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[I]  Hydroxyl (OH) brightness temperatures from the mesopause region derived from 
temperature profiles from the Sounding of the Atmosphere using Broadband Emission 
Radiometry (SABER) instrument on the Thermosphere, Ionosphere, Mesosphere 
Energetics and Dynamics (TIMED) satellite are compared with OH(6-2) rotational 
temperatures measured by spectrometer from Longyearbyen, Norway (7g0N, 16"E), 
during the winter 2003-2004. The two series correspond well, although the satellite 
measurements are higher by an average of 5.6 K * 4.4 K. Reasons for this apparent bias are 
discussed. The two series give a near-continuous temperature record from this winter, 
making it possible to study the response of the temperatures to neutral air dynamics 
observed from meteor radar measurements of meridional and zonal wind. Vertical profiles 
of 1.6 pm OH volume emission rates from SABER reveal that the unusually high 
temperatures observed during January and February 2004 (240-250 K) correspond to 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 that confined 
air to the polar regions, coupled with meridional transport, which led to a strong 
downwelling of atomic oxygen-rich air, thereby lowering the altitude of the OH layer. The 
SABER data reveal that the re-formation 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 and chemical heating 
from the exothermic reactions involved in producing the vibrationally excited OH. 
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1. Introduction lower and middle stratosphere and an unusually cold upper . - 

stratosphere. 
L21 The Arctic winter Of 2003-2004 has been as [3] At the upper mesospheric level, the dominant circu- 

remarkable from several points of view and has been the lation during an Arctic winter consists of eastward 
subject Of many studies. M a n n e ~  et [20051 described directed zonal winds (westerlies) and poleward meridional 
how a dis@JPtion of the Polar vo*" and an associated flow from summer pole to winter pole [ ~ ~ d ~ ~ ~ ~  
sudden warming (SSW) persisted at the low 19871. During SSW events, gravity and planetaty waves 
and middle stratosphere throughout the entire winter, while the polar stratospheric vortex, which leads to a 
the upper vortex quickly in mid warming of the stratosphere of up to 70 K at the 10 hPa level 

and became the strongest On record mid (-30 km) [Schoeberl, 19781 and to a reversal of the mean 
This resulted in anomalously high temperatures in the zonal wind in the case of a maior SSW. The 

u 

effects of the SSW on the mesospheric temperature and wind 
field for the 2003-2004 winter were studied by Shepherd et 

 h he University Centre in Svalbard. Longyearbyen, Norway. 
al. [2007] and Mukhtarov et al. [2007] for latitudes-ranging 

' ~ e ~ a r t m e n t  of Experimental Physics, National University of Ireland, the "pits up to 700N' They observed a reduction Of 

Maynooth, Ireland. the upper mesospheric temperature and a reversal of the zonal 
3 ~ r o m s e  Geophysical Observatory, University of Tromsn, Tromsra, wind that preceded the changes in the stratosphere. This is . . 

Norway. consistentwith previous studies of stratospheric warming/ 
4~at ional  Institute of Polar Research, Tokyo, Japan. 
5~eophys i ca l  Institute, University of Alaska Fairbanks, Fairbanks, 

mesospheric cooling events made by use of ground-based 
Alaska, USA. optical measurements of hydroxyl (OH) rotational tempera- 

tures, models, and radars [ex.. Walterscheid et al., 2000; 
Copyright 2010 by the American Geophysical Union. Hoffman et al., 20071. Tne Lplication is that there is a 
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downward propagation from the mesosphere-lower thermo- 
sphere (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., 20051, indicating that there might be 
an altitude limit to how far these events affect the atmo- 
sphere 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 under- 
standing of the processes causing them. 

[4] Rotational temperatures derived from optical mea- 
surements 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 meso- 
sphere, the so-called mesopause region (80-100 km) [Beig 
et al., 2003, and references therein]. Temperatures derived 
from spectrometric measurements of the  OH(^-2) Meinel 
band measured above Longyearbyen, Svalbard, Norway 
(78"N, 16"E), comprise one of the longest records of 
mesopause region temperatures in the world [Sigernes et 
al., 20031. In a paper giving an update on this tempera- 
ture series Dyrland and Sigernes [2007] reported unusually 
high OH(6-2) rotational temperatures for the 2003--2004 
season compared to the whole series from the early 1980s 
to 2005. In a recent paper, Winick et al. [2009] noted that 
while several authors documented abnormal conditions of 
various sorts in the 2003-2004 winter, none of these con- 
ditions were related specifically to OH. Using data from the 
Sounding of the Atmosphere using Broadband Emission 
Radiometry (SABER) instrument on the Thermosphere, 
Ionosphere, Mesosphere Energetics and Dynamics (TIMED) 
satellite, they gave a global picture of the OH layer char- 
acteristics 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 exhibited 
significant zonal asymmetries. They argued that the lowered 
OH layer was due to the anomalously strong upper strato- 
spheric vortex that formed after the SSW. The vortex sup- 
ported 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 northward and could thus only report 
OH temperatures and heights from mid January 2004, 
thereby missing the actual time prior to and during the SSW. 

[s] 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 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 tempera- 
tures and 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, rota- 
tional 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 
[6] 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 Nipponl 
Norway Svalbard Meteor Radar (NSMR). The following 
paragraphs provide a short overview of and references to the 
instruments and data retrieval. 

[7] The OH(6-2) spectra are measured above Long- 
yearbyen (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 [e.g., 
Sivjee and Hamwey, 1987; Sigemes et al., 20031. We will 
therefore only briefly describe the procedures here. The 
temperatures are derived from the measured intensities of 
certain rotational lines of the OH(6-2) vibrational band. The 
lines used for the analysis are the P2(2) to P1(5) lines, which 
are positioned in the wavelength range 83748512 A. The 
analysis procedure consists in finding the background and a 
synthetic spectrum that best fit the measured spectrum 
[Sigernes et al., 20031. The temperature can be derived from 
the slope of a linear fit to the PI lines in a so-called 
Boltzmann plot (log-energy term plot). The error in the 
slope of the fit of each hourly averaged spectrum is used to 
compute the measurement uncertainty in the derived tem- 
perature. Typical uncertainties estimated by this procedure 
are -8 K for temperatures derived from hourly averaged OH 
(6-2) spectra. Spectra contaminated by aurora or scattered 
city lights or moonlight are discarded from the analysis. 
Some changes have been made to the analysis since the 
report of Dyrland and Sigernes [2007]. For the present study 
the transition coefficients used in the temperature retrieval 
have been changed to those calculated by Goldman et al. 
[1998]. This change relative to previous analyses of data 
from Longyearbyen is based on the study of Cosby and 
Slanger [2007], who concluded that the Goldman et al. 
[I9981 set yielded values that were most consistent with 
their calibrated emission intensities. 

[a] Daily averaged OH(6-2) temperatures were calculated 
from days that had at least three hourly averages available. 
The daily averaged OH(6-2) temperatures from 2003 to 
2004 are shown in green in Figure 1 (top). The error bars are 
the standard deviation of the individual measurements 
comprising the daily mean. It is important to note that these 
are mainly governed by atmospheric variability, but they 
also encompass the uncertainty of the temperature retrieval 
(-8 K). Alternatively we could have followed Bevington 
and Robinson [I9921 and calculated the daily mean and 
uncertainty in the daily mean by weighting the hourly 
averaged temperatures according to their individual uncer- 
tainty. However, since we do not have the individual 
uncertainties available for the SABER data, we choose to 
weight the hourly means equally for both the OH(6-2) and 
SABER data and use the standard deviation from the mean to 
indicate the error. 
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Figure 1. (top) OH(6-2) temperatures from Longyearbyen (7g0N, 16"E) and OH brightness tempera- 
tures from the Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) instrument 
(version 1.07) at 78 + 5"N, 16 + 10°E for the winter season 2003-2004. Daily mean OH(6-2) tempera- 
tures and SABER temperatures are shown in green and dark blue, respectively. (middle) Daily averaged 
SABER OH peak altitudes. (bottom) Zonal winds measured by the NSMR meteor radar binned in 2 km 
bins from 74 to 100 km and daily averaged (white indicates eastward winds, gray indicates westward 
winds, and contour lines are shown for levels of 20 d s ) ,  and meridional winds measured for the same 
ranges as the zonal wind (white indicates poleward winds, and gray indicates equatonvard winds). 

[9] While OH(6-2) temperatures represent a type of 
weighted average over the OH layer, which has a nominal 
thickness of -8 km [Baker and Stair, 19881, the tempera- 
tures provided by the TIMEDISABER team are kinetic 
temperatures representative of a certain altitude at a vertical 
resolution of -2 km [Mertens et aL, 20041. To make a 
realistic comparison, the kinetic temperatures have to be 
weighted over the OH emission layer to be equivalent to the 
ground-based temperatures. Mulligan and Lowe [2008] 
present several methods to do this, and in this paper we 
calculate so-called OH brightness temperatures using the OH 
1.6 pm volume emission rate (VER) measured simulta- 
neously by SABER to weight the kinetic temperature profiles 
derived from measurements of C02  emissions made by 
SABER [Mertens et al., 20041. The OH 1.6 pm VER signal 
covers the spectral interval 1.561.75 pm and thus includes 
most of the Au = 2 bands OH(4-2) and OH(5-3). OH 
brightness temperatures were calculated from each SABER 
temperature profile that satisfied certain coincidence criteria 
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 cen- 
tered on the observing site at Longyearbyen). The spatial 
coincidence criteria were chosen on the basis of the need to 
secure a certain number of coinciding data and the knowl- 
edge of the anomalously low OH peak altitude occurring 
during this particular season [Winick et al., 20091. SABER 

measurements that fell within the same day were used to 
compute the daily averaged SABER temperature that we 
could compare with our daily averaged OH(6-2) tempera- 
tures. The effect of choosing a narrower temporal coinci- 
dence criterion is discussed further in section 3. 

[lo] In the following description, we will use the phrase 
"SABER temperatures" to refer to OH brightness tempera- 
tures derived from temperature profiles produced by version 
1.07 of the SABER analysis software. The SABER kinetic 
temperatures and OH 1.6 pm VER data were downloaded 
from http://saber.gats-inc.com. Like earlier versions of 
SABER data, version 1.07 does not routinely provide indi- 
vidual error estimates for the kinetic temperatures. The 
resulting daily averaged SABER temperatures from 2003 to 
2004 are shown in dark blue in Figure 1 (top). As for the 
OH(6-2) temperatures, the error bars are the standard devi- 
ation of the individual measurements comprising the daily 
mean. These errors are influenced mainly by atmospheric 
variability. Alternatively, we could have used the overall 
uncertainty of the kinetic temperature measurements as error 
bars. The error in kinetic temperatures for mesopause heights 
at polar winter was estimated by Remsberg et al. [2008] for 
the version 1.07 data. They report an estimate of the com- 
bined systematic and relative errors of -5 K. That would 
have left us with equal error bars of *5 K for all the daily 
averaged temperatures. This needs to be kept in mind when 
interpreting the SABER temperatures in Figure 1. 
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[li] From the OH VER profiles, the altitude of the emis- 
sion layer and the integrated rate of emission can be com- 
puted. The peak altitude was chosen to be the peak altitude of 
the Gaussian that best fit the measured OH VER profile, 
following the method that Liu and Shepherd [2006] used 
when analyzing Wind Imaging Interferometer (WINDII) 
satellite data. Figure 1 (middle) displays daily averaged OH 
peak altitudes from 2003 to 2004. The error bars show the 
standard deviation of the daily mean as explained in the 
previous section and indicate mainly atmospheric variability. 
The corresponding integrated emission rate was obtained by 
computing the integral of the area under the OH VERprofiles. 

[iz] Zonal and meridional winds at the mesopause level 
were obtained from analysis of meteor echoes measured by 
the 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 3 1 MHz and is colocated with 
the ground-based optical instruments at Longyearbyen. A 
description of the system is given by 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 are given by 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 one does at low latitude, and therefore it is possible 
to obtain a time resolution of 30 min for a whole day. 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 70-100 km. Figure 1 (bottom) shows zonal 
and meridional winds for the altitude range 74- 100 km. 

3. Comparison of OH(6-2) and SABER 

[i3] The SABER and OH(6-2) daily averaged tempera- 
tures for the 2003-2004 winter season are shown in Figure 1 
(top) in dark blue and green, respectively. As noted earlier, 
the error bars indicate the standard deviation from the mean 
and are mainly influenced by atmospheric variability. 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 spectrom- 
eter in Longyearbyen. Due to exceptionally good observing 
conditions, an unusually large number of OH(6-2) tempera- 
tures were available for analysis in the period 16 January- 
19 February 2004, when SABER was looking northward 
[Dyrland and Sigernes, 20071. This allowed us to make a 
comparison of the two temperature sets despite the disad- 
vantageous SABER yaw cycle. 

[la] From Figure 1 (top) it is clear that the relative var- 
iations of the SABER and OH(6-2) temperatures are similar. 
The mean daily averaged temperature for the overlapping 
data (31 days in mid November and January-February) is 
244.1 14.1 K for SABER and 238.5 * 12.6 K for OH(6-2). 
The error indicates the standard deviation from the mean. 

This gives a mean difference, TsABER - TOH(6-2), of 5.6 
4.4 K. The margin of error for the mean offset was estimated 
using a paired t test [Moore and McCabe, 19991 for a 
confidence level of 95%. The linear correlation coefficient 
between the daily averaged temperature series is 0.605, with 
a probability of random occurrence of To test 
whether the positive offset for SABER could be due to 
differences in sampling time for the two instruments, the 
temporal coincidence criterion was shortened. Only SABER 
data that fell within the 1 hour integrated OH(6-2) spectra 
were chosen. This resulted in 100 temperatures within the 
3 1 coinciding days. The mean offset is still positive but is 
increased to 8.4 + 3.4 K. Again, the error for the mean offset 
was estimated using a paired t test [Moore and McCabe, 
19991 for a confidence level of 95%. Both of these offsets 
are within the combined uncertainties of the two data sets, 
and we conclude that the two time series correspond well 
enough for us to regard them as a continuous temperature 
series from the 2003-2004 winter. Although not the main 
theme in this paper, we will discuss possible reasons for the 
observed positive offset in the following paragraphs. 

[i5] Several authors have compared SABER data with 
OH temperatures measured from low and middle latitudes. 
Most have found the SABER equivalent temperature to be 
colder than the rotational temperature by 4-9 K [e.g., 
Oberheide et al., 2006; Ldpez-Gonzales et aL, 2007; Mulligan 
and Lowe, 20081, that is, the opposite of what we see from 
our data. To our knowledge no thorough comparison of 
SABER and rotational OH temperatures from high Arctic 
latitudes has been reported. However, from Figure 1 in the 
paper by Siskind et al. [2005] we see that SABER are higher 
than rotational OH(4-2) temperatures measured at Rothera, 
Antarctica (67.6"S, 68.1°W), by an average of -4 K. This 
observed offset is also positive in favor of SABER, although 
it is a bit smaller than the offset reported here. Although our 
data set and theirs are obviously too small to substantiate a 
general positive bias for SABER, the fact that we find the 
opposite of what others have found at middle and lower 
latitudes is very interesting. A future investigation could 
examine other comparisons of SABER temperatures with 
rotational temperatures derived from OH spectra to check 
whether the high-latitude bias observed in the two cases is 
sustained. 

[16] There are several factors that might explain the pos- 
itive offset for SABER observed for our 31 days of data. 
The SABER temperatures are kinetic temperatures from 
C02 weighted by profiles of OH volume emission rates 
from the OH(4-2) and OH(5-3) bands, whereas the OH(6-2) 
values are rotational temperatures. Using spectra from high- 
resolution spectrographs mounted at the Keck 1 and Keck 2 
telescopes on Mauna Kea and the Kueyen telescope in 
Chile, Cosby and Slanger [2007] showed that OH rotational 
temperatures can differ by as much as 20 K when different 
bands are used. In addition, the peak height and vertical 
distribution of different vibrational levels of excited OH 
have been shown to vary with height [Ldpez-Moreno et al., 
19871. Higher vibrational levels seem to have their maxima 
at higher altitude [Kaufmann et al., 20081. This could imply 
that the peak of the OH layer found from SABER mea- 
surements of the volume emission rates of the OH(4-2) and 
(5-3) bands are lower than the actual peak altitude of the 
OH(6-2) emissions. In Figure 2 (left) we see that monthly 
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Figure 2. (left) Monthly averaged SABER temperature profiles for January, February, March, October, 
and November (top) 2003 and (bottom) 2004. Data shown are from the altitude range 30-1 10 km above 
Longyearbyen and for a solar zenith angle >lOSO. (right) Monthly averaged SABER OH volume emission 
rate (VER)1.6 pm profiles for the same months of (top) 2003 (top panel) and (bottom) 2004. 

averaged environmental lapse rates (i.e., observed vertical 
gradients in the kinetic temperature) measured by SABER 
during 2003-2004 are of the order of 1.5 Klkm. However, 
higher and also reversed vertical temperature gradients are 
also observed for selected SABER spectra, indicating that 
even small differences in the peak altitude among vibra- 
tional levels 4, 5, and 6 may be part of the reason for the 
observed differences between SABER and the OH(6-2) 
temperatures. This could also possibly explain why Siskind 
et al. [2005], who used temperatures from the OH(4-2) 
band, find a smaller offset than we do. In addition, lower 
vibrational OH emission profiles have been shown to be 
generally broader than those of the higher levels due to the 
more efficient quenching of the latter at lower altitudes 
[Makhlouf et al., 19951. This and the fact that the ratio 
between emission rates of different vibrational levels is not 
constant during the day may also contribute to differences 
between the SABER and OH(6-2) temperatures [Cosby 
and Slanger, 2007, and references therein]. 

[17] The temperatures calculated for a certain band also 
clearly depend on the choice of transition coefficients. The 
values of Goldman et al. [I9981 used in our analysis yield 
about 6.5 K higher temperatures than the values of, for 
example, Lunghog et al. [1986]. Use of the latter coeffi- 
cients thus increases the mean positive offset of SABER 
temperatures. The difference in fields of view of the two 
instruments is probably one of the main reasons for differ- 
ences in the relative variation. OH(6-2) spectra are obtained 
from a spectrometer that views in the zenith and has a 
horizontal field of view of approximately 9 km x 12 km at 
90 km altitude [Viereck and Deehr, 19891, and the spectra 
are integrated vertically. The SABER instrument has a 2 km 
vertical resolution and a horizontal field of view of about 
200 km x 20 km [Oberheide et al., 20061. 

[18] Unfortunately, no other season had such a long 
overlap period bekeen SABER and spectrometer mea- 
surements as 2003-2004, but from 25 January to 4 February 
2003 there were 9 days when the two coincided. The mean 
OH layer temperature for that time period was 212 + 7 K 

and 203 5 14 K for SABER and OH(6-2) temperatures, 
respectively. The mean positive offset for SABER is 9 +  1 1 K. 
Thus we find that even in the case of a "normal" year, the 
SABER temperatures are generally warmer than the ground- 
based measurements. However, note that this is not a sig- 
nificant bias at a 95% confidence level since the estimated 
error is larger than the actual bias. More important, as we 
have already noted, the warm offset for the SABER tem- 
peratures are within the uncertainties of the two measurement 
techniques. We therefore conclude that the two series cor- 
respond well and that viewing them in combination as a 
near-continuous temperature series from the 2003-2004 
winter is reasonable. 

4. Temperature and Wind Variations During 
2003-2004 

[19] 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 a/., 20081. 
The daily averaged OH layer peak altitudes corresponding to 
the SABER temperatures are plotted in Figure 1 (middle). 
Figure 1 (bottom) shows the NSMR zonal and meridional 
winds. We divide the winter into three different periods 
according to the characteristics of the OH layer. 

[20] We first look at the period from 25 October to 
3 December 2003, 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. On a global 
scale, equatorward meridional winds are coupled to upwell- 
ing and adiabatic cooling over the poles, and this has been 
shown to be coupled to airglow variability as well [Shepherd 
et al., 20061. Looking at Figure 1 (top and middle), 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 
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period 11-14 November, during which the zonal wind 
was eastward and the meridional wind was poleward below 
90 km, consistent with downwelling and adiabatic warming. 
After 14 November the temperature decreased somewhat, 
and the meridional wind turned equatorward. Although 
local-scale winds like those measured by NSMR do not 
necessarily correspond to the global-scale winds believed 
to influence the downwelling/upwelling over the Arctic, it 
is intriguing that an apparent correlation between meridi- 
onal winds and airglow temperature and peak altitude is 
observed. We discuss this more thoroughly in section 5. 

[zi] In period 2 (see Figure l), 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) seen in radar 
measurements averaged for 60°N -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 to early January. The actual reversal of the 
stratospheric zonal wind at 60°N and thus onset of the SSW 
occurred on 2 January 2004 [Mannq et al., 20051. 
Mukhtarov et al. [2007] identified it occurring 10-14 days 
earlier in -80 km winds measured by radars at 63ON 69"N.  
So in a way there seem to be two dates that can be associated 
with the onset of the SSW in the MLTImesopause 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 on the 
order of 20 K are seen around that time. However, looking at 
the wind data, we observe that from 15 to 23 December the 
zonal wind is mainly eastward, while it reverses and is 
westward at 2 6 2 8  December. This is consistent with 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 lati- 
tude. The temperature remained relatively low for the rest of 
this period, and the equatorward meridional wind observed is 
consistent with this. 

[zz] Period 3 (see Figure I), from 9 January to 7 March 
2004, is the most interesting period of this winter. We 
believe that the westward wind seen in Figure 1 (bottom) 
from 9 to 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 onset of 
eastward wind by 18 January reported by Manney et al. 
[2005]. The vortex remained strong until mid March. 
SABER and OH(6-2) temperatures increased and remained 
high during this period. The zonal and meridional winds 
changed direction at 13 January from westwardequatorward 
to eastwardpoleward, which is consistent with a reestab- 

lishment of the polar vortex. This occurred around the same 
time as the OH(6-2) temperature began to increase. The OH 
layer peak altitude shown in Figure 1 (middle) decreased at 
the beginning ofperiod 3 and remained low until 22 February. 
The reduction in temperature and corresponding rise of the 
OH layer peak around 1 February is probably associated with 
the shorter major SSW in late January [Mannq et al., 20051. 
Afier 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 19 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 
22 February. The close relationship between OH height and 
temperature is especially clear here. The large zonal asym- 
metries 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 tem- 
poral or spatial variability, or a combination thereof, is the 
cause of it. To do this, one would need data from other 
stations at different longitudes and latitudes. 

5. Discussion 

[23] TO illustrate the OH layer variations observed, we 
plotted monthly averaged SABER temperature profiles for 
selected months of 2003 and 2004 in Figure 2 (left). Figure 2 
(right) shows the corresponding monthly averaged SABER 
OH VER 1.6 pm emission profiles. The criterion that the 
solar zenith angle is >105" ensures that 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 were lower. The VER of the OH layer in 
January and February 2004 is approximately twice its value 
in the same months of 2003. 

[24] The coincidence of high temperatures with a reduc- 
tion in altitude and an increase in the brightness of the OH 
layer was observed previously. Yee et al. [I9971 showed that 
the peak 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 from 2003 to 2004. From their data they noted that the 
OH layer altitude and the temperature at the OH layer are 
also inversely related. They showed that during the period 
2 6 3 1  January 2004 the OH layer was not zonally sym- 
metric, and that for high-latitude stations eastward of 50°E 
the layer showed no unusual behavior. At 16"E, Long- 
yearbyen was approximately halfway between the undis- 
turbed region and the highly disturbed region at 50°W. 
From our ground-based measurements we can confirm the 
existence of the unusually low OH layer at the longitude of 
Longyearbyen. 

[zs] In a study of the correlation between airglow tem- 
perature 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 perturba- 
tions of the airglow layer and argued that this process is 
vertical motion. This is supported by the work ofMarsh et al. 
[2006], who compared SABER observations of OH emission 
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Figure 3. Scatter diagram of the 55 coinciding OH(6-2) 
temperatures and meridional wind at 84-86 km from Long- 
yearbyen between 17 November 2003 and 1 1  February 
2004. The solid line shows the best least squares linear fit 
to the data points. The dashed lines indicate the 95% confi- 
dence interval for the fit (corresponding to the two-sigma 
error of the slope and intercept). T denotes the temperature, 
and MW denotes the value for the meridional wind. The 
correlation coefficient is 0.71, with the probability of ran- 
dom occurrence of <lop8. 

rates with a three-dimensional chemical model. They found 
that at the height of peak emission, variations are predomi- 
nantly caused by changes in atomic oxygen resulting from 
vertical transport. This leads to an increase in ozone, which 
leads to an increase in the band brightness and temperature. 
The formation of the OH layer at lower altitudes that we 
observe is also likely to be the result of downwelling of 
atomic oxygen-rich air to lower heights as suggested by 
Winick et al. [2009]. 

[26] TO get an idea of the quantitative effect of the lowered 
OH layer on the temperature, we can look at the temperature 
profiles in Figure 2 (left). From these we see that the envi- 
ronmental lapse rate (observed vertical temperature gradient 
with decreasing pressure) is approximately 1.5 Kikm in the 
altitude range 6G100 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 tempera- 
ture 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 Figure 1 (top and middle). The remaining 
temperature increase is then attributed to adiabatic heating 
of the subsiding air and chemical heating due to the exo- 
thermic reactions involved in producing the vibrationally 
excited OH. 

[27] The exothermic reaction producing vibrationally 
excited OH is 

with reaction rate coefficient k = 1.4 x lop" e-470m cm3/ S. It 
is generally thought of as the largest source of heat in the 
vicinity of the mesopause [Mlynczak and Solomon, 19931. 
Chemical heating rates involving this and other processes 

have been calculated by several authors and mainly range 
from 2 to 10 Wd and decrease with height from the maxi- 
mum at -90 km due to collisional quenching becoming more 
dominant at lower altitudes [Mlynczak and Solomon, 1993; 
Kaufmann et al., 20081. However, Smith et al. [2003] 
showed that these rates can increase at altitudes between 
78 and 98 km in the presence of tides. They argued that this is 
mainly due to the net downward advection of atomic oxygen 
by the tidal vertical motions. According to Marsh et al. 
[2006], a positive correlation between OH airglow emis- 
sion rate and temperature is indicative of the change in OH 
emissions being caused by transport of atomic oxygen, not 
by changes in density and reaction rates. This is because the 
production of excited OH mainly depends on the production 
of ozone, which decreases with temperature [Marsh et al., 
20061. Both the spectrometer and SABER data verify the 
positive correlation between emission rate and temperature 
in January and February 2004 (daily data not shown) and 
thus support increased transport of atomic oxygen as the 
main cause for the anomalously warm temperature, low peak 
altitude, and increased emission rate observed. 

[a] The adiabatic heating of displaced air volumes fol- 
lows the dry adiabatic lapse rate, which is -9.5 Kikm at 
mesopause heights [Sherman and She, 20061. Note that the 
dry adiabatic lapse rate is different from the environmental 
lapse rate quoted earlier. The latter is the observed vertical 
temperature gradient, which is a result of the balance 
between all heating and cooling processes [Andravs, 20001. 
The main cooling process is radiative cooling by vibrational 
relaxation in the infrared 15 pm band of C02. Typical 
cooling rates for the 70-90 km region at high Arctic latitudes 
are 5-20 Wd [Ldpez-Puertas et al., 19921. Seasonal vari- 
ability and other shorter time scale variations that may also 
influence the temperature (e.g., planetary waves, gravity 
waves, and tides) are not quantified here. ldeally we would 
be able to quantify the relative rates of chemical heating, 
adiabatic warming, and radiative cooling. However, this is 
beyond our scope. Instead we will discuss the mechanism 
responsible for the lowering of the layer and the increased 
temperatures in view of our wind measurements made by 
NSMR. 

[29] The strong poleward meridional wind observed at the 
OH layer height (-80 km) during most of period 3 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 0 
by photodissociation [Myrabfl and Deehr, 1984]), as well as 
by increasing downwelling, which further increases adia- 
batic warming. To test for a possible coupling, we calculated 
the correlation coefficients between daily averaged meridi- 
onal 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 
1 1  February 2004. Table 1 shows the correlation coeffi- 
cients and probabilities of random occurrence. Figure 3 
shows the correspondence between temperature and the 
wind at 84-86 krn height, for which we found the largest 
correlation. The correlation coefficient is 0.71, with a 
probability of random occurrence of This means that 
around 50% of the variation in temperature can be related to 
variations in the meridional wind direction and strength. 
From Figure 3 we see how a poleward wind is consistent 
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Table 1. Correlation Coefficient R and Probability of Random Occurrence p for the Linear Relationship Between Meridional Wind at 
Different Heights (7696 km) and OH(6-2) Temperature, SABER OH Temperature, and SABER OH Peak Altitudea 

Altitude MW vs. OH(6-2) T MW vs. SABER T MW vs. SABER OH Alt 

(km) R P R P R P 

7&72 0 . 6 3 ~  6.3E-7 0.59' 3.1E-5 4 .66"  1.2E-6 
72-74 0.62 3.6E-7 0.72 2.9E-8 4 . 8 0  1.5E-10 
74-76 0.67 2.3E-8 0.76 2.9E-9 -0.81 3.9E-11 
7 6 7 8  0.68 8.6E-9 0.78 6.5E-10 -0.83 1.6E-11 
78-80 0.70 2.8E-9 0.76 2.OE-9 -0.81 2.8E-11 
8 k 8 2  0.69 5.1E-9 0.75 5.4E-9 -0.78 5.3E-10 
82-84 0.70 2.lE-9 0.74 l. lE-8 4 . 7 3  2.2E-8 
84-86 0.71 1.3E-9 0.72 4.4E-9 4 . 6 8  3.6E-7 
8 6 8 8  0.66 3.6E-8 0.67 7.6E-7 4 . 6 2  7.6E-6 
88-90 0.56 8.9E-6 0.56 7.6E-5 4 . 5 1  3.6E-4 
9 k 9 2  0.46 4.3E-4 0.48 l.1E-3 -0.41 5.1E-3 
92-94 0.26 5.1E-2 0.35 1.8E-2 -0.29 6.1E-2 
94-96 0.040 7.5E-1 0.30 5.1E-2 -0.24 1.2E-1 

aFor all altitudes except 70-72 km there were 55 coinciding days for spectrometer and meteor radar measurements and 4 4  coinciding days for the 
Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) instrument and meteor radar measurements. Abbreviations are as 
follows: MW, meridional wind; OH ALt, OH peak altitude; T, temperature. 

52 coincident days. 
'Only 43 coincident days. 

with a higher temperature, while an equatoward wind gives 
a lower temperature. A simple linear regression gives the 
relationship between the OH(6-2) temperature (T) and the 
meridional wind (MW): T = 225.9(*2.8) + 0.50(*0.14). 
The margins are the two-sigma errors for the intercept and 
slope [Moore and McCabe, 19991. The best linear fit is 
plotted in Figure 3 (solid line) together with its 95% confi- 
dence interval (corresponding to the two-sigma error in slope 
and intercept). The linear relationship is probably indicating 
a local footprint of gravity wave breaking in the mesosphere, 
which modulates the zonal wind and drives the mean 
meridional circulation that is responsible for the cold summer 
and warm winter mesopause temperatures at high latitudes 
[Garcia and Solomon, 1985; Fritts and Alexander, 20031. 
The correlation coefficient found is comparable to the find- 
ings ofEspy et al. [2003], who reported a correlation of -0.61 
between meridional wind measured by medium-frequency 
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/(m/s), comparable to our 
slope of 0.5 K/(m/s). Our 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 rotational tem- 
peratures at Rothera, so these numbers are also of the same 
order. We believe the correlation is real, despite the relatively 
high probability of random occurrence, because a westward 
flow combined with gravity wave drag is expected to pro- 
duce an equatorward component and vice versa [Holton, 
19831. 

[3o] 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 25 October and 11 Feb- 
ruary. 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 coef- 

ficient R between the meridional wind at different heights 
and OH(6-2) temperature, SABER OH temperature, and 
SABER OH peak altitude. The corresponding probabilities 
of random occurrence, p, are also listed. It is interesting to 
see that the maximum correlation with the SABER mea- 
surements 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 least squares linear fit to the data points. 
The linear relationship found is Alto, = 84.8(+0.85) - 
0.13(*0.03) MW, where Altot3 is the peak altitude of the OH 
layer and MW is the strength of the meridional wind. The 
error margins in Figure 4 are the two-sigma errors of the 
intercept and slope of the best fit [Moore and McCabe, 

76' 
-40 -30 -20 -10 0 10 20 30 40 50 + Equatomard Meridional wind speed (ds )  Poleward + 

Figure 4. Scatter diagram of the 44 coinciding OH peak 
altitudes measured by SABER and meridional wind at 
76-78 km from Longyearbyen between 25 October 2003 
and 11 February 2004. The solid line shows the best least 
squares linear fit to the data points. The dashed lines indicate 
the 95% confidence interval for the fit (corresponding to the 
two-sigma error of the slope and intercept). Alto, denotes 
the peak altitude of the OH layer, and MW denotes the value 
for the meridional wind. The correlation coefficient is -0.83, 
with the probability of random occurrence of <lo-''. 
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19991. The dashed lines indicate the corresponding 95% 
confidence interval of the linear fit. The correlation coeffi- 
cient is -0.83, with a probability of random occurrence of 
<lo-''. This means that more than 68% of the variation in 
OH layer height can be explained by the meridional wind 
fluctuations. A 10 m/s 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 suffi- 
cient to treat this as a general rule, but it is indicative of the 
relation between the two parameters. To our knowledge it is 
the fust time a significant linear correlation between merid- 
ional wind strength and OH layer peak altitude has been 
observed. The meteor radar, spectrometer, and satellite data 
are 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 seems to be an important key in the OH 
airglow budget, not only by transporting atomic oxygen 
from the source region to the high-latitude regions, but also 
due to its close connection with downwelling of atomic 
oxygen (decreasing the OH layer peak height and increasing 
the chemical heating) and by inducing adiabatic heating, 
cooling of the neutral air. 

[31] 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 
temperatures and low OH-layer peak altitudes. Siskind et al. 
[2007] 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 version 1.06 OH 
temperatures, altitudes, and peak VER. A strong strato- 
spheric 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 Long- 
yearbyen. 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 attributed 
high temperatures at 80 km to enhanced downwelling that 
results from the negative gravity wave drag associated with 
weak planetary wave activity in the lower atmosphere. They 
also suggested interhemispheric coupling mechanisms 
between temperature and wind fields. That coupling would 
be interesting to investigate by combining our data sets with 
those at other latitudes and longitudes. 

6. Summary 

tional bands and differences in fields of view of the satellite 
and ground-based instruments are suggested as possible 
explanations for the offset observed. Since the offset is 
within the combined uncertainties of the two measurements, 
we considered them together as a near-continuous tempera- 
ture record from the 2003-2004 winter. This allowed us to 
describe the evolution of the winter at mesopause level from 
late October to early March. 

[33] By studying the temperature and wind record from 
2003 to 2004, we have identified the signatures of the SSW at 
the mesopause region above Longyearbyen. The reversal of 
the zonal wind occurred approximately 24 December 2003, 
around 10 days earlier than the reversal in the stratosphere. 
The eastward wind was reestablished after 13 January 2004, 
and around the same time the temperature increased dra- 
matically 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 dif- 
ferent heights and OH temperature and altitude 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 varia- 
tions in the meridional wind. An increase in the poleward, 
equatorward wind of 10 mls corresponds to a lowering1 
raising of the OH layer by -1.3 km. 

[34] The data presented in this paper support the theory 
that vertical transport is the mechanism responsible for much 
of the modulation in OH layer emission and thus the tem- 
perature variations observed. This transport was enhanced 
because of the unique stratospheric conditions during the 
2003-2004 winter, when an unusually strong upper strato- 
spheric 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 re-formation of the OH layer at approximately 10 km 
below its nominal altitude of 87 km accounted for a tem- 
perature increase of -15 K. The remainder (20-35 K) was 
due to adiabatic and chemical heating resulting from the 
increased downwelling coupled to the strong meridional 
winds observed and other unidentified processes. 

[3s] Our study confirms the importance of having infor- 
mation 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 direc- 
tion 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. 

[32] For the Arctic winter of 2003-2004, we have 
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