JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 117, D08104, doi:10.1029/2011JD017028, 2012
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seen in one decade of meteor radar observations
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[1] Temperatures at 90 km altitude above Svalbard (78°N, 16°E) have been determined
using a meteor wind radar and subsequently calibrated by satellite measurements for

the period autumn 2001 to present. The dependence of the temperatures on solar driving
has been investigated using the Ottawa 10.7 cm flux as a proxy. Removing the response of
the temperatures to the seasonal and solar cycle variations yields a residual time series
which exhibits the negative trend of —4 £ 2 K decade™!. We indicate that, given the
month-to-month variability and memory in the time series, for a 90% confidence in this
trend, we require only 55 months of data — considerably less than the amount available.
Cooling of the middle atmosphere, which would be strongly supported by these results,
would result in contraction and subsequent lowering of pressure surfaces; we explain that
including a negative trend in the pressure model used to obtain temperatures from meteor
train echo fading times would also merely serve to augment the observed 90 km cooling.

Citation: Hall, C. M., M. E. Dyrland, M. Tsutsumi, and F. J. Mulligan (2012), Temperature trends at 90 km over Svalbard, Norway
(78°N 16°E), seen in one decade of meteor radar observations, J. Geophys. Res., 117, D08104, doi:10.1029/2011JD017028.

1. Introduction

[2] The increase of atmospheric concentration of carbon
dioxide (CO,), methane and other so-called greenhouse
gases during the last century has led to a heating of the
troposphere. These greenhouse gases are also expected
to modify the mesosphere, thermosphere and ionosphere:
for the middle atmosphere, theories and models predict a
cooling to occur as a result of increased infrared thermal
emissions by CO;, [e.g., Roble and Dickinson, 1989; Akmaev
and Formichev, 1998)]. The polar mesopause region (80—
100 km) has been highlighted as a place where one can
expect to see the largest changes, and especially for the
summer season where the occurrences of polar mesospheric
clouds (PMC) and polar mesospheric summer echoes (PMSE)
are closely connected to the temperature [Thomas, 1996]. In a
review paper on long-term changes and trends in mesopause
region temperatures, Beig et al. [2003] summarize that while
some authors have reported negative trends, many authors
have found no significant cooling during the last couple
of decades. This lack of significant temperature trends near
the mesopause has also been reproduced in recently devel-
oped atmospheric climate models [e.g., Schmidt et al., 2006],
in which seasonal differences in the response of mesopause
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region temperatures to an increase of CO, have also been
noted. They show that a cooling trend is expected to be
enhanced during the summer and reduced during the winter,
due to changes in the large-scale circulation connected to the
temperature change. Even more recently, Beig [2011] revises
the overview of the previous paper; to quote: “some of the
new results now indicate a break in trend and tendency of
negative signal where earlier no trend feature was noticed.”
The conflicting reports on this matter are part of the main
motivation for continuing to study these temperature series
and look for trends.

[3] The Svalbard archipelago is an excellent location for
the studies of mesopause region temperatures and dynamics.
Its main township Longyearbyen is located at a high
arctic latitude (78°N, 16°E), but nevertheless has a well-
developed infrastructure and is easily accessible by regular
aircraft services. One of the instruments deployed there
is the Nippon/Norway Svalbard Meteor Radar (NSMR).
Located in Adventdalen only 10 km from Longyearbyen,
it has measured mesopause region temperatures and winds
since 2001. Reports on this temperature series have been
given by Hall et al. [2004, 2006], but it is not until now that
the time series has become long enough for a trend analysis
to be viable. In this paper we report trends observed in
temperatures measured by the NSMR meteor radar between
October 2001 and October 2011 (~10 years). A new cali-
bration routine for the meteor temperatures is also used, in
which measurements of temperature from the Microwave
Limb Sounder on the Aura satellite [Schwartz et al., 2008]
replace the ground-based optical measurements of rotational
hydroxyl temperatures and lidar temperatures used pre-
viously [Dyrland et al., 2010]. The quantitative confidence
in the results of the trend analysis are given, and finally the
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results are discussed in relation to earlier studies of meso-
pause region trends.

2. Meteor Wind Radar Measurements
and Analysis

[4] The particular method used for derivation of neutral
temperatures from meteor trail echoes has been fully
described by Dyrland et al. [2010], however we shall pro-
vide a précis here. By observing ionization trails from
meteors using a radar operating at a frequency less than
the plasma frequency of the electron density in the trail (the
so-called “underdense” condition), it is possible to derive
ambipolar diffusion coefficients D from the radar echo decay
times 7 according to:

AZ
"= T6mD M
wherein A is the radar wavelength. Thereafter the tempera-
ture 7 may be derived using the relation:

[ pPD
T=,——"— 2
6.39 x 1072 K, @

where P is the pressure and K, is the zero field mobility of
the ions in the trail (here we assume Ko = 2.4 x 10 * m™
s~' V1), Explanations of the theories and assumptions of
the complete method for determining neutral air tempera-
tures from meteor trail echoes have been discussed exhaus-
tively earlier, for example: McKinley [1961], Chilson et al.
[1996], Cervera and Reid [2000] and Holdsworth et al.
[2006]. Important work has also been done by Hocking
in order to achieve independence from use of pressure
models [e.g., Hocking, 2011, and references therein]; how-
ever pressure gradients are still required as input. As
explained forthwith, however, we circumvent the pressure
model problems and will not enter into an evaluation of
various approaches to temperature derivation here.

[5] In this study, we obtain the necessary echo fading
times from the Nippon/Norway Svalbard Meteor Radar
(NSMR) described in detail elsewhere [Hall et al., 2006].
The radar is located at 78.33°N, 16.00°E in Adventdalen and
operates at 31 MHz fully automated with a height resolution
of | km. The radar came into operation in the spring of 2001,
but due to system changes during the first months of oper-
ation we shall only use data from October 2001 onwards. At
31 MHz the maximum echo occurrence rate is at 90 km
altitude; we shall concentrate on this altitude in this study,
avoiding height regimes above and below in which there
are steep gradients in occurrence rate within the meteor
echo region. For NSMR, a typical daily rate might by 2000
detections with a distribution, centered on 90 km altitude,
of width 10 km at half of peak value, and with approxi-
mately 40-100 echoes per hour. Although it is possible to
examine temperature variations with a 30 min resolution
(due to the large number of echoes and less pronounced
diumal variation relative to midlatitude systems), we shall
work with daily mean values. For NSMR the intraday vari-
ation in echo rates is not as pronounced as for lower latitude
stations and we do not expect a tidally induced bias induced
by particularly high echo rates at specific tidal phases.
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The pressure model used here is that of Liibken and von Zahn
[1991] combined with that of Liibken [1999], and it is the
same as was used by Holdsworth et al. [2006], Hall et al.
[2006] and Dyriand et al. [2010]. In the Hall et al. [2006]
paper the initial daily mean temperature estimates for 78°N
were too high to be real, believed to result, in part, from the
pressure model not being appropriate for such a high latitude.
In fact, Manson et al. [2011a] demonstrate the zonal differ-
ences (specifically between Eureka at 86°W and Svalbard at
16°E). The initial temperature estimates were therefore
adjusted/calibrated using OH emission derived temperatures
(from winter months) and potassium lidar measurements
(from the summer months). For this study we chose the same
initial approach, but calibrated by comparison with tem-
peratures measured by the instrument MLS (Microwave
Limb Sounder) on board NASA’s EOS (Earth Observing
System) Aura satellite instead of the ground-based mea-
surements from Longyearbyen [Dyriand et al., 2010). This
choice is founded on work by Mulligan et al. [2009], who
found that the OH emission peak altitude above Long-
yearbyen can vary between 75 and 90 km. Since the cali-
bration of meteor radar temperatures from Hall et al. [2006]
were based on the assumption that the OH layer peak height
was at the nominal ~86 km and thus extrapolated them from
there to 90 km according to the model [Liibken and von
Zahn, 1991; Liibken, 1999] gradients, this assumption
likely introduced a large variability in the temperature set
that did not necessarily reflect real variations of the temper-
ature at 90 km. The amount of data available for calibration
was also limited, as the potassium lidar was only operational
at Longyearbyen during the summer seasons 2001-2003.
Daily averages of OH temperatures were only available
in the period from mid November to late February, and
the number varied strongly from season to season. The high
number of temperatures measured during the anomalously
warm 2003-2004 season [Dyrland and Sigernes, 2007],
might therefore lead to a biased temperature set. Since MLS
data are available for the full year since August 2004, we use
them for the calibration instead, as explained by Dyriand
et al. [2010]. At the altitudes of the radar temperature
retrievals, 90 km, the vertical resolution of the Aura MLS
temperatures is 13 K with a precision of 3 K [Schwartz et al.
2008]. Despite the apparently low altitude resolution, these
temperatures proved very valuable and were found to be
particularly stable over several years in a recent comparison
of satellite temperatures with ground-based optical mea-
surements made at Davis Station, Antarctica [French and
Mulligan, 2010]. Thus, in Figure 1 we show resulting “first
estimate” temperatures together with the corresponding Aura
MLS measurements. The result of the calibration described
above is shown in Figure 2 (which also includes the Aura
MLS values), and they are these data we shall employ in the
trend analysis which follows. Since Aura MLS temperatures
are retrieved on a fixed pressure grid, we repeated the trend
analysis using Aura temperatures at a fixed pressure level of
0.001 hPa corresponding to approximately 90 km altitude,
and found no significant difference in the results.

3. Trend Analysis

[6] The data shown in Figure 2 exhibit considerable day-to-
day fluctuations due to gravity and planetary wave modulation,
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Figure 1. First estimates of 90 km temperatures using meteor radar data together with those measured by

the MLS instrument on the Aura satellite.

interesting in their own right. However, here we investi-
gate the trends already discerible, albeit qualitatively, in
Figure 2. Problems with the radar prior to July 2002 render
these data suspect and we exclude them herewith. We
shall not discriminate between summer and winter periods
in this initial study. First we shall separate the seasonal
variation. A monthly climatology is determined by averaging
all January, February, etc., values, resulting in Figure 3.
The seasonal variation is as to be expected with a summer
minimum with a temperature of around 135 K. Larger stan-
dard deviations in winter reflect the larger planetary wave
activity compared to summer. Next, these monthly values
are subtracted from the original (calibrated) data to arrive
at residuals exhibiting no seasonal variation. Spectral and
probability density function analyses, not shown here, have
confirmed this. These simple findings (Figure 4) are mis-
leading though, because the middle atmosphere can be

expected to respond to heating due to absorption of solar UV
radiation by ozone and the former varies through a solar
cycle. Quite apart from increased heating of the underlying
stratosphere during solar maximum, the ozone profile exhibits
a secondary maximum [e.g., Evans and Llewellyn, 1972]
near to the peak occurrence height for meteor echoes, 90 km
in this case, so we can anticipate local temperature variation
controlled by the UV flux. In order to investigate this, we
have performed a simple linear regression of the 30-point
Lee-filtered [Lee, 1986] daily residual temperatures on the
corresponding f10.7 fluxes, as shown in Figure 5. As is
evident from the scatterplots in Figure 5, the reliability of
the regression line is considerably enhanced by using the
filtered values, this filtering corresponding to a 1-month
low-pass filter. The temperatures increase with increasing
UV flux as expected: +0.16 K flux-unit™" + 2% (flux-units
are Wm 2Hz !).
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Figure 2. Daily mean temperatures derived from NSMR at 90 km altitude using calibration by Aura
MLS as described in the text. Earlier data were subject to changes in radar configuration and are excluded,
although the entire lifetime of the radar extends from Spring 2001.
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Figure 3. Monthly climatology obtained by averaging all January, February, etc., values. Vertical bars

indicate standard deviations.

[7] Accepting the simple dependencies in Figure 5, then,
a solar-driven temperature series is derived from the f10.7
flux, and subtracted from the original series to give residual
temperatures, 7"

T’"=T—(a+b-10.7) 3)
where a and b are the coefficients of the linear regression.
The method is much the same as that used by, for example
Ulich and Turunen [1997] and more recently Hall et al.
[2007] to remove the effects of solar radiation from iono-
spheric time series. The final result is shown in Figure 6.
In order to eliminate short-term deterministic signals (e.g.,
multiday period waves) and to prepare for a trend analysis,
monthly means are then calculated, through which we fit a

linear trend, as shown in Figure 7. The monthly mean resi-
duals (viz. temperatures after removal of seasonal variation
and solar influence), therefore exhibit a negative trend of
4 4+ 2 K decade!. Included in Figure 7 are the 95% confi-
dence limits in the linear fit [Working and Hotelling, 1929].

4. Confidence and Significance

[8] Let us now address the significance of the above
finding and our confidence in it. From Tiao et al. [1990]
we see that a trend is considered to be significantly non-
zero at the 5% level if its absolute value is greater than the
20 uncertainty in slope assuming a normal distribution.
Weatherhead et al. [2002] have subsequently built upon
work by Weatherhead et al. [1998] and Tiao et al. [1990]

-40

temperature minus monthly climatology(K)

Figure 4. Daily (residual) temperatures obtained by subtracting the monthly climatology from the cali-

brated temperature seties.
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Figure 5. Scatterplot of the daily residual temperatures versus the corresponding f10.7 fluxes (pluses).
Linear regression is performed using 30-point (i.e., 1-month) Lee-filtered daily residual temperatures

(asterisks) on the corresponding £10.7 fluxes.

and define a minimum time series length #* for which a
trend can be considered detectable:

oy [t + \%
JON 14
o (v 1Yo 4
™ [|w0| -9 @

where oy is the month-to-month variability in the data as we
determined earlier, wy is the expected trend, ¢ is the auto-
correlation in the month-to-month data (i.e., the autocorre-
lation at lag 1). Tiao et al. [1990] and Weatherhead et al.
[2002] use j = 3.3 for 90% probability that a trend wy is
detectable after n* (wp and #* having the same time units)

assuming a Gaussian distribution (and also a data set with
noise characterized as an autoregressive — AR(1) - process).
Hall et al. [2011], working with ionospheric E region height
and critical frequency time series critically investigated the
very distributions, finding the stochastic component of the
critical frequency data set (for example) to be better char-
acterized as fractional Gaussian noise. Also, Rypdal and
Rypdal [2010] have similarly established that solar forcing
is probably non Gaussian. However, the length of the
time series we present in this study does not lend itself (yet)
to a reliable investigation .of the stochastic component
in terms of complexity and for the time being we assume
the noise to be a Gaussian process and the time series to
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Figure 6. Temperature residuals after removal of both seasonal (i.e., expressed as monthly climatology)
variation and solar UV flux effects. This residual now comprises the stochastic component of the signal

and with any trend imposed upon it.
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Figure 7. Monthly means (thick line) of residual temperatures (seasonal variation and solar-cycle effects
removed) together with respective standard deviations (vertical bars). The linear fitted trend (straight line)
is superimposed together with its 95% confidence limits (dotted hyperbolae). See text for explanation

of annotation.

be autoregressive. Following Tiao et al. [1990], the trend of
—4 K decade ™! is therefore just significant at the 5% level
with an uncertainty (I1-0) in slope of 2 K decade™.
Furthermore, equation (4) reveals that the minimum time
series length for the —4 K decade ™ trend is 55 months —
approximately half the available length to date, namely,
109 months taking into account exclusion of data prior
to July 2002. Additionally, Weatherhead et al. [1998] also
indicate a means of determining the 95% confidence interval
for n*:

{n ; eiW\/;} (5)

where M is the number of months of data (which at the time
of writing equals 109). From this we find the 95% confi-
dence interval in n* (which currently equals 55 months) to
be [49,63] months. We may be allowed, therefore, consid-
erable sureness in our trend determination. In fact, Hall et al.
[2011] found that the true probability density function of

the analogous stochastic component for E region critical fre-
quency implied shorter n* than if a Gaussian was assumed.

5. Physical Processes

[s] The mechanism proposed for cooling is that gases
causing the increasing greenhouse effect in the troposphere
act as refrigerants in the middle atmosphere [Roble and
Dickinson, 1989; Rishbeth, 1990]. A general cooling of the
middle atmosphere would cause a shrinking and a general
lowering of pressure surfaces. Since the pressure model we
use here (in equation (2)) only varies with season, we must
address the effects of a climatic change in pressure at 90 km.
In equation (2) we see that temperature depends on the
square roots of both diffusivity and pressure such that if both
entities are subject to negative trends, the negative trend in

temperature will only increase. Although a simplistic scenario,
it serves to demonstrate that a trend in pressure commen-
surable with middle atmosphere cooling and the accepted
mechanism for the secular decrease in E region altitude [e.g.,
Hall et al., 2007, 2011] will not cancel out the trend in diffu-
sivity when converting to temperature, but, rather, augment it.,
It should be noted that we have assumed that the calibration to
the AURA measurements is constant over the 10 year period,
and furthermore the spatial averaging of the AURA data is
also larger than that of the radar and results can be affected
by data from, for example, outside the polar vortex [Manson
et al., 2011a].

[10] We have so far restricted our study to 90 km altitude,
that of the peak in echo occurrence for NSMR, operating at
31 MHz. Immediately above and below this height the
number of echoes decays considerably within one (1 km)
range gate such that the diffusivities we obtain may not be
representative for that height. However, a potentially more
serious problem is that a few km above the peak height,
electrodynamics begins to influence the diffusion of the
meteor trail as discussed by Dyrud et al. [2001]. Below
around 80 km, the derived diffusivity becomes almost
independent of altitude suggesting either limitations of
the radar or as discussed by Hall et al. [2005] and Ballinger
et al. [2008], additional atmospheric processes. The issue
addressed by Ballinger et al. [2008] applies to the weak
population of echoes, but at all heights in the regime via a
reduction in observed decay time (and therefore increase in
derived diffusivity) can arise from, for example, electron-ion
recombination and also scavenging of free electrons by
aerosols and macro ions [e.g., Havnes and Sigernes, 2005].
Applying such a scenario here would imply an overestima-
tion of diffusivity leading to an overestimation of tempera-
ture, such that correcting for these effects would give rise to
lower temperatures than reported here. Recombination pro-
cesses in general depend weakly and inversely on electron
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temperature and on particle number densities (both charged
and, depending on the nature of the recombination process,
neutral) [e.g., Brekke, 1997], but how recombination rates,
particularly near the mesopause, may vary climatically is
a problem outside the scope of this study. At a fixed alti-
tude and given temperature, a reduction in pressure would
lead to a reduction in neutral number density and therefore
a decrease in average electron density in meteor trails - i.e.,
a trend toward weaker echoes. From Ballinger et al. [2008],
who address the region 80-90 km in particular, this could
lead to underestimation of temperature.

[11] Given the pitfalls in temperature estimation above
[Dyrud et al., 2001] and below [Ballinger et al., 2008]
90 km, we feel that our “safe” approach of “sticking to”
90 km is justified. It is unfortunate we find this necessary,
because 90 km is the assumed altitude of the summer
mesopause at 78°N [Hdffner and Liibken, 2007] (although
see the modeling results reported by Manson et al. [2011a,
2011b]) and by examining altitudes between 80 and 100 km
with NSMR one could search for trends both above and
below the summer mesopause, and for that matter in a 20 km
deep regime of the winter mesosphere.

[12] Unfortunately, there are few studies available with which
to compare our results. Analyses of the previously mentioned
OH(6-2) rotational temperature series from Svalbard mea-
sured in winters 1983-2005 have failed to reveal any statis-
tically significant trend [Sigernes et al., 2003; Dyrland and
Sigernes, 2007]. The non-statistically significant trends
reported in these studies were of the order of +2 K decade ™!,
i.e., of the opposite sign compared to our findings. However,
for these assessments solar forcing was not accounted for as
no solar cycle dependency was found in the series [Sigernes
et al., 2003]. Also, monthly averages containing sudden
stratospheric warming events were excluded from the anal-
ysis. This and recent knowledge about the highly varying
OH emission height above Longyearbyen [Mulligan et al.,
2009], would complicate the comparison with the observed
90 km trend. Blum and Fricke [2008] have investigated
temperature differences between in situ (falling sphere) mea-
surements primarily from the interval 1989-1993 and lidar
measurements primarily from 2002 to 2006 - i.e., over
approximately one decade, for 69°N at 16°E. In the height
regime 65-70 km (the highest in their study), they report a
temperature decrease of 7 K, which, considering altitude
and geographic differences, and not least uncertainties in
such estimates in general, is not dissimilar to our findings.
One of the very latest updates on temperature trend deter-
minations is that of Beig [2011]. The reader is referred to this
review to further investigate the references therein which
are too numerous to reproduce here. An essential finding is
that more evidence of mesopause region cooling has come
to light in recent years, e.g., subsequent to the time series
analyzed by Sigernes et al. [2003] obtained by optical mea-
surements from the same location as NSMR. Moreover,
the trends identified in a number of studies reported by Beig
[2011] suggest values ranging from 1 or 2 K decade™" to as
much as 7 K decade™'. Another high latitude feature not
sufficiently understood is the stability and strength of the two
polar vortices (20 to 80-100 km), upon which the other near-
pole’s temperatures depend. The Scandinavia- Svalbard
location is most often the preferred site of the winter-polar

vortex making the observations reported here atypical for
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~80°N. Thus it might be more appropriate to think in terms
of temperature change “during the last decade” rather than
“per decade” and specifically for Svalbard. With the limited
data set used in this study, however we are unable to pursue
this further.

6. Conclusions

[13] Using the Nippon/Norway Svalbard Meteor Radar,
we have determined echo fading times from meteor trails and
subsequently ambipolar diffusion coefficients and finally
daily average temperature estimates. The temperatures have
then been calibrated using Aura MLS data. Taking the data
set from October 2001 to present, we identify a fall in neutral
atmosphere temperature at 90 km altitude, 78°N, 16°E that is
independent of solar forcing and could therefore be inter-
preted as anthropogenic (although we refrain from explor-
ing this hypothesis in this study). We further explain that
a climatic decrease in pressure will only lead to these trends
being underestimated. For 90 km we find a change of
approximately —4 + 2 K decade™! after removal of solar
cycle and seasonal variation. For 90% confidence in this
value, given the variability and memory in the time series,
we would require only 55 months of data (the 95% confi-
dence interval in this being 49—-63 months). Our conclusion
therefore is that there is indeed a cooling of the neutral
atmosphere at 90 km above Svalbard in the Norwegian high
Arctic, amounting to 4 + 2 K during the last decade.

[14] Acknowledgments. The authors wish to acknowledge Takahiko
Aso for his initiative in establishing a meteor radar on Svalbard. We thank
the Aura/MLS science team for providing data used in this study. Thanks go
to the reviewers of this manuscript.
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