing satellites. Aura MLS scans at off-nadir 
angles of ~66° and has a narrow beam width. SABER observes the atmosphere in a 
longer path centered at a tangent point where most of the signal comes from. 
Having a narrower field of view than Aura MLS, the vertical resolution is much 
better for SABER. 2 km as opposed to the down to 13 km for Aura MLS at ~97 km 
[Remsberg et al., 2008; Schwartz et al., 2008]. Since we have not been involved in 
the actual temperature retrieval for the satellite data, we will only give a brief 
overview of the temperatures retrieval and the assumptions made in the following 
paragraphs. 

6.2 SABER temperatures and OH volume emission rates 
SABER temperatures and pressures in the mesosphere are retrieved from observed 
radiances of CO2 15 μm limb emissions. Above 40 km CO2 is believed to be in a 
non-local-thermodynamical equilibrium (NLTE) state and the NLTE algorithm 
described by Remsberg et al. [2008] is used for the temperature retrieval. The 
retrievals of temperatures in the upper mesosphere for NLTE conditions depend on 
the knowledge of the decrease of CO2 and its assumed uncertainties. Version 1.07 
data which are used in Papers 2, 3 and 4, obtains average day and night profiles 
from the Whole-Atmosphere Community Climate Model (WACCM) and adjusts 
them to the CO2 retrieved using the LTE model.  
 In addition to the kinetic temperatures obtained from SABER (Paper 4), we 
used so-called SABER OH* brightness temperatures in Papers 2 and 3. These were 
obtained by fitting a Gaussian to the measured OH 1.6 μm volume emission rate 
(VER) of the OH* vibrational bands: (4-3) and (5-3) [Mulligan and Lowe, 2008]. 
From the OH* VER profiles measured, the altitude of the emission layer and the 
integrated rate of emission was also computed. The peak altitude was chosen to be 
the peak altitude of the Gaussian that best fitted the measured OH* VER profile, 
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following the method of Liu and Shepherd [2006]. The corresponding integrated 
emission rate was obtained by computing the integral of the area under the OH 
VER profiles. 
 Version 1.07 kinetic temperatures from CO2 and OH VER profiles were 
obtained from NASA at the website: http://saber.gats-inc.com. Data were 
downloaded via anonymous login at: ftp://saber.gats-inc.com/Version_07. We 
selected SABER profiles with tangent points at an altitude of 90±10 km and 
geographic coordinates within 78±5°N, 16±10°E (circle of ~600 km from the 
ground-based instruments). The field-of-view of SABER is such that its 
measurements come from different times of the day throughout the year (see Paper 
4).  

6.3 Aura MLS temperatures 
Temperatures from Aura MLS has been thoroughly described and validated by 
Schwartz et al. [2008]. The temperatures used in this study are retrieved from 
thermal emissions near the 118 GHz O2 and 234 GHz O18O spectral lines. 
Emissions in these spectral regions are dominated by oxygen and are used to infer 
limb tangent-point pressures of MLS observations and to retrieve temperatures and 
geopotential heights. The resolution in the 80-100 km region is only ~13 km. 
Temperatures at 90 km were thus found by interpolation between points covering 
these altitudes. 
 The version 2.2 temperatures used in this study were acquired as a part of the 
activities of the NASA Earth-Sun System Division, and are archived and 
distributed by the Goddard Earth Sciences (GES) Data and Information Services 
Center (DISC) (http://disc.sci.gsfc.nasa.gov/Aura/data_holdings/MLS). Only scans 
fulfilling the data-quality criteria specified by Schwartz et al. [2008] were selected. 
For comparison with our ground-based data only scans with tangent points at 
geographic coordinates within (78±5°N, 16±10°E) were selected (corresponds to 
~600 km from observing station). The Aura MLS temperatures above Svalbard are 
measured at the same time of the day every day, from 02-11 UT (see Paper 4). 
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6.4 Uncertainties 
The assumptions and uncertainties in the temperatures retrieval algorithms for 
SABER and Aura MLS data are thoroughly described by Remsberg et al. [2008] 
and Schwartz et al. [2008], respectively. We have discussed them in our Paper 4.  
 In short, SABER kinetic temperatures have a root-mean-square error of ~10K 
during the polar summer due to the uncertainty in the parameters for the NLTE 
algorithm. In the polar winter the uncertainty is reduced to ~5K [Remsberg et al., 
2008].  
 The accuracy of the Aura MLS temperatures is limited by the low vertical 
resolution near the mesopause region. A 9K bias was observed compared to 
SABER temperatures [Schwartz et al., 2008]. Given the bias and the ~2.5 K 
precision in the technique itself, the root-mean square error is in the order of ~9-
10K. 
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7  Results   
In this chapter we summarize the results from the four papers that constitute the 
main part of this thesis. Instead of summing up the results from each paper 
separately, we will present and discuss the results within main scientific themes. 

7.1 Multi-instrument derivation of temperatures 
The title of this thesis is “Multi-instrument studies of polar mesopause region 
temperature and airglow variability”. Although we have not only studied the 
temperature, it was one of the main motivations to utilize much of infrastructure 
present at Svalbard to see the already reported temperature measurements from 
different perspectives. Comparisons between data sets were carried out to search 
for biases and the clue to which data set(s) are closest to the true neutral air 
temperature. 
 Figures 15, 16 and 17 show an overview of the temperature measurements 
available from the mesopause region above Longyearbyen/Adventdalen, Svalbard, 
from 2001-2003, 2004-2006, and 2007-2009, respectively. OH(6-2) temperatures 
are available from 2001-2006 and the time series is reported in Paper 1. The 
SABER temperatures in Figures 15, 16 and 17 are the OH* brightness temperatures 
described in Paper 2. We calculated them for 2001-2008. Both the SABER and 
OH(6-2) temperatures represent the temperature of the OH layer which has been 
shown to vary a lot in altitude [Winick et al., 2009; Paper 2; Paper 3]. This is why 
we have denoted the altitude of the OH temperatures with quotation marks, i.e. “87 
km”, in the legends of these figures. When comparing these two temperature sets 
for the winter 2003-2004, we found a positive bias of 14 ± 9 K in favor of the 
SABER temperatures. 
 The Aura MLS and MWR temperatures have year-round coverage and can be 
viewed as “spot” temperatures representative of 90 km temperatures. SABER also 
measures “spot” temperatures, but these are not shown in Figures 15-17, however 
they are presented and discussed in Paper 4. Aura MLS data are available from 
August 2004 to June 2009. The MWR temperatures were obtained from October 
2001 to June 2009.  



 

 42

 
 
Figure 15. Mesopause region temperatures measured above Longyearbyen from 
2001-2003. Black circles denote hourly averaged OH(6-2) temperatures measured 
by spectrometer. Red bullets denote daily averaged non-calibrated meteor radar 
temperatures. Blue plusses denote single-scan temperatures obtained from SABER. 
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Figure 16. Mesopause region temperatures measured above Longyearbyen from 
2004-2006. Black circles denote hourly averaged OH(6-2) temperatures measured 
by spectrometer. Red bullets denote daily averaged non-calibrated meteor radar 
temperatures. Blue plusses denote single-scan temperatures obtained from SABER 
and green crosses show 90 km temperatures obtained from Aura MLS. 
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Figure 17. Mesopause region temperatures measured above Longyearbyen from 
2007-2009. Red bullets denote daily averaged non-calibrated meteor radar 
temperatures. Blue plusses denote single-scan temperatures obtained from SABER 
and green crosses show 90 km temperatures obtained from Aura MLS. 
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The latter have the advantage that measurements can be made at all times of day 
and all year, but from the figures it is obvious that they need calibration/adjustment 
by another independent temperature measurement since they are clearly 
overestimated. In Paper 4 we investigated which of the Aura MLS and SABER 
temperature sets that would be most suitable for acting as input in the calibration of 
the MWR temperatures and concluded that the Aura MLS was the best. The 
resulting time series after calibration was presented and discussed in Papers 4. The 
linear correlation coefficient between the Aura MLS and the raw MWR 
temperatures was found to be 0.94 with a probability of random occurrence very 
close to zero, when all coincident data from 2004-2009 were used. Choosing the 
Aura MLS temperatures as input in the MWR calibration routine instead of the 
OH(6-2) and K-lidar temperatures used in previous calibrations [Hall et al., 2004] 
decreased the estimated uncertainty of the calibrated MWR temperatures from 17 
K to 7 K. The resulting temperatures were shown to be lower than temperatures 
from the NRLMSISE-00 model [Picone et al., 2002], but in accordance with the K-
lidar measurements from summers 2001-2003. The previously reported cold bias of 
9K for Aura MLS [Schwartz et al., 2008] might also have introduced a cold bias in 
the calibrated MWR temperatures. The SABER 90 km “spot” temperatures were 
found to be consistently warmer than the Aura MLS temperatures for 2005. A 
mean difference of 19 ± 11 K was found (Paper 4). The difference was larger for 
summer than winter. Future studies should aim to find the correct absolute 
temperature. We argue in Paper 4 that although we have not determined which of 
the techniques from our studies comes closest to providing the true neutral air 
temperature, we have improved the estimate and reduced the uncertainty of the 90 
km neutral air measured by the NSMR radar. The resulting time series will be a 
useful tool for future studies of mesopause region dynamics above the high-Arctic. 
 Figures 15-17 also reveal that all four temperature measurement algorithms are 
able to retrieve many of the same relative variations in the neutral air temperature, 
even though two are temperatures of the OH layer changing with height while the 
other two are assumed to be neutral air temperatures for a constant altitude.    

7.2 Atmospheric coupling 
From Figures 15-17 several mesospheric cooling events are easily identifiable, e.g 
the most recent one in mid-January 2009 (see Figure 17) which is probably 
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associated with the strongest and most prolonged SSW on record [Manney et al., 
2009]. In Figure 16 we see a mesospheric cooling displayed as a “V-shape” around 
1 February 2004 in both the SABER, OH(6-2) and MWR temperatures. This event 
is associated with a reported minor sudden stratospheric warming and is studied in 
Paper 2. 
 In our work preparing Paper 1 we noticed that the winter season 2003-2004 
was anomalous in the sense that exceptionally good observing conditions allowed 
many hourly averaged spectra to be saved for temperature retrieval and the 
temperatures observed were unusually high.  
 In Paper 2 we investigated the SABER OH* brightness- and OH(6-2) rotational 
temperatures and the NSMR wind data for the whole winter season 2003-2004. As 
expected we found a correlation between the reported major sudden stratospheric 
warming (SSW) event that took place in mid-January 2004 and reversals of 
mesopause region winds. We also found a strong and highly significant linear 
relationship between the strength of the meridional wind and the temperature and 
altitude of the OH layer. A similar relationship was found for Antarctic data by 
Espy et al. [2003]. SABER measurements show that the OH layer was very low 
during extended periods of the winter 2003-2004, especially right after the SSW. 
Winick et al. [2009] had also shown that the unusually high temperatures observed 
during January and February 2004 (240-250 K) corresponded with a very low and 
bright OH layer. Our data confirmed their measurements and support the theory 
that the high temperatures result from an anomalously strong upper stratospheric 
vortex which confined air to the polar regions, coupled to the meridional transport 
and led to a strong downwelling of atomic oxygen rich air thereby lowering the 
altitude of the OH layer. Our SABER data revealed that the reformation of the OH 
layer at approximately 78 km altitude accounted for an increase in temperature of 
approximately 15 K, while the remaining temperature increase (20-35 K) was 
attributed to adiabatic heating. Thus up to 30% of the total temperature increase can 
be attributed directly to the lowering of the OH layer. 

7.3 OH layer altitude, radiance and temperature 
Motivated by the clear linear relationship between OH layer altitude and 
temperature found in Paper 2 we wanted to see if there was also a clear 
relationship between OH emission radiance and altitude.  
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 In paper 3 we adopted the method of Liu and Shepherd [2006] and investigated 
the relationship between OH emission radiance and OH layer peak altitude based 
on SABER measurements. In the SABER data for the period 2002-2008, the peak 
altitude of the OH layer ranged from a minimum near 76 km to a maximum near 90 
km. A clear relationship between altitude and integrated volume emission rate 
(VER) was found. The overlap of SABER and ground-based spectrometer 
measurements of OH(6-2) band intensities during the 2003-2004 winter season 
allowed us to express radiance values in terms of the satellite integrated VER 
measurements. So although the OH(6-2) spectra measured by the ground-based 
Ebert-Fastie spectrometer were not intensity calibrated, the combination of these 
relationships provided a method for inferring an altitude of the OH emission layer 
over Longyearbyen from ground-based measurements alone. Such a method is 
required when SABER is in a southward looking yaw cycle.  
 The expression and coefficients needed for retrieving OH emission peak 
altitudes from radiance values measured by the ground-based spectrometer is given 
in Paper 3. The uncertainty in the inferred altitude of the peak emission, which 
includes a contribution for atmospheric extinction, was estimated to be ±2.7 km. 

7.4 Periodic variations and temperature trends 
In Paper 1 we looked for short term and long term variations in temperatures. We 
performed Lomb-Scargle periodogram analysis on the hourly and daily averaged 
OH(6-2) times series. The analysis revealed ~24 and ~26 periods, that might be 
associated with the 27 day solar rotation period [Hall et al., 2006]. Höppner and 
Bittner [2009] have found similar time periods in their OH rotational temperature 
data set from Germany. No consistent diurnal or semi-diurnal variations were 
identified by analysis of the hourly averaged data. However, for a limited subset a 
clear semi-diurnal period was found in accordance with what has previously been 
observed by e.g. Walterscheid et al. [1986].  
 An updated trend analysis of the yearly averaged OH(6-2) winter temperatures 
between 1983 and 2005 found a trend of +0.2 ± 0.1 K/year. This is on the verge of 
being statistically significant, however keeping in mind the results from Papers 2 
and 3 where we found that for 2003-2004 the OH layer altitude was down as low as 
below 80 km, we realize that the “true” trend might be masked by the large 
perturbations of the OH layer. 
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8  Concluding remarks and perspectives for the future 
In this thesis temperatures, airglow emissions and winds from the mesopause 
region (80-100 km) have been investigated by several ground-based and satellite 
instruments. The purpose and motivation was to learn more about the dynamics of 
this region and how it couples to other regions.   
 Our main tools for completing this task were the Nippon/Norway Svalbard 
Meteor Radar (NSMR) and a 1 meter focal length Ebert-Fastie spectrometer 
located within 5 km from each other in Adventdalen (78°N, 16°E). The first has the 
advantage of being able to make measurements of temperatures at 90 km 
throughout the full day and year, although independent calibration is necessary. 
The radar has been in operation since 2001. The spectrometer has been in use for 
25 years and has provided one of the longest time series of hydroxyl rotational 
winter temperatures in the world. Although problems with decreased signal to 
noise ratio have made temperature retrieval problematic after 2006, this instrument 
will be upgraded and continue to make measurements of hydroxyl spectra from the 
Kjell Henriksen Observatory (KHO). Data from the satellites TIMED and Aura 
provided measurements that were highly useful for comparison with our ground-
based data.   
 By combining satellite and ground-based measurements of hydroxyl airglow 
layer brightness, we were able to find a relationship between the hydroxyl layer 
peak height and the radiance for the winter 2003/2004. The satellite measurements 
revealed periods of very low hydroxyl layer peak heights during the winter 2004. A 
task for future studies of the time series should be to check if this relationship is 
also valid for the earlier and later data of the time series. Raw spectra are available 
from 1991, and TIMED SABER measurements from 2001. 
 When searching for a correlation with mesopause region zonal and meridional 
winds measured by meteor radar, we found a clear linear relationship between the 
variation of peak layer height and the strength of the meridional wind. That the 
response to wind changes was so evident was a surprise to us, although we were 
not the first to observe it. Since wind measurements are available from 2001 to 
present, it should be a task to check if this direct coupling is valid for other seasons 
than 2003/2004 for example by comparing measurements from SABER and 
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NSMR. Including observing stations from other latitudes and longitudes would be 
useful to test if the coupling is also valid on a global scale.  
 The long term trend analyses of the hydroxyl rotational temperature series have 
so far failed to reveal a significant trend. However, there are many different 
approaches for making trend analyses. This high latitude time series is unique, and 
further studies may include testing the effect the varying hydroxyl layer altitude has 
on the trend estimate. Since the temperature series from the meteor radar is close to 
the length of one solar cycle it would be very interesting to search for trends in this 
temperature series also. It does not suffer from variable observing conditions in the 
same way as the optical measurements do. A preliminary analysis suggests a 
negative trend of the order of ~8K per decade in both the summer and winter 
temperatures after solar cycle dependence have been subtracted. However, since 
this result strongly contradicts the recent general understanding of temperature 
trends in the mesopause region, a thorough analysis is necessary before conclusions 
can be made and published. This would include deseasonalizing the time series and 
estimating the significance of the linear trend. The trend analysis on this time series 
is therefore not included in this thesis, but will be published in a later paper. 
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Abstract. This paper reports on the daily mesospheric winter temperature series 
derived from ground–based spectral measurements of the hydroxyl airglow layer 
from the Auroral Station in Adventdalen near Longyearbyen, Svalbard (78°N, 
15°E). Temperature estimates from the four latest seasons (2001-2002 to 2004-
2005) have been added to the series reported by Sigernes et al. (2003), J. Geophys 
Res. 108(A9), 1342. Lomb-Scargle periodogram analyses were performed on both 
hourly and daily average temperatures to look for significant periods. From the 
daily means, ~24 and ~26 day oscillations that are consistent with a solar rotation 
modulation of the atmosphere were identified. Analyses of the hourly averaged 
data did not reveal any considerable diurnal and semi-diurnal periods in the 
temperatures. The 2003-2004 mesopause winter was one of the warmest reported 
over Svalbard during the last 25 years. It is common to observe within a few days 
temperature fluctuations in the range 20 – 40 K. Some years show far less variation 
than others. The overall daily average winter temperature is 209 K. The annual 
mean winter temperatures show a slightly positive temperature trend (+0.2 ± 0.1 
K/yr), on the verge of being a statistically significant change in the winter 
mesospheric temperatures over Svalbard. 

1. Introduction 
Measuring the temperature of the different parts of the atmosphere is considered 
one of the most important tasks for monitoring the global impact of anthropogenic 
emissions. Theoretical models have predicted an increase of the tropospheric 
temperature and a corresponding decrease of stratospheric and mesospheric 
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temperatures as a result of the increased concentration of greenhouse gases seen in 
the last century [e.g. Rind et al., 1990]. Several empirical studies have been 
employed to test the models, but have failed to provide consistent results. For the 
mesospheric region, a negative temperature trend was first indicated in a report by 
Gadsden [1990]. It linked the increasing number of observed noctilucent clouds 
(NLC) with a reduction of the average temperature of the summer mesosphere, and 
a decrease rate of 2.5K per decade was estimated. The argument was that since ice 
crystals are the major part of the NLC particles, a decrease in temperature would 
explain why NLCs are more frequently formed and sighted at lower latitudes than 
earlier. The fact that the altitude of the F2 electron density peak in the ionosphere 
has decreased, as shown by 39 years of ionosonde observations [Ulich and 
Turunen, 1997], is also consistent with a cooling of the middle parts of the 
atmosphere. In-situ rocket measurements at several locations have shown that most 
of the middle atmosphere is cooling with values which vary from a few K at 30-40 
km, 10 K at 50 km and 20 K at 60-70 km since the mid-60s [Golitsyn et al., 1996]. 
This report also showed a record high mesopause cooling of 30 K since 1957, using 
temperature estimates from measurements of the hydroxyl (OH) airglow layer 
(centered at about 87 km) at Zvenigorod (55.7°N) and Abastumani (41.8°N). 
However, similar studies using the same technique both at mid latitudes [Lowe, 
2002; Offermann et al., 2003] and high latitudes [Sigernes et al., 2003], have 
shown a trend not significantly different from zero. The last study is consistent 
with the trend analyses of temperatures collected by the falling sphere technique 
[Schmidlin, 1991; Lübken, 1999]. No indication of a large decrease of the polar 
summer mesopause temperature has been found [Lübken, 2000]. However, the 
polar mesosphere, compared to the mid-latitude mesosphere, is not in radiative 
equilibrium and large departures of polar mesospheric temperatures from radiative 
equilibrium of ~100K are due to dynamical driving by gravity waves [Lindzen, 
1981; Holton, 1983]. Therefore, a possible cooling of the high-latitude summer 
mesosphere may be obscured by the gravity wave activity. These issues are far 
from being resolved and more long term temperature measurements from different 
locations and by different methods throughout the year are clearly needed. 
 This work is a status report of one of the longest time series of spectral 
measurements of the hydroxyl layer (OH) conducted from the Auroral Station in 
Adventdalen, Svalbard (78°N, 15°E). New temperature estimates for the winter 
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seasons of (2001-2002), (2002-2003), (2003-2004) and (2004-2005) are added to 
the already compiled data series (1980 – 2001) [Sigernes et al., 2003]. 

2. Observational technique 
Meinel [1950] was the first to identify the molecular OH band emissions as the 
main source for the airglow spectrum in the 0.5-4 μm wavelength range. In-situ 
measurements by rocket-borne instruments have been employed to find the height 
structure of the airglow layer. Baker and Stair [1988] found it to have a thickness 
of 8 km and to be centred at an altitude of 87 km regardless of season or latitude. 
However, later studies have shown that this is a simplification and that the layer is 
quite dynamic, varying both in the horizontal [e.g. Clemesha and Takahashi, 1996] 
and vertical [e.g. Kubota et al., 1999] direction. Although the layer exhibits wave 
motions, these are not yet fully understood and it is customary to assume that the 
OH temperatures measured represent 87 km temperatures. 
 Since 1983, a 1m Ebert-Fastie spectrometer has provided hydroxyl OH(6-2) 
spectra during the winter months and these have been analyzed to find the 
corresponding temperature of the airglow layer. The analysis involves constructing 
synthetic spectra and matching these with the observed ones. The relative intensity 
and width of the synthetic spectral lines are closely related to the rotational 
temperature as explained by Herzberg [1950]. For this time series the P1(2), P1(3), 
P1(4) and P1(5) lines of the OH(6-2) band are used. Energy term values are from 
Krassovsky [1962] and Einstein coefficients are from Mies [1974].  
 The first step of the procedure is to calculate synthetic spectra as a function of 
instrumental bandpass and temperature. The background is then detected by finding 
the optimal fit between the measured and the synthetic spectrum through iteration, 
until the least square error is minimal. When this is achieved, the temperature is 
derived from the slope of the linear fit to a Boltzmann plot (log-energy term plot) 
using the P1 lines. The intensities of the associated P2 lines must also follow the 
same linear fit, or else local thermal equilibrium has broken down, [cf. Pendleton et 
al., 1993], and one can no longer assume that the rotational temperature of the 
molecule is identical to the kinetic. When this is the case the observation is 
discarded. The covariance between synthetic and measured spectra is also 
investigated to reinsure that the data are not affected by moon light, clouds or 
aurora, which would raise the strength and variability of the background level.   
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Figure 1. Panel (A): An hourly averaged measured- and synthetic spectrum of the 
OH(6-2) band from 24 December 24 2003. Each line is marked and identified 
according to quantum state. The curve plotted in grey is the synthetic and black the 
measured spectra. The auroral OI 8446 Å emission line is identified close to the 
P2(4) line of OH. Panel (B): Boltzmann plot for the OH(6-2) P branch of the 
spectrum in panel (A). The black line is the linear fit using P1 values (squares). The 
diamonds represent P2. A temperature of 215 K is calculated from the slope of the 
line. Note that a spread of the P2 values from the linear fit would indicate a 
departure from thermal equilibrium. 
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 Figure 1 shows the result of a synthetic fit to a hourly averaged measured 
spectrum from 24 December 2003 at 23 UT. The instrument takes ~25 s to obtain 
each scan, so the hourly value is an average of ~144 scans. The covariance of the 
above fit is 0.94 and the log-energy term plot in panel B that shows that the linear 
fit of the P1 values is good, with P2 variance smaller than 0.015. On average, 44% 
of the total hourly spectra have covariance greater than 0.8. From these, we keep 
the 64% having P1 fit variance less than 0.05 and P2 fit variance less than 0.2. This 
leaves us with 28% of the original hourly averages. A detailed description of the 
temperature retrieval and instruments can be found in the work by Sigernes et al. 
[2003].  

3. Calibration 
The validity of trends estimated from long time series is difficult to assess without 
also having information about the instrument stability. Sigernes et al. [2003] 
presented the results of sensitivity calibrations made in 1980 and 2002. A new 
calibration was conducted in 2004 to check for drift since then.  
 The experimental setup for all of the three calibrations includes a diffuse re-
emitting screen (Lambertian surface) and a 200W Tungsten lamp, both with known 
spectral characteristics. The lamp acts as a point light source to the screen and is 
mounted on top of a 5 m high tower located R = 30 m away from it. The field of 
view of the instrument must be fully covered by the screen, since it is important to 
ensure that the entrance slit of the instrument is illuminated uniformly. The source 
of our calibration is the illuminated screen, not the lamp itself. 
 The calibration function of the instrument is then given as 
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where B is the known radiance (certificate) of the lamp as a function of 
wavelength, λ. The units of B are Rayleigh/Ångstrøm (R/Å), initially obtained at a 
distance of r = 8.3 m. C is the corresponding raw counts of the instrument produced 
by the illuminated screen. The angle of the screen is α = 45° and ρ is the diffuse re-
emitting reflection factors of the screen. K is then a measure of the effective 
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throughput of the instrument as it gives the ratio of the number of photons that pass 
through the instrument to the number of electronic counts.  
 Figure 2 shows the result of the three calibrations. Note that the calibration K80 
that was conducted in 1980 used a BaSO4 coated screen instead of the Spectralon 
surface that we use today. In addition the photomultiplier is slightly more red 
sensitive than in 1980, which explains the different slope. Despite this, the average 
fractional difference between K80, K02 and K04 is less than 3%, with larger 
differences (up to 8%) towards shorter wavelengths. The result is within a 
calibration uncertainty of 5%, and we conclude that the instrument has been 
operating stably with no overall degradation in sensitivity from 1980-2004. 
 

 

Figure 2. Calibration curves for the spectrometer at the Auroral Station in 
Adventdalen. The calibrations were conducted in 1980, 2002 and 2004. 

 

4.  Results and analysis 
The Svalbard temperature series consists of 746 daily averages obtained by 
averaging hourly deduced temperatures. At least three hourly averages must be 
available for each day to provide a useful daily mean. Sky conditions and 
operational status of the instrument determine how many hourly deduced 
temperatures are available for each day. Due to these limitations, the series is not 
uniformly sampled in time. 
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 For the whole time series, the average daily winter temperature for 1980 to 
2005 is 209K. The maximum temperature is 257K on 14 January 1983. The 
minimum temperature is 168K on 28 November 1989. The standard deviation is 
16K.  
 Figure 3 shows the daily averaged temperatures from the four added seasons 
2001-2002, 2002-2003, 2003-2004 and 2004-2005. They consist of 176 daily 
means where 85 of them are from the 2003-2004 season.  
  

 
 
Figure 3. Daily mean temperatures as obtained from OH band night airglow 
emissions for the 2001-2002, 2002-2003, 2003-2004 and 2004-2005 winter seasons 
at the auroral station in Adventdalen, Svalbard. The temperatures are plotted as 
dark grey bullets and the error bars indicate two times the standard deviation. The 
±2 K uncertainty of the technique itself is also included. 
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Table 1. Monthly average temperatures for the 2001-2002, 2002-2003, 2003-2004 
and 2004-2005 seasons from the Auroral Station in Adventdalen, Norway. The 
standard deviation is also included 
 
Season December January 

2001-2002 194 ± 18 K 216 ± 10 K 

2002-2003 203 ± 19 K 202 ± 10 K 

2003-2004 213 ± 10 K 226 ± 13 K 

2004-2005 211 ± 14 K NA 

 
  
 Table 1 shows the average monthly temperatures of the four newly added 
seasons. The temperatures measured in the 2001-2002 and 2003-2004 seasons are 
consistent with the behaviour of low temperatures in December followed by high 
temperatures in January as first reported by Myrabø [1986]. 
 But as noted by Sigernes et al. [2003], this is not consistent for all of the 
seasons and in 2002-2003 this tendency is not observed.  
 The 2003-2004 season was exceptional in several ways, both when it comes to 
the abundance of data and the temperature itself. It was one of the warmest winter 
seasons of the Svalbard temperature series, only the 1980-1981 season was 
reported as warmer, but at that time the temperatures were retrieved using the 
OH(8-3) band that have been shown to overestimate the temperatures by at least 5-
6 K. In addition, only 12 daily means comprise the 1980-1981 season, so the 
uncertainty is rather large.  
 To identify periodic variations of the temperatures, Lomb-Scargle periodogram 
analysis [Press and Rybicki, 1989] was performed on both the daily and hourly 
data sets. The Lomb-Scargle algorithm is useful for performing periodogram 
analyses of non-uniformly distributed data sets. However, it assumes that there is 
no important clumping of data, i.e. no really large or periodic data gaps, and 
therefore it has to be used with care or else data gaps might be misinterpreted as 
temperature oscillations. Since there are only data for 3 months every year, we 
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exclude the long periods from the analysis. We also exclude seasons having less 
than 35 daily means (1980-1981, 1990-1991, 1993-1994, 1994-1995, 1995-1996, 
2001-2002 and 2004-2005).  
 Figure 4 shows the Lomb-Scargle periodogram for the daily temperatures from 
the 1982-2004 time period (minus the omitted seasons). We observe significant 
~24 and ~26 day periods having significance level α smaller than 0.05. These 
periods are comparable to the solar rotation short-term variation (27 d). Hall et al. 
[2005] report a similar “quasi ~27 day oscillation” of the 90 km temperature over 
Svalbard derived from meteor radar measurements of the ambipolar diffusion 
coefficient of meteor trails. From MF and LF radar data, Luo et al. [2001] observed 
such long oscillations in mesospheric winds and correlated them with variations of 
the UV radiation input (Mg II index and solar 10.7 cm flux), geomagnetic (Kp-
index) and solar wind activity (solar wind velocity from SWE) that all exhibit 25-
30 day variations. They concluded that the most probable source of the tidal 
oscillations is solar rotation modulated UV forcing of the underlying atmosphere 
(e.g. absorption of UV radiation by ozone around the stratopause). 
  
 

 

Figure 4.  Lomb-Scargle periodogram for the daily temperatures. The continuous 
line is the power spectral density of the periods from 3 d to 35 d. The algorithm 
used is from Press and Rybicki [1989] implemented in a MATLAB program. The 
significance levels α are marked by horizontal broken lines, a small value indicates 
a highly significant periodic signal. 
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 A Lomb-Scargle periodogram analysis was run for the days from 1990-2005 
(data from 1980-1990 are only available as daily means) having more than 15 
hourly mean temperatures available for each day. The exclusion of data for the 
analysis was done to prevent periodic data gaps from being misinterpreted as 
periodic temperature variations [Press and Rybicki, 1989]. From the remaining 16 
d, we were not able to identify any consistent periodic diurnal or semi-diurnal 
variations in the temperatures. However, running the Lomb-Scargle analysis 
individually on the three time periods having two successive days of data with 
more than 15 hourly averages per day, we found one of them showing a clear 
semidiurnal temperature variation (2-3 December 1998). The two other time 
periods did not show any statistically significant diurnal or semidiurnal variation. 
Diurnal and semi-diurnal varations with amplitudes in the order of as much as 30 
K, have been observed in the Svalbard OH temperature data before, see, for 
example, refs. Myrabø [1984], Walterscheid et al [1986] and Nielsen et al. [2001]. 
Walterscheid et al. [1986] suggest that they are at least partly the result of the 
passage of a gravity wave source at lower latitudes once or twice a day. However, 
it has still not been possible for anyone to identify periodicities consistent for all 
days or seasons in the series. The main reason for this is clearly the many data gaps 
in the time series. 
 A new updated trend is calculated by adding the data from the four new seasons 
to the 1980 – 2001 series analyzed by Sigernes et al. [2003]. The seasonal mean 
temperature is calculated as an average between the monthly mean temperatures of 
December and January, and the estimated trend of these is plotted in Figure 5. Note 
that the 1980-1981 and 1982-1983 average temperatures are included in the figure, 
but excluded from the trend analysis since the OH(8-3) band was used to calculate 
the temperatures in those years.  
 The trend is calculated using a polynomial fit of first degree with weights 
defined as number of days per season divided by the standard deviation for each the 
yearly average temperatures. The uncertainty of the trend estimate is calculated 
using the bootstrap method [Efron and Tibshirani, 1993]. A small positive trend of 
+0.2K/year is detected and the uncertainty is ±2δ = 0.1 K/year.  
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Figure 5. Seasonal mesospheric OH airglow winter temperature trend over 
Svalbard 1983-2005. The daily mean temperatures are plotted as small black dots. 
The monthly mean temperatures are plotted for December (grey triangles) and 
January (grey circles). The seasonal averages (black bullets) have the standard 
deviation plotted as error bars. The grey line is the estimated linear trend. The 
1980-1981 and 1982-1983 temperatures are included in the figure, but excluded 
fom the trend estimate. 

 
The same trend was found without applying weights. The trend is statistically 
significant if the uncertainty is, at most, half the calculated trend. In this case it is 
exactly the same as half the calculated and we conclude that the trend is on the 
verge of being significant.  
 Sigernes et al. [2003] investigated how major and minor stratospheric 
warmings influenced their trend estimate. They did this by excluding months with 
major stratospheric warmings (found by looking at gradients in the 10 mbar 
temperature) and months having a standard deviation of the daily temperature 
greater than 10°K. The result was that only about 40% of the monthly averages 
could be kept for the trend analysis. When doing a similar consideration for the 
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four latest seasons, none of them can be included in such a modified trend estimate. 
There were major stratospheric warmings in December 2001, January 2003, and 
January 2004 [Manney et al., 2005], and for the remaining months the standard 
deviation is larger than 10°K. So using the criteria above on the updated data sets 
leaves us with the same trend estimate as Sigernes et al. [2003]: +0.24K/year ± 
0.44K. 

5.  Summary 
Four more seasons of upper mesospheric winter temperatures have been obtained 
from spectrometric measurements of the hydroxyl airglow layer above Svalbard. 
Ebert-Fastie spectrometers have provided emission spectra with a resolution close 
to 5Å, capable of resolving the P1 and P2 lines of the OH(6-2) and (8-3) bands. 
Sigernes et al. [2003] analyzed the dataset up to 2001. The four new seasons show 
much of the same seasonal behaviour as the previously reported seasons. The day-
to-day temperatures show relatively large maxima with amplitudes close to 20K 
lasting for a few days to a week or longer. The average daily temperature is 209K 
for the whole period. The standard deviation is 16K, indicating that the 
mesospheric temperature variations over Svalbard in winter are extremely high. 
The 2003-2004 season was special being one of the warmest reported in the 25 
years of Svalbard measurements. The sky conditions were exceptionally good and 
this allowed derivation of many hourly and daily averages. Lomb-Scargle 
periodogram analyses of the daily averaged temperatures showed ~24 and ~26 
periods, that might be associated with the 27 d solar rotation period. No consistent 
diurnal or semi-diurnal variations were identified by analysis of the hourly 
averaged data. The physical processes governing the temperature oscillations are 
not clarified and searching for correlations with solar and atmospheric parameters 
should be a task for future studies. An updated trend analysis of the yearly 
averaged OH(6-2) winter temperatures between 1983-2005 found a trend of +0.2 ± 
0.1 K/year. However, this trend was calculated without taking major and minor 
stratospheric warming events into account. A task for future work on the Svalbard 
series should obviously include developing a method where such effects are 
accounted for without having to throw away as much data as we do now. Further 
analyses should also include investigating the effect the non-uniform distribution of 
data has on the trend estimate.  
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Abstract. OH brightness temperatures from the mesopause region derived from 
TIMED/SABER satellite temperature profiles are compared with OH(6-2) 
rotational temperatures measured by spectrometer from Longyearbyen (78°N, 
16°E) during the winter 2003-2004. Both sets display similar relative variations, 
but a positive bias of 14 ± 9 K is found in favor of the satellite temperatures. We 
examine the temperature response to neutral air dynamics observed in meridional 
and zonal winds measured by meteor radar. Vertical profiles of 1.6 μm OH volume 
emission rates from SABER reveal that the unusually high temperatures observed 
during January and February 2004 (240-250 K) correspond with a very low and 
bright OH layer. Significant linear correlations are found between meridional wind, 
OH temperature and peak altitude. These data support the theory that the high 
temperatures result from an anomalously strong upper stratospheric vortex which 
confined air to the polar regions, coupled with meridional transport and led to a 
strong downwelling of atomic oxygen rich air thereby lowering the altitude of the 
OH layer. The SABER data reveal that the reformation of the OH layer at 
approximately 78 km altitude accounted for an increase in temperature of 
approximately 15 K, while the remaining temperature increase (20-35 K) is 
attributed to adiabatic heating.  
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1. Introduction  
The Arctic winter of 2003-2004 has been reported as remarkable from several 
points of view and has been the subject of many studies. Manney et al. [2005] 
described how a disruption of the polar vortex and an associated sudden 
stratospheric warming (SSW) persisted at the low and middle stratosphere 
throughout the whole winter, while the upper stratospheric vortex quickly reformed 
in mid-January and became the strongest on record by mid-February. This resulted 
in anomalously high temperatures in the lower and middle stratosphere and an 
unusually cold upper stratosphere.  
 At the upper mesospheric level, the dominant circulation pattern during an 
Arctic winter consists of eastward directed zonal winds (westerlies) and poleward 
meridional flow from summer pole to winter pole [Andrews et al., 1987]. During 
SSW events, gravity and planetary waves disrupt the polar stratospheric vortex 
which leads to a warming of the stratosphere of up to 70 K at the 10 hPa level (~30 
km) [Schoeberl, 1978] and to a reversal of the mean zonal wind in the case of a 
major SSW. The large-scale effects of the SSW on the mesospheric temperature 
and wind field for the 2003-2004 winter were studied by Shepherd et al. [2007] and 
Mukhtarov et al. [2007] for latitudes ranging from the tropics up to 70°N. They 
observed a reduction of the upper mesospheric temperature and a reversal of the 
zonal wind that preceded the changes in the stratosphere. This is consistent with 
previous studies of stratospheric warming/mesospheric cooling events made by use 
of ground-based optical measurements of OH rotational temperatures, models and 
radars [e.g. Walterscheid et al., 2000; Hoffman et al., 2007]. The implication is that 
there is a downward propagation from the mesosphere-lower thermosphere (MLT) 
to the stratosphere. However, other authors have found no correlation between 
stratospheric temperatures and the rotational temperature of the OH Meinel band at 
~87 km [Siskind et al., 2005], indicating that there might be an altitude limit to how 
far these events affect the atmosphere or that other features of the OH layer 
dynamics hide the variations. It is important, therefore to continue to study these 
events in order to obtain a more complete understanding of the processes causing 
them.  
 Rotational temperatures derived from optical measurements of the OH Meinel 
airglow bands in the spectrum of the night sky have been used extensively as a 
proxy for the neutral temperature in the uppermost part of the mesosphere, the so-
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called mesopause region (80-100 km) [Beig et al., 2003, and references therein]. 
Temperatures derived from spectrometric measurements of the OH(6-2) Meinel 
band measured above Longyearbyen, Svalbard (78°N, 16°E) comprise one of the 
longest records of mesopause region temperatures in the world [Sigernes et al., 
2003]. In a paper giving an update on this temperature series we reported unusually 
high OH(6-2) rotational temperatures for the 2003-2004 season compared to the 
whole series from the early 1980s to 2005 [Dyrland and Sigernes, 2007]. In a 
recent paper, Winick et al. [2009] noted that while several authors have 
documented abnormal conditions of various sorts in the 2003-2004 winter, none 
had been related specifically to OH. Using data from the SABER (Sounding of the 
Atmosphere by Broadband Emission Radiometry) instrument on the TIMED 
(Thermosphere Ionosphere Mesosphere Energetics and Dynamics) satellite they 
gave a global picture of the OH layer characteristics from late-January through 
February 2004, and showed that the very high OH temperatures were correlated 
with an unusually low and bright OH layer that inhibited significant zonal 
asymmetries. They argued that the lowered OH layer was due to the anomalously 
strong upper stratospheric vortex that formed after the SSW. The vortex supported 
increased downwelling of oxygen rich air and displaced the OH layer to a lower 
altitude than normal. However, their study was limited by the period of time that 
SABER was viewing northwards and could thus only report OH temperatures and 
heights from mid-January 2004, thereby missing the actual time prior to and during 
the SSW.  
 In this paper we examine OH temperature variability as measured by a ground-
based spectrometer during the Arctic polar night of 2003-2004 and combine the 
data with SABER measurements to make a complete temperature record for this 
season. Supported by mesopause region wind data obtained by meteor radar from 
the same site, we establish the impact of the unusual atmospheric conditions on the 
OH layer and we relate it to the neutral air dynamics observed above the high-
latitude location Longyearbyen (78°N). We identify the time of onset of the high 
temperatures and we compare the observations with current theories of the 
dynamics at high latitudes. Using OH layer peak altitudes and OH brightness 
weighted temperatures derived from SABER measurements, we quantify the effect 
the lowering of the layer had on the temperature. For the first time rotational 
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temperatures derived from the OH(6-2) band are compared with satellite 
temperatures measured by SABER at such a high latitude. 

2. Instruments and data retrieval 
The main data presented in this paper are temperatures retrieved from OH(6-2) 
spectra measured by a ground-based spectrometer, OH brightness temperatures and 
OH layer peak altitudes measured by the satellite instrument SABER, and zonal 
and meridional winds measured by the NSMR radar (Nippon/Norway Svalbard 
Meteor Radar). The following paragraphs provide a short overview of and 
references to the instruments and data retrieval.  
 The OH(6-2) spectra are measured above Longyearbyen, Svalbard (78°N, 
16°E). The Ebert-Fastie spectrometer used to obtain these spectra, the theory and 
practice behind the temperature retrieval, and the temperature series (1980-2005) 
have been thoroughly described and discussed in previous papers [e.g. Sivjee and 
Hamwey, 1987; Sigernes et al., 2003]. Some improvements have been made to the 
analysis since our most recent report [Dyrland and Sigernes, 2007]. For this study 
the transition coefficients used in the temperature retrieval have been changed to 
those calculated by Langhoff et al. [1986]. This change relative to previous 
analyses of data from this location is based on the study of French et al. [2000] 
who found that set to be closest to their measured values for the OH(6-2) band.  
 OH equivalent temperatures (brightness temperatures) were calculated from 
each SABER temperature profile that satisfied a “coincidence” criterion with the 
Longyearbyen data. Spatially, this means SABER profiles with a tangent point at 
an altitude of 87±8 km that have geographic coordinates within 78±5°N, 16±10°E 
(this corresponds to a circle of approximately 600 km centered on the observing 
site at Longyearbyen). The brightness temperatures were determined as described 
in Mulligan and Lowe [2008] using the OH 1.6 μm volume emission rate (VER) 
measured simultaneously by SABER to weight the CO2 vibrational temperature 
profiles [Mertens et al., 2004]. The OH 1.6 μm VER signal covers the spectral 
interval 1.56-1.75 μm and thus includes most of the Δν = 2 bands OH(4-2) and 
OH(5-3). In the following description, we will use the phrase “SABER 
temperatures” to refer to OH equivalent brightness temperatures derived from 
temperature profiles produced by version 1.07 of the SABER analysis software.  
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 From the OH VER profiles, the altitude of the emission layer and the integrated 
rate of emission can be computed. The peak altitude was chosen to be the peak 
altitude of the Gaussian that best fitted the measured OH VER profile, following 
the method that Liu and Shepherd [2006] used when analyzing WINDII satellite 
data. The corresponding integrated emission rate was obtained by computing the 
integral of the area under the OH VER profiles.   
 Zonal and meridional winds at the mesopause level were obtained from analysis 
of meteor echoes measured by the Nippon (NIPR)/Norway Svalbard Meteor Radar 
(NSMR). The NSMR is of the type often referred to as a meteor wind radar 
(MWR) or recently simply as a meteor radar. The system operates at 31MHz, and 
is co-located with the ground-based optical instruments at Longyearbyen. A 
description of the system may be found in Hall et al. [2002] and Holdsworth et al. 
[2004]. MWRs illuminate a large region of the sky and echoes from meteor trains 
are detected by receivers arranged as an interferometer. Descriptions of how winds 
are determined may be found in e.g. Aso et al. [1979], Hocking et al. [2001] and 
Tsutsumi et al. [1999]. A MWR at high latitude suffers less from strong diurnal 
variation of meteor rate than at low latitude, and therefore it is possible to obtain a 
time resolution of 30 min. The resulting 30 min average winds represent, however, 
a spatial averaging over perhaps 200 km at the peak echo occurrence height of 90 
km. For this study the measured wind data have been averaged over bins spanning 
1 day and 2 km in height in the altitude range 74-100 km.  

3. Comparison of OH(6-2) and SABER temperatures 
The SABER and OH(6-2) temperatures for the 2003-2004 winter season are shown 
in the top panel of Figure 1 as dark blue circles and green plusses respectively. The 
daily averaged temperatures for each set are indicated as a solid line in their 
respective color. Unfortunately there are no SABER temperatures available from 
mid-November to mid-January. This is because the yaw periods of the satellite are 
such that it spends 60 days looking northward followed by 60 days looking 
southward. The southward looking 60 days are approximately day 325 of year n 
until day 15 of year n+1. Unfortunately, this coincides with the main period of 
observation for the ground-based spectrometer in Longyearbyen.  
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Figure 1. Top panel: OH(6-2) temperatures from Longyearbyen (78°N, 16°E) 
(green plusses), and OH equivalent temperatures (dark blue circles) from SABER 
(v1.07) at 78±5°N, 16±10°E for the winter season 2003-2004. Daily mean OH(6-2) 
temperatures and SABER OH equivalent temperatures are shown as solid lines in 
green and dark blue, respectively. Second panel: SABER OH peak altitudes (light 
blue crosses). The daily averaged values are shown as a light blue solid line. Third 
panel: zonal wind measured by the NSMR meteor radar binned in 2 km bins from 
74-100 km and daily averaged. White shading indicates eastward winds, while grey 
shading indicates westward winds. Contour lines are shown for levels of 20 m/s. 
Bottom panel: meridional winds measured for the same ranges as the zonal wind. 

 
Due to exceptionally good observing conditions, an unusually large number of 
OH(6-2) temperatures were available for analysis in the period January 16 to 
February 19, when SABER was looking northward [Dyrland and Sigernes, 2007]. 
This allowed us to make a comparison of the two temperature sets despite the 
disadvantageous SABER yaw cycle. 
 From the top panel of Figure 1 it is clear that the relative variations of the 
SABER and OH(6-2) temperatures are very similar. The mean daily averaged 
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temperature for the overlap period is 247 ± 9 K for SABER and 233 ± 11 K for 

OH(6-2) giving a mean difference, 2)-OH(6SABER TT − , of 14 ± 9 K. The linear 

correlation coefficient between the daily averaged temperature series is 0.644. 
Applying a three-day running filter to the data sets to smooth the day-to-day 
variation increases the correlation coefficient to 0.921.  
 The SABER temperatures are vibrational temperatures from CO2 weighted by 
profiles of OH vertical emission rates, whereas the OH(6-2) values are rotational 
temperatures. Using the Keck data, Cosby and Slanger [2007] have shown that OH 
rotational temperatures can differ by as much as 15 K (and more) when using 
different bands. The different field-of-view of the two instruments will also 
contribute to differences in the relative variations. OH(6-2) spectra are obtained 
from the 5 degree field-of-view spectrometer and are integrated vertically, while 
the SABER instrument has a 2 km vertical field of view, but maybe 500 km in the 
horizontal and integrates along the limb. In these respects, it is not too surprising 
that there is a mean difference of as much as 14 K in absolute value between of the 
two, and deviations between the relative variations. However, the sign of this offset 
is a bit surprising. Several authors have compared SABER data with OH 
temperatures measured from mid-latitudes before, and most have found the 
SABER equivalent temperature to be colder than the rotational temperature by 4-9 
K [e.g. López-Gonzales et al., 2007; Mulligan and Lowe, 2008, and references 
therein]. No other season had such a long overlap period between SABER and 
spectrometer measurements as 2003-2004, but from 25 January to 4 February 2003 
there were 9 days when the two coincided. Comparison of the daily mean 
temperatures shows a positive bias of 12 K for SABER. The mean OH layer 
temperature for that time period was 212 ± 7 K and 200 ± 12 K for SABER and 
OH(6-2) temperatures, respectively. Thus we find that even in the case of a 
“normal” year, a SABER temperatures are significantly warmer than the ground-
based measurements. We have also tested the hypothesis that there might be a 
diurnal bias of the two data sets used in the study reported here, but even when 
only choosing data that were coincided within a 30 minute window, the large 
positive bias for SABER remained. 
 To our knowledge no thorough comparison of SABER and rotational OH 
temperatures from high Arctic latitudes has been reported to date. However, from 
Figure 1 in the paper by Siskind et al. [2005] we see that SABER are higher than 
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rotational OH(4-2) temperatures measured at Rothera, Antarctica (67.6°S, 68.1°W) 
by an average of ~4 K. It would be interesting to examine other comparisons of 
SABER temperatures with rotational temperatures derived from OH spectra to 
check whether the high-latitude bias observed in two cases cited is sustained and to 
find the reason for it.  
 Keeping in mind the 14 K offset, we consider the two temperature series in 
combination as a continuous record of OH temperatures from Longyearbyen for the 
2003-2004 winter. 

4. Temperature and wind variations during 2003-2004 
 To understand the temperature variations of the 2003-2004 winter it is critical 
to have information about the altitude of the OH emission layer [Kumar et al., 
2008]. The OH layer peak altitudes corresponding to the SABER temperatures are 
plotted in the second panel of Figure 1. The two lower panels show the NSMR 
zonal and meridional winds, respectively. We divide the winter into three different 
periods according to the characteristics of the OH layer.  
 We first look at the period from 25 October to 3 December 2003 marked as 
Period 1 in Figure 1. During the start of this period the OH temperature was 
relatively low (~200 K), but increased from 1 November. The low temperatures 
coincided with an equatorward meridional wind which is consistent with upwelling 
and adiabatic cooling [Shepherd et al., 2006]. Looking at two top panels of Figure 
1 it is clear that the rise in temperatures of about 35 K during the 14 day period 
after 1 November coincided with a reduction in the altitude of the OH layer peak of 
5 km. Unfortunately, wind measurements are not available for most of this event. 
We can however get a clue by looking at the period 11-14 November, the zonal 
wind was eastward and meridional wind poleward below 90 km, which is 
consistent with downwelling and adiabatic warming. After 14 November the 
temperature decreased somewhat and the meridional wind turned equatorward. 
 In period 2, from 4 December 2003 to 8 January 2004, the OH temperature 
decreased rapidly by ~40 K during the first few days. Unfortunately there are no 
meteor radar wind or SABER data available for this period. However, Mukhtarov 
et al. [2007] report a similar negative excursion of the ~90 km temperature starting 
around 1 December, indicating that it is not just a local feature. They attribute it to 
strong disturbances in the mean zonal wind in the mesopause region (80-90 km) 
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seen in radar measurements averaged for 60-70°N. According to them, these are 
actually the first signs of the enhanced planetary wave activity that led to the major 
SSW occurring in late December-early January. The actual reversal of the 
stratospheric zonal wind at 60°N and thus onset of the SSW was on 2 January 2004 
[Manney et al., 2005]. Mukhtarov et al. [2007] identified it occurring 10-14 days 
earlier in ~80 km winds measured by radars at 63-69°N. So in a way there seem to 
be two dates that can be associated with onset of the SSW in the MLT/mesopause 
region: one around 4 December associated with enhanced planetary wave activity 
that is believed to be the driver of the SSW event and one around 24 December 
when the zonal wind reversed again. We have already discussed the signatures in 
the OH temperatures for the first event. The temperature data around 24 December 
do not reveal a similar large decrease of temperature, although several negative 
excursions in the order of 20 K are seen around that time. However, looking at the 
wind data we observe that from 15-23 December the zonal wind is mainly 
eastward, while it has reversed and is westward at 26-28 December. This is 
consistent with what is the expected signature of the SSW in this region. The data 
gaps are especially unfortunate in this period, since they make it difficult to assign 
changes in OH temperature and winds to the SSW, but at least we can show that 
the general picture drawn by Mukhtarov et al. [2007] is also valid for our latitude. 
The temperature remained relatively low for the rest of this period and the 
equatorward meridional wind observed is consistent with this cooling.  
 Period 3 from 9 January to 7 March 2004 is the most interesting period of this 
winter. We believe that the westward wind seen in the third panel from 9-12 
January is likely to be the remains of the wind reversal at mesopause level 
associated with the SSW and stratospheric vortex disruption. This corresponds well 
with the recovery of the upper stratospheric vortex and eastward wind by 18 
January reported by Manney et al. [2005], and which then remained strong until 
mid-March. SABER and OH(6-2) temperatures increased and remained high 
during this period. The zonal and meridional wind changed direction at 13 January 
from westward/equatorward to eastward/poleward, which is consistent with a re-
establishment of the polar vortex and occurred at the same time as the OH(6-2) 
temperature began to increase. The OH layer peak altitude shown in the second 
panel of Figure 1 decreased at the beginning of Period 3 and remained low 
throughout the period. The reduction in temperature and corresponding rise of the 
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OH layer peak around 1 February is probably associated with the shorter major 
SSW in late January [Manney et al., 2005]. After 1 February the temperature 
increased again achieving values greater than 250 K and the OH layer peak altitude 
dropped below 78 km. Unfortunately, there are no OH(6-2) temperatures available 
after 22 February and no winds after 10 February. The SABER data show that the 
temperature dropped by about 50 K and the OH layer peak altitude increased 
correspondingly, in a very short time near 21 February. The close relationship 
between OH height and temperature is especially clear here. The large asymmetries 
in the OH layer temperature, emission and height reported by Winick et al. [2009] 
would be interesting to study in relation to this abrupt change to see whether 
temporal or spatial variability or a combination is the cause for it. To do this, we 
would need data from other stations at different longitudes and latitudes, so it is not 
the scope of this paper. 

5. Discussion 
To illustrate the OH layer variations observed, we have plotted monthly averaged 
SABER temperature profiles for selected months of 2003 and 2004 in the left 
panels of Figure 2. In the right panels the corresponding monthly averaged SABER 
OH VER 1.6μm emission profiles are shown. The solar zenith angle criterion 
SZA>105 ensures data are obtained during darkness. From the emission profiles it 
is clear that the OH layer over Longyearbyen during January and February 2004 is 
very low compared to the more “normal” year of 2003 when the peak altitude was 
around 87 km and the temperatures lower. The VER of the OH layer in January and 
February 2004 is approximately twice its value in the same months of 2003.  
 The coincidence of high temperatures with a reduction in altitude and an 
increase in the brightness of the OH layer has been observed previously. Yee et al. 
[1997] have shown that the peak emission altitude of the OH emission is inversely 
correlated with the strength of the emission. This inverse relationship was also 
observed by Winick et al. [2009] in their SABER data. Winick et al. [2009] noted 
that the OH layer altitude and the temperature at the OH layer are also inversely 
related. They showed that during the period 26-31 January 2004, the OH layer was 
not zonally symmetric, and that for high-latitudes stations eastward of 50° East the 
layer showed no unusual behavior. At 16°E, Longyearbyen was approximately 
halfway between the undisturbed region and the highly disturbed region at 50°W.  
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Figure 2. Left panels: monthly averaged SABER temperature profiles for January, 
February, March, October and November 2003 (top panel) and 2004 (bottom 
panel). Data shown are from the altitude range 30-110 km above Longyearbyen 
and for SZA>105. Right panels: monthly averaged SABER OH VER 1.6μm 
profiles for the same months of 2003 (top panel) and 2004 (bottom panel). 

 
From our ground based measurements we can confirm the existence of the 
unusually low OH layer at the longitude of Longyearbyen. The formation of the 
OH layer at lower altitudes is likely to be the result of downwelling of atomic 
oxygen rich air to lower heights as suggested by Winick et al. [2009].  
 In a study of the correlation between airglow temperature and emission rate at 
the high-latitude location Resolute Bay (75° N), Cho and Shepherd [2006] found 
evidence of a common process for all dynamical perturbations of the airglow layer, 
and argued this process is simply vertical motion. This is supported by the work of 
Marsh et al. [2006] where they compared SABER observations of OH emission 
rates with a three-dimensional chemical model. They found that at the height of 
peak emission, variations are predominantly caused by changes in atomic oxygen 
resulting from vertical transport. This leads to an increase in ozone which together 



 

 12

with the higher densities leads to an increase in the band brightness and 
temperature.  
 To get an idea about the quantitative effect of the lowered OH layer on the 
temperature, we can look at the temperature profiles in the left panels of Figure 2. 
From these we see that the environmental lapse rate is approximately 1.5 K/km in 
the altitude range 60-100 km. Of the 35 K temperature increase observed in the 
beginning of Period 1, we estimate that about 7.5 K is due to the OH layer peak 
occurring 5 km lower down, according to the environmental lapse rate observed. 
Correspondingly, of the overall ~50 K increase of temperature from late October to 
mid February, we ascribe about 15 K to the close to 10 km lowering of the OH 
layer, as observed in top two panels of Figure 1. The remaining temperature 
increase is then attributed to adiabatic heating of the subsiding air following the 
adiabatic lapse rate which is approximately 9.5K/km at mesopause heights [c.f. 
Sherman and She, 2006]. Seasonal variability and other shorter time scale 
variations that may also influence the temperature (e.g. planetary waves, gravity 
waves and tides) are not quantified in this paper.  
 The strong poleward meridional wind observed at the OH layer height (~80 km) 
during this period is probably also contributing to the emission intensity level by 
transporting odd oxygen species from their source region to the high-latitudes 
(where there is no winter production of O by photodissociation [Myrabø and 
Deehr, 1984]), as well as increasing downwelling which further increases adiabatic 
warming. To test for a possible coupling, we calculated the correlation coefficients 
between daily averaged meridional winds measured by the meteor radar at different 
heights and the OH(6-2) temperatures for the 55 days that the measurements 
coincided between 17 November 2003 and 11 February 2004. Figure 3 shows the 
correspondence between temperature and the wind at 84-86 km height, for which 
we found the largest correlation. The correlation coefficient is 0.70 with a 
probability for random occurrence <10-8. This means that around 50% of the 
variation in temperature can be explained by the variations in the meridional wind 
direction and strength.  
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Figure 3. Scatter diagram of the 55 coinciding OH(6-2) temperatures and 
meridional wind measurements from Longyearbyen between 17 November 2003 
and 11 February 2004. The solid line shows the best linear fit to the data points. T 
denotes the temperature and MW the value for the meridional wind. The 
correlation coefficient is 0.70, with the probability for random occurrence <10-8. 

 
From the figure we see how a poleward wind is consistent with a higher 
temperature, while an equatorward wind gives a lower temperature. This value is 
comparable to the findings of Espy et al. [2003] who reported a correlation of -0.61 
between meridional wind measured by MF radar and OH(4-2) rotational 
temperatures at Rothera, Antarctica. The negative sign of their correlation is due to 
poleward wind in that hemisphere being defined as negative. They found a slope of 
-0.71 K/ms-1. For the Longyearbyen data the linear regression is 
T=220+0.468·MW, where T is the temperature and MW is the meridional wind. 
The slope is thus 0.468 K/ms-1. The same calculations for zonal winds gave a 
correlation coefficient of only 0.25 and a probability for random occurrence of 
0.066. Espy et al. [2003] found a correlation of 0.29 between zonal wind and 
rotation temperatures at Rothera, so these numbers are also comparable. We 
believe the correlation is real despite the relatively high probability for random 
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occurrence, because a westward flow combined with gravity wave drag is expected 
to produce an equatorward component, and vice versa [Holton, 1983]. 
 We also calculated the correlation between the meridional wind at different 
heights and the temperature and altitude of the OH layer measured by SABER for 
the 44 days the two coincided between October 25 and February 11. If the 
poleward meridional wind is a major driver of downward transport and hence 
adiabatic heating as our data indicate, we can also expect it to have a role in 
bringing more oxygen rich air to lower altitudes and thus lowering the OH peak 
altitude. Table 1 shows the correlation coefficients R between the meridional wind 
at different heights and OH(6-2) temperature, SABER OH temperature and 
SABER OH peak altitude.  
 
Table 1. Correlation coefficients R and probabilities for random occurrence p for 
the linear relationship between meridional wind at different heights and OH(6-2) 
temperature, SABER OH temperature and SABER OH peak altitudes.  
              
Altitude MW vs OH(6-2) T MW vs SABER T MW vs SABER OH Alt 
 (km) R p R p R p 
70-72 0.63* 5.7E-7 0.59** 3.1E-5 -0.66** 1.2E-6 
72-74 0.62 4.7E-7 0.72 2.9E-8 -0.80 1.5E-10 
74-76 0.67 3.0E-8 0.76 2.9E-9 -0.81 3.9E-11 
76-78 0.68 1.2E-8 0.78 6.5E-10 -0.82 1.6E-11 
78-80 0.69 4.2E-9 0.76 2.0E-9 -0.81 2.8E-11 
80-82 0.68 8.1E-9 0.75 5.4E-9 -0.78 5.3E-10 
82-84 0.70 3.4E-9 0.74 1.1E-8 -0.73 2.2E-8 
84-86 0.70 2.0E-9 0.72 4.4E-9 -0.68 3.6E-7 
86-88 0.66 5.2E-8 0.67 7.6E-7 -0.62 7.6E-6 
88-90 0.56 1.1E-5 0.56 7.6E-5 -0.51 3.6E-4 
90-92 0.45 4.8E-4 0.48 1.1E-3 -0.41 5.1E-3 
92-94 0.26 5.4E-2 0.35 1.8E-2 -0.29 6.1E-2 
94-96 0.040 7.7E-1 0.30 5.1E-2 -0.24 1.2E-1 
MW = Meridional wind; T = Temperature; OH Alt = OH peak altitude 
* 52 coincident days    
** 43 coincident days    
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The corresponding probabilities for random occurrence, p, are also listed. It is 
interesting to see that the maximum correlation with the SABER measurements 
was found for winds at 76-78 km height, not higher up as for OH(6-2) 
temperatures. Figure 4 shows the meridional wind at 76-78 km height plotted 
against OH layer peak altitude, and the linear fit to the data points. The correlation 
coefficient is -0.82 with probability for random occurrence <10-11. This means that 
more than 67% of the variation in OH layer height can be explained by the 
meridional wind fluctuations. A 10 ms-1 increase of meridional wind strength in the 
poleward direction corresponds to a decrease of OH peak altitude of ~1.3 km, 
according to our data and the linear relationship found. The quantity of data is 
clearly not sufficient to treat this as a general rule, but it is indicative of the relation 
between the two parameters. 
 

 

Figure 4. Scatter diagram of the 44 coinciding OH peak altitudes measured by 
SABER and meridional wind measurements from Longyearbyen between 25 
October 2003 and 11 February 2004. The solid line shows the best linear fit to the 
data points. AltOH denotes the peak altitude of the OH layer and MW the value for 
the meridional wind. The correlation coefficient is -0.82, with the probability for 
random occurrence <10-11. 
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The meteor radar, spectrometer and satellite data make three completely 
independent measurements and having them probe the same region, gives new 
possibilities for interpreting the different data sets. The strength of the meridional 
winds is obviously an important key in the OH airglow budget. Not only by 
transporting atomic oxygen from their source region to the high-latitude regions, 
but also by its close connection with downwelling of atomic oxygen (decreasing 
the OH layer peak height) and by inducing adiabatic heating/cooling of the neutral 
air. 
 Our data support the theory that there is a coupling between the strong polar 
vortex observed at the upper stratosphere during period 3 and the anomalously high 
OH temperature and low OH layer peak altitude. Siskind et al. [2007] have 
provided a potential explanation for the mechanism responsible for bringing atomic 
oxygen rich air to unusually low altitudes and Winick et al. [2009] discussed it in 
the context of their SABER measurements of v1.06 OH temperatures, altitudes and 
peak VER. A strong stratospheric vortex confines air to the polar region, and leads 
to unmixed descent of oxygen rich air to lower altitudes. At the same time, the 
disturbed warm lower stratosphere blocks propagation of gravity waves which 
normally break near the stratopause and warms this region. The temperature 
profiles for January and February 2004 in Figure 2 show that this was a likely state 
for the atmosphere above Longyearbyen. The ~50 km region for January and 
February 2004 was cold, while the stratopause is as high as 75-80 km. A recent 
model study by Karlsson et al. [2009] also attribute high temperatures at 80 km to 
enhanced downwelling that results from the negative gravity wave drag (GWD) 
associated with weak planetary wave activity in the lower atmosphere. They also 
suggest inter-hemispheric coupling mechanisms between temperature and wind 
fields. That coupling would be interesting to investigate combining our data sets 
with those at other latitudes and longitudes. 

5. Summary  
For the Arctic winter of 2003-2004, we have assembled a detailed picture of the 
behavior of OH temperatures and peak altitudes from a combination of ground-
based and satellite data. The SABER temperatures and OH(6-2) rotational 
temperatures display very similar relative variations. A positive bias of 14 ± 9 K is 
found in favor of SABER when compared to rotational temperatures, which is 
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opposite to the sign found at lower latitudes. A detailed examination of the reasons 
for this temperature difference will be the subject of a future study. 
 By studying the temperature and wind record from 2003-2004, we have 
identified the signatures of the SSW at the mesopause region above Longyearbyen. 
The reversal of the zonal wind happened around 24 December 2003, around ten 
days earlier than the reversal in the stratosphere. The eastward wind was re-
established after 13 January 2004 and around the same time that the temperature 
increases dramatically and remained high until late February. In the same period 
the OH layer peak altitude was anomalously low. Studies of the correlation 
between meridional wind at different heights and OH temperatures and altitudes, 
reveal a close relationship. About 50% of the variation of the OH(6-2) temperature 
can be assigned to variations in meridional wind direction and strength. For the 
SABER OH temperatures and peak altitudes there is also a clear relationship. 
Variations in the peak altitude of the OH layer can be attributed to variations in the 
meridional wind. An increase in the poleward/equatorward wind of 10 ms-1 
corresponds to a ~1.3 km lowering/rise of the OH layer. 
  The data support the theory that vertical transport is the mechanism 
responsible for much of the modulation in OH layer emission and thus the 
temperature variations observed. This transport was enhanced during the unique 
stratospheric conditions during the 2003-2004 winter, when an unusually strong 
upper stratospheric vortex led to increased descent of atomic oxygen which has a 
key role in OH chemistry. Of the observed temperature increase of ~50 K during 
the 2003-2004 winter, the reformation of the OH layer at approximately 10 km 
below its nominal altitude of 87 km accounted for a temperature increase of ~15 K. 
The remainder (20-35 K) was due to adiabatic heating resulting from the increased 
downwelling coupled to the strong meridional winds observed and other non-
identified processes.  
 Our study confirms the importance of having information about the OH layer 
altitudes at hand when analyzing rotational temperature time series obtained from 
ground-based or satellite instruments. The satellite data have been invaluable in this 
sense, as they provide an independent measurement of the OH layer properties. 
This knowledge also opens up the possibility to use meridional wind direction and 
strength as a predictor of temperature and OH layer peak heights, but analysis of a 
much larger data set is needed to explore this possibility. 
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Abstract. Measurements of hydroxyl nightglow emissions over Longyearbyen 
(78°N, 16°E) recorded simultaneously by the SABER instrument onboard the 
TIMED satellite and a ground-based Ebert-Fastie spectrometer have been used 
to derive an empirical formula for the height of the OH layer as a function of the 
brightness of the emission. Altitude profiles of the OH volume emission rate 
measured by SABER over a period of more than six years provided a relation 
between the height of the OH layer peak and the integrated volume emission rate 
following the procedure described by Liu and Shepherd [2006]. An extended 
period of overlap of SABER and ground-based spectrometer measurements of 
OH(6-2) band radiance during the 2003-2004 winter season allowed us to 
express radiance values in terms of the satellite integrated VER measurements. 
The combination of these two formulae provided a method for inferring an 
altitude of the OH emission layer over Longyearbyen from ground-based 
measurements alone. Such a method is required when SABER is in a southward 
looking yaw cycle. In the SABER data for the period 2002-2008, the peak 
altitude of the OH layer ranged from a minimum near 76 km to a maximum near 
90 km. The uncertainty in the inferred altitude of the peak emission, which 
includes a contribution for atmospheric extinction, was estimated to be ±2.7 km 
and is comparable with the ±2.6 km value quoted for the nominal altitude (87 
km) of the OH layer. Longer periods of overlap of satellite and ground-based 
measurements together with simultaneous on-site measurements of atmospheric 
extinction could reduce the uncertainty to approximately 2 km. 
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1. Introduction  
An Ebert-Fastie spectrometer has been used to record spectra of hydroxyl 
nightglow emissions (OH(6-2) and OH(8-3) bands) at Longyearbyen (78°N, 
16°E) in each winter season for more than 20 years. Analysis of these spectra 
has provided a detailed record of the rotational temperature at the altitude from 
which the emissions originate [e.g., Sivjee and Hamwey, 1987; Sivjee et al., 
1987; Sigernes et al., 2003; Dyrland and Sigernes, 2007]. These measurements 
have always been subject to the twin difficulties of an inexact knowledge of the 
emission height and the dependence of the retrieved temperature on the 
rotational transition probabilities used. The work reported here concentrates on 
the question of the emission height only. Following the work of Baker and Stair 
[1988], the OH layer has been considered to be representative of an ~8 km layer 
centred at 87 km altitude. Subsequent reports by She and Lowe [1998] and 
Oberheide et al. [2006] have confirmed that this interpretation is an accurate 
assessment of the time averaged height and width of the layer. A more detailed 
study by Yee et al. [1997] using HRDI (High Resolution Doppler Imager) results 
from UARS (Upper Atmosphere Research Satellite) showed that the peak 
altitude of the night time OH emissions could occur anywhere in the range 86 – 
91 km. HRDI observations showed an inverse relationship between the 
nightglow brightness and peak emission altitude. Liu and Shepherd [2006] using 
OH volume emission rate (VER) data from the WINDII (Wind Imaging 
Interferometer) instrument on board the UARS satellite reaffirmed the inverse 
relationship and reported systematic variations in the peak altitude of the OH 
layer between 40°S and 40°N. High latitude observations were precluded by the 
inclination of the UARS spacecraft orbit. Using data from the SABER 
(Sounding of the Atmosphere by Broadband Emission Radiometry) instrument 
on the TIMED (Thermosphere Ionosphere Mesosphere Energetics and 
Dynamics) satellite, Winick et al. [2009] found that in the region poleward of 
60°N, the OH layer was between 5 km and 8 km lower than normal during the 
boreal winters of 2004 and 2006. Changes in altitude of this magnitude together 
with the associated adiabatic heating/cooling will result in substantial 
temperature variations, the interpretation of which is eased considerably if OH 
emission height information is available. Takahashi et al. [2005] have called for 



 3

further investigations of the relation of temporal variation between hydroxyl 
emission rates, height and temperatures.  
 Knowledge of the OH emission height is also important because of the role of 
OH temperature measurements in the assignment of temperatures derived from 
meteor radars in the MLT region. Meteor radar temperatures offer the possibility of 
24 hour per day measurements and in all sky conditions [Hocking et al., 2007]. 
Hall et al. [2004] extrapolated the OH temperatures from 87 km to 90 km for the 
purpose of a multi-instrument derivation of 90 km temperatures over Svalbard 
based on the CIRA-86 and MSISE-90 models. A similar extrapolation technique 
based on MSIS-00 was employed by the same authors in 2006 [Hall et al., 2006]. 
The validity of their meteor derived temperatures depends on the assumption that 
the OH layer is centred on 87 km altitude. Interpretation of rotational temperatures 
derived from OH emissions must, therefore, take account of the altitude of the 
emitting layer.  
 A number of recent reports have sought to infer the altitude of the peak of OH 
emission by combining results from different ground-based instruments. 
Employing a pair of all-sky imagers at sites 32 km apart, Kubota et al. [1999] 
observed common features in nightglow structure and found that the inverse 
relationship between brightness and altitude persisted on a local scale. Takahashi et 
al. [2005] reported OH emission heights deduced from cross correlating rotational 
temperatures from the OH(6-2) band and meteor trail ambipolar diffusion 
coefficients at Shigaraki (35ºN, 136ºE). Kumar et al. [2008] employed a similar 
technique to infer day-time emission heights over Thumba (8.5°N, 77°E) which 
corresponded well with peak heights observed in SABER OH VER profiles in the 
same time period. Liu and Shepherd [2006] found that, in the latitude range 40ºS to 
40ºN, the altitude of the peak of the OH layer is almost completely described by the 
integrated emission rates in their study of WINDII profiles from the UARS 
satellite. Ground-based instruments that collect photons from all altitudes in the 
OH layer within their field of view are well suited for measuring integrated 
emission rates and offer the possibility to assign an altitude to each ground-based 
measurement. Of course ground-based integrated brightness (radiance) 
measurements are subject to the effects of atmospheric extinction, which do not 
apply in the case of satellite observations. At 78°N, Longyearbyen is outside the 
range of latitude covered by the study of Liu and Shepherd [2006] and of the 
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WINDII measurements. The SABER instrument measures OH VER profiles in the 
range 1.56-1.72 μm, which includes mostly the OH(4-2) and (5-3) band, and 
provides excellent coverage at 78°N during northward looking yaw cycles. 
Unfortunately, SABER is in its southward looking phase during a large part of the 
Arctic winter season (mid-November – mid-January) when its latitude coverage 
does not extend above 54° N.  
 A remarkable period of good observing conditions during the spring of 2004 
provided 35 days (16 January – 19 February) of measurements of OH emissions by 
the ground-based Ebert-Fastie spectrometer at Longyearbyen during a time when 
the SABER instrument was in a northward looking yaw cycle. This allowed us to 
derive a relation between integrated OH VER measured by the satellite and the 
OH(6-2) band radiance measured by the spectrometer. The remainder of this paper 
reports our efforts to adapt the procedure described by Liu and Shepherd [2006] to 
SABER OH VER profiles and to relate the empirical formula thus obtained to the 
OH(6-2) band radiance measured by the Ebert-Fastie spectrometer deployed at 
Longyearbyen for the purpose of inferring hydroxyl layer heights during periods 
when SABER is in a southward looking yaw cycle. 

2. Data and analysis 

2.1 SABER on TIMED 

Liu and Shepherd [2006] made use of more than 50,000 altitude profiles of 
volume emission rate (VER) collected by WINDII for the OH(8-3) band P1(3) 
line emission to derive an empirical formula for the altitude of the OH nightglow 
emission. The results were formulated in terms of zonal averages covering the 
latitude range 40°S to 40°N. The work reported here makes use of altitude 
profiles measured by the SABER instrument on board NASA’s TIMED satellite. 
SABER measures vertical Earth limb emission profiles in 10 broadband spectral 
channels covering the wavelength range 1.27 μm to 17 μm [Mertens et al., 
2004]. The high inclination angle of TIMED’s orbit (74 degrees to the equator) 
allows it to observe tangent points as far north as Longyearbyen, when it is in a 
northward looking yaw cycle. The TIMED satellite orbits the Earth about 15 
times per day, and measures about 100 vertical profiles in each orbit. SABER 
has a vertical resolution of approximately 2 km in the altitude range 10-105 km, 
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and an along track resolution of near 400 km. OH VER profiles (data version 
1.07) measured by SABER’s OH-B band channel in the range 1.56-1.72 μm 
which includes mostly the OH(4-2) and OH(5-3) bands were employed in this 
study. Baker et al. [2007] made use of this channel in their study of equatorial 
enhancements of the nighttime mesospheric OH airglow layer. We have chosen 
this channel in preference to the OH-A channel, which includes mostly the Δv = 
2 bands originating in levels 9 and 8, because the higher vibrational bands tend 
to have their maxima at higher altitude [Kaufmann et al., 2008]. Since the focus 
of our study was on ground-based measurements made at Longyearbyen, and 
since longitudinal variations were not ruled out in the investigation by Liu and 
Shepherd [2006], we restricted ourselves to orbits that satisfied the selection 
criteria – latitude: 78±5° N; longitude: 16±10° E – corresponding to a radius of 
about 600 km centred on the station. Following the work of Winick et al. [2009], 
we also restricted ourselves to night time profiles only for which the solar zenith 
angle was greater than 105°. Typically this resulted in five or six profiles per day 
during a northward looking yaw cycle, and over the period January 2002 – July 
2008, provided more than 3100 profiles in total. 

SABER OH 1.6 µm VER profiles
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Figure 1. SABER OH 1.6 μm VER profiles representative of Longyearbyen 
(78±5°N, 16±10°E) in the period 2002-2008. 
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Figure 1 shows three OH 1.6 µm VER profiles which are representative of the 
SABER profiles over Longyearbyen during the period 2002-2008, and it illustrates 
the relationship between the altitude of the OH layer peak and the brightness of the 
layer observed by Liu and Shepherd for WINDII profiles. 
 Following the method of Liu and Shepherd [2006], the peak altitude of the 
Gaussian that best fitted the peak of the measured profile was taken as the altitude 
of the OH layer peak and the corresponding integrated emission rate was obtained 
by computing the integral of the area under the VER profile. Figure 2 is a scatter 
plot of the peak altitude of each profile versus the integrated volume emission rate. 
The inverse relationship between the OH layer peak altitude and the integrated 
emission rate is immediately apparent. Through the use of multiple linear 
regression, we examined the influence of the various terms included in the 
empirical formula reported by Liu and Shepherd, i.e., integrated emission rate, Is 
(the subscript ‘s’ refers to the satellite to distinguish it from band radiance 
measurements made from the ground Ig) in ergs/cm2/s, 10.7 cm solar flux, f, annual 
and semi annual terms as well as diurnal and semidiurnal terms. 

SABER at Longyearbyen 2002-2008 - OH peak Altitude vs Integrated OH VER 
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Figure 2. Altitude of OH maximum and integrated OH VER for each profile 
measured by SABER at Longyearbyen (78±5°N, 16±10°E) in the period 2002-
2008, when the solar zenith angle (SZA) > 105°.  
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Retaining the notation employed by Liu and Shepherd [2006], the empirical model 
can be expressed as: 
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 (1) 
where h is the peak emission altitude in km, h0 is a constant term in km, d is the 
day number of the year and t is the time of the observation, T and D are the 
length of the year in days and the length of the day in hours respectively, and the 
ai are the coefficients of the various terms. By far the most significant term in 
fitting the peak altitude was the integrated intensity, Is. Next in importance came 
the annual and semi-annual terms followed by the solar flux term, f which has 
only minor importance since the measurements were made in the middle of the 
Arctic winter.  
 Table 1 provides a brief summary of our results. In common with Liu and 
Shepherd, we found that including sinusoidal diurnal and semidiurnal terms 
made no significant improvement to the fitting of the OH peak altitudes. The fit 

was improved, however, by including a term in 2
sI  as shown in Table 1. This 

may be due to the fact that at higher latitudes the OH layer descends by more 
than one scale height (particularly during the extraordinary spring seasons of 
2004 and 2006, when the layer was as low as 75 km on occasions), at which 
point one might expect some nonlinear response. The rightmost column labelled 
“population” is a measure of the percentage of predicted altitudes that were 
within 1.5 km of the actual peak. The values are comparable to the figures 
reported by Liu and Shepherd [2006] for predictions within ±1 km of the actual 
peak.  
 
Table 1. Coefficients of the empirical model for the peak altitude of the OH 
nightglow emission at Longyearbyen. 
 

Standard error

h o, km a 1 σ1 a 2 σ2 a 3 σ3 a 4 σ4 a 5 σ5 a 6 σ6 a 7 σ7 Population % σ (km)
90.4 -27.8 0.2 - - - - - - - - - - - - 79.9% 1.23
90.1 -27.7 0.2 - - 0.0029 0.0005 - - - - - - - - 80.3% 1.22
91.2 -27.7 0.2 - - 0.0037 0.0004 -2.1 0.5 0.4 0.1 0.0 0.2 0.2 0.1 83.7% 1.14
93.9 -39.7 0.9 23.2 1.6 0.0047 0.0004 -4.6 0.6 0.9 0.1 1.0 0.2 -0.2 0.1 85.0% 1.10

Coefficients of the empirical model for the peak altitude of the OH nightglow emission at Longyearbyen
Term I s Term I s

2 Term f cos(2πd /T ) sin(2πd /T ) cos(4πd /T ) sin(4πd /T )
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The slight reduction in accuracy may be due to the greater excursions of the OH 
layer at higher latitudes, and that our analysis included peak altitudes for all 
profiles in contrast to Liu and Shepherd [2006] who excluded profiles that 
departed from the ideal single peak. We consider that this is a more realistic 
assessment of the method since a ground-based observer with access only to 
band radiance data has no way of knowing when a single peaked OH layer is 
being observed, or when a more complex profile is present. Figure 3 shows a 
plot of the modelled OH peak altitude versus the measured values using the 
empirical formula given in the final row of Table 1. The right hand column of 
this table shows the standard error in the peak altitude for the empirical formula 
used. 
 The results of this investigation showed that the methodology of Liu and 
Shepherd [2006] adapted for SABER OH VER profiles observed over 
Longyearbyen yielded a formula relating the altitude of the OH peak emission to 
the integrated emission rate. The next step involved finding a relation between the 
SABER OH integrated intensity and the column integrated emission rate of the 
OH(6-2) band observed by the spectrometer. 

SABER 2002-2008 at Longyearbyen
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Figure 3. Altitude of OH layer peak predicted by empirical formula versus altitude 
measured by SABER at Longyearbyen (78±5°N, 16±10°E) during 2002-2008. 
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2.2 Ebert-Fastie Spectrometer 

An Ebert-Fastie spectrometer has been deployed at Longyearbyen (78°N, 16°E) for 
the purpose of studying hydroxyl nightglow emissions in each winter season for 
over a quarter century [Dyrland and Sigernes, 2007]. The instrument in use in 
recent years has a 1 m focal length and a field of view of approximately 5° viewing 
in the zenith. Spectra recorded by this instrument have been analysed to derive the 
rotational temperature of the emitting OH radicals at the emission altitude, e.g., 
Sivjee and Hamwey [1987], Sigernes et al. [2003], Dyrland and Sigernes [2007]. 
Detailed descriptions of the spectrometer characteristics, calibration and data 
reduction techniques are available in Sigernes et al. [2003] and Dyrland and 
Sigernes [2007]. In addition to the rotational temperature, these spectra have also 
been used to compute the integrated column brightness (radiance) of the emission 
band, e.g., Myrabø et al. [1983], Myrabø et al. [1987] and Viereck and Deehr 
[1989]. 
 The analysis of each measured spectrum involves the generation of a 
synthetic spectrum which has as free fitting parameters (a) the rotational 
temperature, (b) the background which has both a slope (b1) and an offset (b2), 
and finally a scaling term (c), which is directly proportional to the radiance of 
the band, Ig, (the subscript ‘g’ refers to observations made from the ground) – in 
this instance the OH(6-2) band. Since the spectrometer measures the total band 
radiance, it is this latter parameter that we attempt to relate to the integrated 
volume emission rate measured by SABER. Results for a particular spectrum are 
accepted only when the covariance between synthetic and measured spectra fall 
within certain criteria which have been determined with the benefit of 
experience over many years of observing. Of particular relevance here is the 
elimination of spectra that are affected to a significant degree by atmospheric 
extinction. Based on the observations of Myrabø and Deehr [1984], it is unlikely 
that the selection criteria are capable of eliminating spectra that have less than 
20% reduction in band radiance due to atmospheric extinction. In section 4 we 
consider the impact that such a reduction would have on the OH peak altitude 
assigned. Instrument calibration takes account of variations in the spectrometer 
sensitivity across the spectral interval accepted by the spectrometer. Long term 
stability is monitored by the use of calibration lamp as described in Dyrland and 
Sigernes [2007].  
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OH(6-2) rotational temperatures and band radiances 
at Longyearbyen during 2003-2004 Arctic Winter
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Figure 4. OH(6-2) rotational temperatures and band radiances (arb. units) 
measured by the Ebert-Fastie spectrometer at Longyearbyen during the 2003-2004 
Arctic winter season. 
 
In common with the temperature data from the spectrometer, the radiance values 
are calculated on an hourly average basis. Figure 4 shows a plot of rotational 
temperature and radiance values obtained from the OH(6-2) band for the 2003-
2004 Arctic winter season at Longyearbyen. The Langhoff et al. [1986] 
transition probabilities were selected for generating the synthetic spectra used in 
this report based on the detailed study of the OH(6-2) band by French et al. 
[2000]. 

2.3 Relating OH(6-2) band intensities to SABER OH integrated VER 
measurements 

The radiance values from the ground-based Ebert-Fastie spectrometer provide a 
record of the time variation of the total column brightness of the OH(6-2) band, 
whereas the integrated volume emission rates from SABER provide a similar 
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record for the sum of the OH(4-2) and (5-3) bands. It is generally accepted that 
the reaction  

2
*

3 O)9'(OHOH 1 +≤υ⎯→⎯→+ k  (2) 

with k1 = 1.4×10-10 e-480T cm3 s-1 is the primary source of vibrationally excited 
OH. The reaction  

2
*

2 O)6'(OHHOO +≤υ⇔+  (3) 

is sometimes considered to be a secondary source for vibrational levels (v’≤6), 
but overall this reaction is believed to be of minor importance during night time 
conditions [Makhlouf et al., 1995]. Since the OH products of reaction (2) are 
found in vibrational levels 6, 7, 8 and 9 [Kaufmann et al., 2008], lower 
vibrational levels are populated as a result of radiative cascade 

ν+υ⎯⎯⎯ →⎯υ υυ hA )''OH()'OH( )'','(  (4) 

and single or multi-quantum, collisional deactivation [McDade and Llewellyn, 
1987] 

QQ k +υ⎯⎯⎯ →⎯+υ υυ )''OH()'OH( )'','(Q
3  (5). 

OH bands arising from different initial (v’) and final (v’’) vibrational states have 
different average band radiances as reported by Krassovsky et al. [1962] with 
updated values for some of these bands by Cosby and Slanger [2007]. However, 
it is believed that the relative variations of band radiances from adjacent upper 
states follow each other closely due to the common origin of their primary 
source. Wrasse et al. [2004] show a number of nights with good correspondence 
between the brightness of the OH(8-3) and (6-2) bands at 23°S. Mulligan et al. 
[1995] found very good agreement between variations in the OH(4-2) and (3-1) 
bands at 53°N. Based on these observations, we assume that the relative 
variations in the OH(6-2), (5-3) and (4-2) band radiances follow one another 
closely. The next step is to establish a relation between the OH(6-2) band 
radiance measured by the ground-based spectrometer, Ig, and the integrated 
volume emission rate for the OH 1.6 μm band, Is, measured by SABER.  
 The yaw cycle for SABER is such that it is looking southward during the 
middle of the Arctic winter (mid-November to mid-January). Fortunately, a 
remarkable period of good observing conditions during the spring of 2004 provided 
35 days of ground-based OH measurements during a time when SABER was 
looking northward. Figure 5 is a scatter plot of OH(6-2) band radiance values 
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versus SABER integrated volume emission rates during the 35 day overlap period 
(16/1/2004 – 19/2/2004). For the purpose of this plot, a ground-based measurement 
that occurred within one hour of a satellite measurement was considered coincident 
with it. Although one hour is a relatively long time window, the close 
correspondence between the two sets of measurements is clear from the plot. The 
equation of the best fit line to the data in Figure 5 was used to relate OH(6-2) 
scaled intensity values, Ig, to OH integrated VER values, Is, measured by SABER. 
Thus  

gs mII =  (6) 

where m is a constant of value (4.84±0.06)×10-3. The correlation coefficient of 0.84 
for the fit indicates the high degree of correspondence between the two data sets. 
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Figure 5. Scatter plot of integrated OH VER values measured by SABER at 
Longyearbyen (78±5°N, 16±10°E) together with OH(6-2) band radiance (arb. 
units) measured by the Ebert-Fastie ground-based spectrometer during the period 
when the two sets of measurements overlap (16/1/2004 – 19/2/2004). The time 
window for coincidence of the two sets of data is 1 hour. A spectrometer 
measurement that occurs within 1 hour of a SABER profile is considered 
coincident in time with that profile. 
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OH integrated VER values at Longyearbyen  2003-2004
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Figure 6. Integrated OH VER values calculated from SABER profiles at 
Longyearbyen (78±5°N, 16±10°E) together with OH(6-2) band radiances (arb. 
units) measured by the Ebert-Fastie during 2003-2004 season. The OH(6-2) band 
radiance values have been scaled according to the relationship given in equation 
(6).  

 
 Figure 6 shows the result of combining the OH integrated VER measurements, 
Is, with the re-scaled OH(6-2) band radiance measurements, mIg. The 
correspondence between the ground-based and satellite measurements during the 
overlap period is clearly evident. The standard error in the linear fit obtained from 
Figure 5 contributed an uncertainty of ±2.1 km to the modelled values of peak 
altitude. We note that the overlap period occurred at a time when SABER OH 
integrated VER values were among the highest observed during the entire seven 
year period (see Figure 2). The good agreement between the two data sets in Figure 
6 in the period 17-19 November 2003, during a 3-day period of data overlap when 
OH VER values were near the average value, is very reassuring. 
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3. Results and Discussion 
Substituting for Is in equation (1) by mIg, we predicted the peak altitude of the 
OH layer from the ground-based OH(6-2) band radiance measurements alone. 
Figure 7 shows a plot of the OH peak altitude predicted by this technique 
compared with values of the OH peak altitude measured from SABER OH VER 
profiles. The correspondence between measured and predicted values during the 
two overlap periods is excellent. More important however is the fact that we 
now have values for the altitude of the OH layer peak when no SABER profiles 
are available.  
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Figure 7. OH layer peak height measured by SABER at Longyearbyen (78±5°N, 
16±10°E) (green) and OH layer peak height predicted by empirical formula for all 
OH(6-2) data (red) (including the period when SABER was looking south) during 
the 2003-2004 season. The error bar shown in black indicates the uncertainty (±2.7 
km) in the peak altitudes determined. OH integrated VER and OH6-2) band 
radiance values (blue) are also shown in this plot to illustrate the inverse 
relationship between OH brightness and peak altitude. 
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 We now attempt to quantify the uncertainties associated with the inferred 
altitudes. These arise from the two steps in the empirical procedure described 
above and from the effect of atmospheric extinction. The standard error on the 
prediction of the OH peak altitude from the OH integrated VER was ±1.1 km, 
whereas the standard error on the conversion from OH(6-2) band radiances to OH 
integrated VER was ±2.1 km. Based on the observations of Myrabø and Deehr 
(1984), we estimated a maximum reduction of 20% in the integrated emission 
brightness due to atmospheric extinction in the lower atmosphere. Such a reduction 
would give rise to an increase of 1.2 km in the assignment of the OH peak altitude 
using the combined empirical formula. The uncertainties from the two fitting 
processes and atmospheric extinction resulted in a combined uncertainty of ±2.7 
km on each altitude determined. Based on the range of OH peak altitude which 
extended from 76 km to 90 km in the period 2002-2008, this is a considerable 
improvement on the nominal 87 km altitude alone. The combined uncertainty is 
comparable with the ±2.6 km figure quoted originally by Baker and Stair [1988] 
for the altitude of the OH layer. We estimate that the uncertainty could be reduced 
to ~2 km with the use of longer periods of overlap of satellite and ground 
measurements together with simultaneous on-site atmospheric extinction data. 
 

4. Conclusion 
We have successfully implemented the method suggested by Liu and Shepherd 
[2006] for estimating the altitude of the OH nightglow emission altitude for a 
ground-based station. Substituting WINDII profiles of the OH(8-3) P1(3) line by 
SABER OH 1.6 μm VER profiles, we have extended the range of latitudes 
available from WINDII to include a station as far north as Longyearbyen 
(78°N). Results are presented for the 2003-2004 winter season, which provided 
an opportunity to test the method. Assuming a simple correlation between 
SABER OH integrated VER measurements and OH(6-2) band radiances, we 
have demonstrated the peak altitude of the OH layer can be modelled to within 
an uncertainty of ±2.7 km. This is comparable with the ±2.6 km uncertainty 
associated with the nominal altitude of the OH layer. On the basis of the stability 
of the empirical formula over the seven years of available SABER data, it would 
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appear that once established at a particular station, the method provides the 
ground-based observer with a parameter that was previously unavailable. 
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Abstract. Recent reports using meteor wind radars (MWR) have shown that these 
instruments have considerable potential for monitoring atmospheric temperatures 
near 90 km altitude. Unlike many optically based instruments, they are not limited 
by clouds or by the need for darkness, which allows them to operate all year round 
for 24 hours per day. However, the raw temperatures produced by MWR 
instruments need calibration before they can be considered representative of the 
“true” atmospheric temperature. Extensive satellite data sets are now available and 
may be used as the calibration input. Two such data sets - Sounding of the 
Atmosphere using Broadband Emission Radiometry (SABER) and Aura 
Microwave Limb Scanner (MLS) - were examined in this study of the temperatures 
over Longyearbyen (78°N, 16°E). Aura MLS temperatures were chosen as the 
input for the calibration of initial temperature estimates derived from measurements 
of meteor echo fading times. The new calibration yielded 90 km neutral 
temperatures that were lower than the NRLMSISE-00 model both for winter and 
summer. The estimated temperature uncertainty was reduced to 7 K from the 
previous value of 17 K based on an earlier calibration using ground-based data. 

1. Introduction 
Making measurements of absolute neutral air temperatures from the mesopause 
region (~80-100 km) has long been considered an important [Jarvis, 2001], but 
notoriously difficult task. Mesopause region temperatures are valuable input to 
atmospheric chemistry models, as well as potential tracers of atmospheric 
dynamics and global change [Beig et al., 2003]. One of the problems is that most 
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temperature retrieval algorithms are based on certain assumptions about the 
composition, the pressure or temperature gradients, the validity of 
thermodynamical equilibrium conditions, or other parameters [Polavarapu et al., 
2005]. This creates an ambiguity when interpreting the data as absolute neutral air 
temperatures. Measuring the temperature at high-Arctic latitudes (>75°N) is even 
more difficult, as there are few facilities and instruments available at these 
locations often because of logistical challenges due to a harsh climate. Also, many 
satellites’ field of view do not extend to such high latitudes.  
 One of the few high-Arctic locations where ground-based measurements have 
been performed for several decades is Adventdalen (78°N, 16°E), a valley close to 
the city Longyearbyen on the Svalbard archipelago. A long term winter 
temperature series has been derived from spectral measurements of hydroxyl (OH) 
airglow emissions for the last three decades [Sigernes et al., 2003]. However, these 
temperatures can only be retrieved for polar night conditions (November through 
February) and when there are relatively clear skies and low auroral activity [e.g. 
Viereck and Deehr, 1989]. The temperature at 90 km can been deduced from the 
diffusion of meteor trails, and a method was developed by Hall et al. [2004] for 
obtaining these temperatures from a meteor radar also located in Adventdalen. 
These measurements have the advantage that they can be made throughout the full 
day and for all seasons.  
 The method involves calibration by an independent temperature series. 
Calibration by OH rotational temperatures (winter) and K-Lidar measurements 
(summer 2001-2003) have proven to yield overall realistic relative variations of the 
temperature at 90 km and the time series from 2001-2006 was reported by Hall et 
al. [2006]. The calibration procedure was based on the assumption that the 
rotational temperature of the OH(6-2) band is representative of the neutral 
temperature at ~87 km altitude, an assumption that has been widely accepted and 
used [c.f. Sivjee, 1992; Beig et al., 2003]. The measured OH rotational 
temperatures were adjusted from 87 km to 90 km according to the temperature 
gradient from a model, before being used as calibration input for the temperatures 
measured by the meteor radar [Hall et al., 2006].  
 Recent studies have shown that the OH emission peak altitude can vary by 
several kilometers and that variations are particularly large at high-Arctic latitudes 
[Winick et al., 2009]. Using satellite data they show that for extended periods 
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during the winters 2004 and 2006, the OH emission peak was located well below 
80 km and large asymmetries were present within the Arctic region. Simultaneous 
ground-based and satellite measurements of OH airglow above Svalbard have 
revealed that the altitude variations are responsible for a large part of the 
fluctuations in the observed OH rotational temperatures (Dyrland et al., The 
response of OH airglow temperatures to neutral air dynamics at 78°N, 16°E during 
the anomalous 2003-2004 winter, manuscript #2009JD012726 submitted to J. 
Geophys. Res., 2009). For periods of low OH emission peak altitude, the calibrated 
temperatures from the meteor radar might therefore be overestimated. The opposite 
is also possible, but more rare. 
 Another recent study (Mulligan et al., Inferring hydroxyl layer peak heights 
from ground-based measurements of OH(6-2) band radiance at Longyearbyen 
(78°N, 16°E), manuscript #angeo-2009-119 submitted to Ann. Geophys., 2009) 
presents an empirical formula for attributing a peak height to an OH rotational 
temperature measurement based on the observed intensity of the OH emissions. 
Still, we are left with the problem of limited data coverage, both seasonally and 
daily. There are also studies that indicate that the OH rotational temperatures from 
the 6-2 band are not necessarily representative of the neutral air temperatures 
[Cosby and Slanger, 2007]. Awareness of these issues has prompted us to look for 
other independent temperature measurements to act as input to the meteor radar 
temperature retrieval algorithm. 
 Relatively recent launches of satellites probing the mesopause region have 
provided data sets that can be used for comparison with ground-based 
measurements. Some of these satellites have orbits with a high inclination angle to 
the equator which enables their onboard instruments to make observations at 
latitudes as high as ±80 degrees. The two instruments that are of particular interest 
for this report are SABER (Sounding of the Atmosphere by Broadband Emission 
Radiometry) on board TIMED (Thermosphere Ionosphere Mesosphere Energetics 
and Dynamics) which was launched in 2001, and MLS (Microwave Limb Sounder) 
on board the EOS (Earth Observing System) Aura spacecraft launched in 2004. In 
this paper we examine the temperature data sets available for Longyearbyen for 
2005 from the meteor radar and these two satellite instruments. We compare the 
temperature sets, and investigate the effect of replacing ground-based temperature 
sets used in previous calibrations of the MWR temperatures by satellite values. 
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2. Instruments 
The data presented in this paper are retrieved from two satellites and a ground-
based meteor radar. A brief overview of the three instruments and their temperature 
retrieval algorithms is presented in the following paragraphs. Further detail may be 
obtained from the references included. 

2.1 The NSMR meteor wind radar  

The NSMR (Nippon/Norway Svalbard Meteor Radar) radar is of the type meteor 
wind radar (MWR), often simply called a meteor radar. The NSMR radar and the 
temperature retrieval technique are extensively described and discussed by Hall et 
al. [2004; 2006], and references therein.  
 The Svalbard system operates at 31 MHz and detects echoes from meteors by 
receivers arranged as an interferometer. From these echoes, ambipolar diffusion 
coefficients D can be derived by measuring the radar echoes’ decay time τ [Chilson 
et al., 1996]. The two are related in the following way: 

D2

2

16π
λτ =  (1) 

Using atmospheric pressure as input, temperatures can then be derived from the 
daily averaged ambipolar diffusion coefficients using the expression: 

0
21039.6 K

DpT −⋅
⋅=  (2) 

Where p (Pa) is the pressure and K0 is the zero field mobility, which depends on the 
ion species in the meteor trail. K0 is chosen according to Cervera and Reid [2000] 

and is assumed to be -1-124 V s m 102 −× . Pressure values are derived from a 
combination of the empirical models of Lübken and von Zahn [1991] and Lübken 
[1999], these values have proven to be appropriate at 70°N [Hall et al., 2006], and 
were adjusted to 78°N by the meridional gradient indicated by the model 
NRLMSISE-00 [Picone et al., 2002]. In this paper we will refer to temperatures 
measured by the NSMR meteor radar as MWR temperatures. A meteor radar at 
such a high latitude as 78°N suffers less from diurnal variation of meteor 
occurrence than at lower latitudes, so calculating daily mean temperatures are 
believed to yield relatively small diurnal biases. Figure 1 shows a typical daily 
distribution of meteor echoes measured by NSMR. A maximum is seen at ~90 km.  
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Figure 1. Height, range and time distribution of meteor echoes detected by the 
NSMR radar between 23 April 12 UT and 24 April 12 UT 2008. 

    

2.2 TIMED SABER 

SABER (Sounding of the Atmosphere by Broadband Emission Radiometry) was 
launched on the satellite TIMED (Thermosphere Ionosphere Mesosphere 
Energetics and Dynamics) in 2001. SABER scans the horizon and obtains 
temperatures from measurements of CO2 15 μm limb emissions. The observed limb 
emission profiles are analyzed to produce vertical temperature profiles with 
approximately 2 km vertical resolution [Mertens et al., 2004]. The view of SABER 
is 90° to the right of the velocity vector of the TIMED spacecraft. Every 60-63 
days the spacecraft switches between northward and southward looking yaw 
modes. It is only in the northward looking yaw mode that latitudes between 52-
83°N can be observed.  
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 We selected SABER profiles with tangent points at an altitude of 90±10 km and 
geographic coordinates within 78±5°N, 16±10°E (circle of ~600 km). The 
temperatures used in this study are retrieved from version 1.07 data and are 
validated by Remsberg et al. [2008]. We will refer to them as SABER temperatures 
in the following. García-Comas et al. [2008] did a thorough investigation of errors 
in the SABER temperatures caused by non-local-thermodynamic-equilibrium (non-
LTE) parameters and found that for strong inversion layers, the errors could reach 
±9K at ~90 km. Remsberg et al. [2008] summarized the total errors due to noise 
and biases and found that for polar winter it was ~5K and for polar summer ~10 K. 
The blue plusses joined by straight lines in figure 2 show an example of a vertical 
temperature profile from SABER. Mesospheric inversion layers (MIL) are seen at 
~75 km. 
 

Aura MLS and SABER at Longyearbyen
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Figure 2. Examples of SABER (blue plusses joined by straight lines) and Aura 
MLS (red diamonds joined by straight lines) vertical temperature profiles from 
scans obtained during the winter day 1 February 2005 at ~4UT. 
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2.3 Aura MLS 

The MLS (Microwave Limb Sounder) was launched on the EOS (Earth Observing 
System) Aura spacecraft in 2004. Temperatures are retrieved from thermal 
emissions near the 118 GHz O2 and 234 GHz O18O spectral lines. Version 2.2 of 
the temperature retrieval algorithm is used [Livesey et al., 2006]. Scans with 
tangent points at geographic coordinates within (78±5°N, 16±10°E) were selected 
(corresponds to ~600 km from observing station). This gave ~22000 individual 
temperature estimates from August 2004 to June 2009.  
 Data were selected according to data-quality criteria specified by Schwartz et 
al. [2008]. The resolution in the 80-100 km region is only ~13 km. Temperatures at 
90 km were thus found by interpolation between points covering these altitudes. 
Schwartz et al. [2008] published a validation paper on the Aura MLS data and 
found that it had a cold bias of 9K at ~97 km compared to SABER and ACE 
(Atmospheric Chemistry Experiment) satellite temperatures and meteorological 
analyses available. They also found a seasonal difference in the bias. However, 
Schwartz et al. [2008] used SABER temperatures version 1.06 for their 
comparison, where the non-LTE effects in the summer mesopause mentioned in 
section 2.2 were not fully accounted for [Remsberg et al., 2008]. This was expected 
to be the reason for the divergence between the summer and winter biases. 
 The red diamonds joined by straight lines in Figure 2 visualize the vertical 
profile of Aura MLS temperatures for a winter scan. The winter day scan is from 
approximately the same time as the SABER scan in Figure 2. It is clear that there 
are large differences owing to the different field of views and vertical and 
horizontal resolutions of the two instruments. The Aura MLS temperatures are 
colder than SABER temperatures in the upper mesosphere. The Aura MLS profile 
show less structure. The mesospheric inversion layers (MILs) clearly seen in the 
SABER data between 75 and 85 km, is not evident in the Aura MLS profile.  
 

3. Data 

3.1 Correlations 

Initial estimates of the 90 km temperature are obtained from the meteor radar 
measurements of the fading time of meteor echoes. We have called these “raw” 
temperatures, since they are the output of the Equation 2 using daily averaged 
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pressures from a model as input. Daily averaged “raw” MWR temperatures from 
2005 are shown as a black dashed line in the top panel of Figure 3. Daily averaged 
SABER and Aura MLS temperatures from the same year are indicated by a blue 
dotted line and a red solid line, respectively.  
  

 

 

Figure 3. Top panel: Initial estimates of daily averaged 90 km MWR temperatures 
for 2005 are shown as a black dashed line and denoted MWR “raw”. The daily 
averaged SABER and Aura MLS temperatures are displayed as a blue dotted and a 
red solid line, respectively. Lower panel: Same as above, but relative temperatures 
(to their yearly mean). 
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Data from the three instruments are available for longer time periods - 2001-2009 
for NSMR, 2001-2009 for SABER and 2004-2009 for Aura MLS. For reasons of 
easy data access, we chose the data from 2005 for our initial comparisons. 
 From the top panel of Figure 3 we see that all three temperature series display 
very similar relative variations. However, as expected we see that the absolute 
value of the “raw” MWR temperatures are too high and need adjustment by 
independent measurements as described by Hall et al. [2004; 2006]. 
 In the lower panel of Figure 3 we have plotted the relative temperatures for the 
155 days in 2005 when the three measurements coincided, i.e. the relative 
temperatures of each temperature series are computed according to: 

SABERAuraMLSMWR

SABERAuraMLSMWRSABERAuraMLSMWR

SABERAuraMLSMWR T
TT

relT
//

////

//

−
=   (3) 

where T  is the annual average of each set. For the relative temperature series we 
computed the correlation coefficients R of the linear relationships. For MWR “raw” 
and SABER the correlation coefficient R=0.93 with a probability of random 
occurrence: p<10-68. For the relative Aura MLS and MWR “raw” temperatures the 
correlation is 0.96 with p<10-88. For the Aura MLS and SABER data, R=0.95 and 
p<10-81.  

3.2 Bias between SABER and Aura MLS temperatures 

To validate our choice of which data set to use for calibration of the meteor radar 
temperatures, it is useful to examine the offsets between the various data sets. 
Schwartz et al. [2008] found a 9 K bias between Aura MLS and SABER 
temperatures, the latter being higher. We will now determine the differences 
between these two data sets above Longyearbyen. 
 From the coinciding days of 2005 shown in the lower panel of Figure 3, we 
calculated the difference between the Aura MLS and the SABER temperatures. We 
found a mean positive bias for SABER of 19 ± 11 K. From Figure 3 it is obvious 
that the difference is larger in winter than summer due to the relatively large 
variability of SABER temperatures in winter compared to Aura MLS. In winter, 
spring and autumn the average difference between SABER and Aura MLS is 22 ± 
11 K, and for summer it is 11 ± 7 K. This is higher than the 9 K bias observed by 
Schwartz et al. [2008]. However, their bias was obtained by comparing individual 
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profiles within 2 degrees of great circle arc (220 km) and 3 hours in time from the 
whole globe, and they used version 1.06 of the SABER data. 
 Figure 4 shows the universal times (UT) of the AURA MLS (top panel) and 
SABER (lower panel) measurements from 2005. We see that the Aura MLS 
measurement times are constant throughout the year and they are the same for all 
the years from 2004-2009 (not shown).  

 

 
Figure 4. UT times of AURA MLS (top panel) and SABER (lower panel) 
measurements at Longyearbyen within 600 km from the meteor radar site in 2005. 
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The SABER times change according to the orbit of TIMED. This means that the 
daily averages are from different times of day in the course of a year. Aura MLS 
data are available on almost every day of the year, whereas SABER data has three 
60-day gaps in each year corresponding to a southward viewing yaw phase. This 
fact and the reports of total errors in the order of ~10 K for the SABER summer 
temperatures due to noise and difficulties in the non-local-thermodynamical 
temperature retrieval algorithm [Remsberg et al., 2008], we selected Aura MLS 
data as the optimal input for the MWR calibration. 

4. Improved estimates of 90 km MWR temperatures 

4.1 Calibration by Aura MLS temperatures 

Based on our investigations in the paragraphs above, we choose to use the Aura 
MLS data for our calibration of the MWR data. Between 14 August 2004 and 15 
April 2009 there were 1398 days when Aura MLS measurements coincided with 
MWR measurements. The coinciding daily averages are shown in Figure 5.  
 

 

Figure 5. Scatter plot of coincident daily averages of Aura MLS and MWR raw 
temperatures between 14 August 2004 and 15 April 2009. The red line indicates 
the best linear fit and the equation is given. The correlation coefficient is 0.94 and 
the probability for random occurrence is zero. 
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We use the inverse of the equation for the linear relationship between Aura MLS 
and MWR temperatures displayed in the left corner of Figure 5, to calibrate/adjust 
the MWR temperatures to a realistic value. The equation we use is: 
 

98.072.0 __ +⋅= RAWMWRCALIBMWR TT   (4) 

 
 The resulting temperatures are shown as black plusses in Figure 6. We have 
also plotted the MSIS-00 temperatures at 90 km (orange line) for constant solar 
input. MSIS-00 seems to be generally warmer than TMWR_CALIB in both summer and 
winter. Using spectrometer and K-Lidar data as independent temperature input for 
the calibration, Hall et al. [2006] found a similar result. The Aura MLS 
temperatures were reported to have a 9 km cold bias compared to SABER 
[Schwartz et al., 2008]. Adding this bias to the Aura MLS data would obviously 
give us higher MWR temperatures which correspond better with MSIS-00. 
However, the K-lidar measurements from 2001-2003 indicate that MSIS-00 
underestimates the summer minimum temperature above Svalbard when 
temperatures as low as 120 K were observed [Höffner and Lübken, 2007]. 

 

Figure 6. Calibrated MWR temperatures for August 2004 to April 2009 (black 
plusses). The inverse of the linear relationship from Figure 5 is used to adjust the 
“raw” MWR temperatures to “calibrated” temperature values. The orange line 
shows the MSIS-00 model result for constant solar input. 
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They report a consistent 10-20 K difference between the K-lidar and MSIS-00 
temperatures. For Antarctic winter conditions Azeem et al. [2007] report a root-
mean-square difference between MSISE-00 and meospause region temperatures of 
7.5 K.  
 So the question of which temperature retrieval method comes closest to 
obtaining the true neutral air temperature at 90 km remains unresolved. However, 
as we will show in the next section, the use of Aura MLS temperatures has enabled 
us to reduce the uncertainty associated with the temperatures produced by the 
MWR. 

4.2 Estimating the uncertainty in MWR temperatures 

We adopt the approach of Hall et al. [2004] in estimating the uncertainty in the 
calibrated MWR temperatures. Figure 7 shows a scatter plot of the calibrated 
MWR temperatures as a function of the corresponding Aura MLS temperature. 
 We have performed a linear least squares fit of the calibrated meteor radar 
derived temperatures to the independent Aura MLS measurements (red dashed 
line). The intercept and slope of this line is very close to unity and zero, 
respectively (the unity intercept and zero slope line is shown as a blue solid line). 
The mean absolute deviation from the zero slope and intercept line, was found to 
be ±7 K and is indicated by the green dashed lines in Figure 7. Hall et al. [2004] 
found a value of 17 K when rotational OH(6-2) temperatures and K-lidar data was 
used, and argued that this value was a reasonable representation of the uncertainty 
that night be expected in temperatures obtained from the radar. Substituting Aura 
MLS temperature data in place of the K-lidar and OH optical temperatures as the 
input to the MWR temperature calibration appears to have produced a significant 
reduction in the uncertainty of the standard error of the calibrated MWR values. 
However, we should note that the Aura MLS daily averages are averages from 
measurements made during the times 02-11 UT while the MWR data are averaged 
over a full day. Thus we need to consider possible diurnal biases between Aura 
MLS and the MWR temperatures before treating the MWR temperatures as 
absolute temperatures. The NSMR detects enough echoes for 30 minute averages to 
be computed, but ambiguities are introduced when choosing input pressures for the 
analysis. 
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Figure 7. Calibrated meteor radar derived temperatures as a function of the 
corresponding Aura MLS temperatures. The regression line is shown as a red 
dashed line, while the blue solid line indicates the line of unity slope and zero 
intercept. The mean absolute deviation is indicated by the dashed green lines above 
and below. 

 
Daily average pressure values and variations are available, but not intra-daily. 
There is presumably an intra-day variation of pressures as well as temperature, so 
this might introduce biases in the time series that are not real. 
 One possibility could be to derive pressures from independent temperature 
measurements and use them as empirical input, but then we need to be careful not 
to introduce any circular arguments like those described by Polavarapu et al. 
[2005]. Making these considerations is an important task for future studies of 
MWR and satellite temperatures from Svalbard. 
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5. Conclusions 
In this paper we have presented measurements of 90 km temperatures above the 
high Arctic location Longyearbyen, Svalbard (78°N, 16°E). The temperatures were 
measured by satellites and a ground-based meteor radar. Comparison of the daily 
averages measured by the satellite instruments: Sounding of the Atmosphere using 
Broadband Emission Radiometry (SABER) and Aura Microwave Limb Scanner 
(MLS), showed that SABER was warmer by an average 19 K ± 11 K during the 
winter 2005. The error is the standard deviation from the mean difference. The 
difference was larger in winter than summer (22 ± 11 K versus 11 ± 7K, 
respectively).  
 Both the SABER and Aura MLS data display similar relative variations to the 
initial temperature derived from measurements of meteor echo fading times. 
Correlation coefficients of 0.93 and 0.96 were found for SABER-MWR and Aura 
MLS-MWR, respectively. However, Aura MLS makes measurements at the same 
time of day every day, while SABER’s viewing angle changes during the season 
leading to a variation in observing times. This and the knowledge of the relatively 
large uncertainties in SABER measurements during polar summer [Remsberg et 
al., 2008] led us to choose the Aura MLS data as input to the calibration of the 
MWR data.  
 The new calibration yielded 90 km neutral temperatures that were lower than 
the NRLMSISE-00 model both for winter and summer, but in accordance with the 
K-lidar measurements from summers 2001-2003. The estimated temperature 
uncertainty was reduced to 7 K, compared to the previous value of 17 K which was 
obtained when the calibration was performed using ground-based temperatures.  
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