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Abstract. This study investigates the characteristics of the
quasi 16-day wave in the mesosphere during boreal winter
2011/2012 using observations of water vapor from ground-
based microwave radiometers and satellite data. The ground-
based microwave radiometers are located in Seoul (South
Korea, 37◦ N), Bern (Switzerland, 47◦ N) and Sodankylä
(Finland, 67◦ N). The quasi 16-day wave is observed in the
mesosphere at all three locations, while the dominant pe-
riod increases with latitude from 15 days at Seoul to 20 days
at Sodankylä. The observed evolution of the quasi 16-day
wave confirms that the wave activity is strongly decreased
during a sudden stratospheric warming that occurred in mid-
January 2012. Using satellite data from the Microwave Limb
Sounder on the Aura satellite, we examine the zonal char-
acteristics of the quasi 16-day wave and conclude that the
observed waves above the midlatitudinal stations Seoul and
Bern are eastward-propagatings = −1 planetary waves with
periods of 15 to 16 days, while the observed oscillation above
the polar station Sodankylä is a standing wave with a period
of approximately 20 days. The strongest relative wave am-
plitudes in water vapor during the investigated time period
are approximately 15 %. The wave activity varies strongly
along a latitude circle. The activity of the quasi 16-day wave
in mesospheric water vapor during boreal winter 2011/2012
is strongest over northern Europe, the North Atlantic Ocean
and northwestern Canada. The region of highest wave activ-
ity seems to be related to the position of the polar vortex. We
conclude that the classic approach to characterize planetary
waves zonally averaged along a latitude circle is not suffi-
cient to explain the local observations because of the strong
longitudinal dependence of the wave activity.

1 Introduction

The dynamical regime of the extratropical middle atmo-
sphere is characterized by waves and tides, in particular
by global-scale planetary waves during wintertime. Plane-
tary waves are globally coherent oscillations whose restor-
ing force is the latitudinal gradient of planetary vorticity
(Pancheva and Mukhtarov, 2011, and references therein).
Planetary waves are a transport mechanism for chemical
species, energy and momentum. They are known to propa-
gate vertically from the lower to the upper atmosphere (e.g.,
Charney and Drazin, 1961), but can also be generated in
situ in the mesosphere and lower thermosphere (MLT) (e.g.,
Smith, 1996, 2003; Forbes et al., 2002). Supposedly, much
of the observed spatiotemporal variability in the MLT is due
to upward-propagating planetary waves (e.g.,Krüger et al.,
2005; Palo et al., 2005; Shepherd et al., 2007; Pancheva et al.,
2008a, b).

An important class of planetary waves are Rossby waves
and normal modes with periods around 2, 5, 10 and 16 days
(Salby, 1981a, b). The vertical propagation of planetary
waves leads to wave breaking at higher altitudes due to the
decrease in air density, which in turn results in wave–mean-
flow interaction, which is known to be a major driver of at-
mospheric dynamics in the wintertime middle atmosphere
(Andrews et al., 1987). Such wave–mean-flow interaction
can drastically alter the zonal mean flow, e.g., during a sud-
den stratospheric warming (SSW), and is believed to be the
main mechanism for the onset of a SSW (Matsuno, 1971).
Consistently, observations have shown that the time period
before the onset of a SSW is often characterized by high
wave activity (e.g.,Hirota et al., 1990; Sivjee et al., 1994;
Jacobi et al., 2003).
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The current study investigates the quasi 16-day planetary
wave in the extratropical northern mesosphere during bo-
real winter 2011/2012. The actual period of the quasi 16-day
wave has been observed to lie between 12 and 20 days (Day
et al., 2011, and references therein), which is consistent with
the theory of the normal modes of traveling waves (Salby,
1981a, b). Previous studies of the quasi 16-day wave used
observations of ground-based wind data from meteor and
medium-frequency radars (e.g.,Forbes et al., 1995; Mitchell
et al., 1999; Luo et al., 2000; Day et al., 2010) and tempera-
ture and geopotential height data from satellite instruments
(e.g., Day et al., 2011; Pancheva and Mukhtarov, 2011).
These studies consistently show a seasonal cycle of the quasi
16-day wave activity at midlatitudes with the largest wave
amplitudes occurring during wintertime. It was suggested
that the mesospheric quasi 16-day wave can be transported
from the winter hemisphere across the Equator to the summer
hemisphere (Forbes et al., 1995; Espy et al., 1997), where
vertical wave propagation from lower altitudes into the meso-
sphere would not be possible (Charney and Drazin, 1961).
Espy et al.(1997) also suggested a modulation of the cross-
hemispheric transport of the quasi 16-day wave by the quasi-
biennial oscillation. The generation and propagation of the
quasi 16-day wave is still not fully understood and further
observational data are needed to improve the current under-
standing of the quasi 16-day wave.

In contrast to the abovementioned studies which were
based on observations of geopotential height, temperature
and wind, we use observations of middle-atmospheric wa-
ter vapor to investigate the quasi 16-day wave during win-
ter 2011/2012. This winter was characterized by strong wave
activity and a sudden stratospheric warming during mid-
January 2012. Since middle-atmospheric water vapor has
a long photochemical lifetime, it can be used as a tracer
to study atmospheric dynamics, as long as there are verti-
cal and/or horizontal gradients in water vapor. Observations
from ground-based microwave radiometers at three different
locations extending from 37 to 67◦ N are used in this study.
Ground-based microwave radiometry is a well-established
remote sensing technique and has been used to study atmo-
spheric phenomena such as sudden stratospheric warmings
(e.g.,Seele and Hartogh, 2000; Flury et al., 2009; Scheiben
et al., 2012) and atmospheric tides (e.g.,Haefele et al., 2008;
Hallgren and Hartogh, 2012; Scheiben et al., 2013). Fur-
ther, ground-based microwave radiometers are appropriate
for calibration and validation of satellites and for monitor-
ing of long-term trends of atmospheric composition (e.g.,
Nedoluha et al., 2003; Hartogh et al., 2011). To character-
ize the locally observed waves at the measurement locations
on a global scale, satellite data from the Microwave Limb
Sounder (MLS) on the Aura satellite are used.

The paper is structured in the following way. Section 2 de-
scribes the instruments and data sets used. Section 3 presents
the methods used for deriving periodicities in the ground-
based measurements and for characterizing the locally ob-

served waves on a global scale with satellite data. Section 4
discusses the obtained results and in Sect. 5 follow the con-
clusions.

2 Data

Three ground-based microwave radiometers that are used for
this study measure the pressure-broadened line emission of
the rotational transition of water vapor at 22 GHz. The mea-
sured spectrum is inverted to a vertical profile of water va-
por by the optimal estimation method (Rodgers, 2000) us-
ing the radiative transfer model ARTS2 and atmlab (Eriks-
son et al., 2011). The optimal estimation method requires a
priori knowledge of the trace species to be retrieved. For all
three radiometers used in this study, the a priori water va-
por profiles are obtained from a monthly climatology of the
years 2004 to 2007 of zonal mean water vapor measurements
by the Microwave Limb Sounder on NASA’s Aura satellite.
All three radiometers are equipped with a fast Fourier trans-
form spectrometer (FFTS). Water vapor is retrieved for the
middle atmosphere between approximately 35 and 75 km al-
titude. The vertical observation range is limited by artifacts in
the measured spectrum (baseline ripples) for the lower limit
and by the measurement noise and the Doppler broadening
for the upper limit. Data used for the analyses performed in
this study are only considered if the measurement response
of the retrieval is higher than 0.8, corresponding to an a priori
contribution smaller than 0.2. The vertical resolution of the
retrieved water vapor profiles (calculated as the full width at
half maximum of the retrieved profiles) ranges from 12 km
in the middle stratosphere to 17 km in the upper mesosphere.

The Seoul WAter vapor RAdiometer (SWARA) is located
in Seoul, South Korea, at 126.9◦ E/37.6◦ N. It has been oper-
ating since November 2006 and is part of the Network for the
Detection of Atmospheric Composition Change (NDACC).
Water vapor is retrieved for altitudes between approximately
45 and 75 km (De Wachter et al., 2011). The lower observa-
tion limit is relatively high because strong baseline ripples
in the measured spectrum do not allow a retrieval of the line
wings, which contain information for altitudes below 45 km.
The bandwidth used is 80 MHz at a spectral resolution of
60 kHz. The temporal resolution of the retrieval version used
in this study varies with time, because the measured spec-
tra are integrated until a measurement noise level of 0.01 K
is reached, where the required integration time depends on
the meteorological conditions in the troposphere. During the
time period of interest, the temporal resolution varied be-
tween 1.5 h and 2 days.

The MIddle Atmospheric WAter vapor RAdiometer (MI-
AWARA) is located in Zimmerwald, near Bern, Switzer-
land, at 7.5◦ E/47.9◦ N (Deuber et al., 2004). It was built in
2002 at the University of Bern and was moved to Zimmer-
wald in 2007 after a replacement of the spectrometer. It is
also part of NDACC. The vertical observation range is from
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approximately 35 to 75 km altitude. The bandwidth used is
125 MHz with a resolution of 60 kHz. The retrieval version
used for this study has a fixed temporal resolution of 2 days.
During the time period of interest, there are only 2 measure-
ment gaps, one with a duration of 2 days, the other one with
a duration of 4 days. MIAWARA and SWARA have a bias of
less than 10 % compared to the Microwave Limb Sounder on
NASA’s Aura satellite (Haefele et al., 2009).

MIAWARA-C was built in 2008 and was operated in So-
dankylä, Finland, at 26.6◦ E/67.4◦ N during the time period
of interest for this study. It has a compact design and was
built for measurement campaigns (Straub et al., 2010). The
vertical observation range is from approximately 35 to 78 km
altitude. The upper limit is higher than for the other ra-
diometers because the spectral resolution of the FFTS of
MIAWARA-C is 30 kHz compared to the 60 kHz of the other
two radiometers. The bandwidth used for the retrieval is
125 MHz. The temporal resolution of the retrieval used for
this study is 1 day, and during the whole time period of inter-
est there are only four measurements gaps, with the largest
gap being 5 days. MIAWARA-C has a bias of less than 10 %
compared to Aura MLS, except near the upper limit (in the
upper mesosphere), where is has a dry bias of approximately
15 % compared to Aura MLS (Tschanz et al., 2013).

The satellite data used in this study is obtained from
the Microwave Limb Sounder on NASA’s Aura satellite.
The Aura satellite has a sun-synchronous orbit, and the
MLS instrument measures atmospheric pressure, tempera-
ture, geopotential height and various trace species. For this
study, the temperature, geopotential height and water vapor
data from MLS (retrieval version v3.3) are used. MLS data
are only considered within the valid vertical range and if the
data are within the quality thresholds given by the data user
guide of Aura MLS (http://mls.jpl.nasa.gov/data/datadocs.
php).

In addition to observational data, wind and geopoten-
tial height data from the operational analysis of the Euro-
pean Centre for Medium-range Weather Forecast (ECMWF,
http://www.ecmwf.int/en/forecasts/datasets) are used. The
ECMWF model cycle used in this study is Cy37r3 and has
91 vertical levels from the surface up to 0.01 hPa. The wind
data are used for the description of the SSW which occurred
in mid-January 2012.

3 Methods

3.1 Spectral analysis of ground-based observations

To determine the dominant periods in the water vapor time
series from our ground-based radiometers, a spectral anal-
ysis of the time series of the ground-based observations is
performed. One approach for a spectral analysis of a time se-
ries is the Fourier transformation. However, a Fourier trans-
formation requires an equally spaced time series. This is not

the case for our ground-based observations of water vapor,
since there are always days without measurements, e.g., dur-
ing rainy days or during technical interruptions. A method
that can handle nonuniformly spaced time series is a har-
monic analysis with sinusoidal least-squares fits. Here, we
use a sinusoidal least-squares fit including an offset and a
linear term. Since the vertical water vapor profiles of our
microwave radiometers are retrieved on a constant pressure
grid, we process the data on every pressure grid point as indi-
vidual time series. The least-squares spectral analysis is per-
formed for periods from 4 to 28 days to capture the quasi
16-day wave and to check for dominant waves besides the
quasi 16-day wave. For each period between 4 and 28 days
with a spacing of 0.5 days, the sinusoidal least-squares fit is
applied individually and the amplitude of the fitted sine wave
determines the value of the spectral analysis for the given pe-
riod and pressure level. The least-squares spectral analysis
is performed for the whole time series during boreal winter
2011/2012, i.e., from 1 December 2011 to 31 March 2012.

3.2 Bandpass filtering of ground-based observations

To investigate the temporal evolution of the quasi 16-day-
wave, a bandpass filter is applied to the ground-based obser-
vations of mesospheric water vapor. A bandpass filter is used
because the actual period of the quasi 16-day wave is not ex-
actly 16 days, but varies between 12 and 20 days. Therefore,
the bandpass filter was designed to suppress oscillations in
the time series with periods shorter than 14 days and higher
than 20 days. Fourteen days were chosen instead of 12 days
at the lower cutoff period of the bandpass to minimize a po-
tential influence of the 10-day wave, which is one of the nor-
mal modes according toSalby(1981a, b). The filter type is a
finite impulse response (FIR) filter using a Hamming window
whose size is 3 times the center period of the bandpass filter
of 17 days, i.e., 51 days. The filtering is done with MATLAB
using a zero-phase filter in both the forward and the reverse
direction according toOppenheim and Schafer(1989). This
filter was described in a previous study on oscillations in at-
mospheric trace species (Studer et al., 2012).

3.3 Space–time spectral analysis of satellite data

Satellite data are used to characterize the observed waves
in ground-based water vapor measurements. The classical
approach to characterize planetary waves is the space–time
Fourier analysis of a global data set along one latitude circle.
The method proposed byWu et al.(1995) is applied, which
is explained in the following. Since satellite data do not have
a regular sampling pattern and uniform spacing, methods us-
ing a discrete Fourier transformation cannot be used. There-
fore, a least-squares fitting method is used for the spectral
analysis of the satellite data in space and time. The space–
time spectral analysis is performed for the latitude circles
of the ground-based instruments, i.e., at 37, 47 and 67◦ N,
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using a coincidence of±1◦ in latitude. The resulting two-
dimensional satellite data are fitted to a model of the form

yi = A cos[2π(
1

T
ti + sλi)] +B sin[2π(

1

T
ti + sλi)], (1)

where the space–time seriesyi , i = 1, ...,N , are measured at
UT ti and longitudeλi . T is the period,s is the zonal wave
number andA andB are the sinusoidal amplitudes. Negative
values ofs denote eastward-traveling waves, while positive
values denote westward-traveling waves. The wave ampli-
tude is defined as

√
A2 + B2 and is calculated for each wave

numbers = −4, ...,+4 and periodT = 2, ...,30 days. The
calculations were also performed for wave numbers larger
than±4, but their amplitudes are too small. The results are
presented as a two-dimensional periodogram showing the ab-
solute wave amplitude for each wave numbers and periodT .

4 Results

4.1 Dominant oscillations in the local observations

The spectral analysis of the water vapor time series from
the three different measurement locations Sodankylä (67◦ N),
Bern (47◦ N) and Seoul (37◦ N) are shown in Fig.1 in ab-
solute wave amplitudes and in Fig.2 in relative wave am-
plitudes. The relative amplitudes were calculated by divid-
ing the absolute amplitudes by the average water vapor vol-
ume mixing ratio (VMR) within the considered time period
at each pressure level. The spectral analysis was calculated
according to the method described in Sect.3.1 for the time
period from 1 December 2011 to 31 March 2012. In Seoul
(SWARA, lower panel), the wave activity in general is rela-
tively low. There is one enhanced oscillation with a period of
15 days above 0.1 hPa (approximately 64 km altitude). The
amplitude of this oscillation is 0.2 parts per million (ppm)
in water vapor VMR, which corresponds to approximately
5 % in relative units. In the stratopause region between 1 and
0.3 hPa where little or no gradients in water vapor exist, no
wave activity is observed because water vapor can only be
used as a tracer in regions with vertical and/or horizontal gra-
dients in the water vapor VMR.

Looking at the spectral analysis obtained from MIAWARA
(Bern, middle panel of Fig.1), which is 10◦ further north,
a strong increase in wave activity compared to Seoul can
be observed at various periods. The dominant oscillation
above Bern is found above 0.1 hPa and has a period of 15
to 16 days. This is equal to the dominant period at Seoul.
However the amplitude of this dominant oscillation is twice
as large (0.4 ppm or approximately 10 %) as above Seoul.
There are also relatively strong oscillations with periods be-
tween 10 and 11 days and between 18 and 20 days. Similar
to Seoul, the wave activity in the stratopause region above
Bern cannot be observed in water vapor because of the lack
of water vapor gradients.
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Fig. 1. Average wave amplitudes from the spectral analysis of the water vapor measurements from the three

ground-based microwave radiometers in Sodankylä, Bern and Seoul (from top to bottom) for the period from 1

December 2011 to 31 March 2012. See description within the text for details about the calculation method.
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Figure 1.Average wave amplitudes from the spectral analysis of the
water vapor measurements from the three ground-based microwave
radiometers in Sodankylä, Bern and Seoul (from top to bottom) for
the period from 1 December 2011 to 31 March 2012. See descrip-
tion within the text for details about the calculation method.
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The situation regarding the wave activity at the polar cir-
cle at Sodankylä (67◦ N, upper panel in Fig.1) is different
compared to the midlatitude stations Seoul and Bern. The
dominant oscillation above Sodankylä has a period of 18 to
20 days compared to 15 to 16 days at midlatitudes. The am-
plitude of this dominant wave above Sodankylä is approxi-
mately 0.4 ppm and occurs between 0.3 and 0.03 hPa. Due to
the decrease in water vapor VMR with altitude, this 0.4 ppm
wave amplitude corresponds to a relative amplitude that in-
creases from approximately 5 % at 0.3 hPa to approximately
15 % at 0.03 hPa. In contrast to the midlatitudinal station,
wave activity in water vapor above Sodankylä can also be
observed below 0.3 hPa. This reflects the fact that the height
of the water vapor maximum is lower in the polar region
than at midlatitudes due to the subsidence within the polar
vortex. Hence there are water vapor gradients below 0.1 hPa,
and therefore wave activity in polar water vapor can be ob-
served at lower altitudes than at the midlatitudes. This dom-
inant oscillation above Sodankylä with periods between 18
and 20 days is also visible above Bern and has a similar al-
titude dependence of the dominant period, such that the pe-
riod of the oscillation increases with altitude from 18 days
between 0.3 and 0.1 hPa to 20 days at 0.03 hPa. Other rela-
tively strong oscillations are observed with periods of 10 and
25 days.

Common for Bern and Sodankylä is the observed max-
imum of the absolute wave amplitudes between 0.3 and
0.03 hPa. This seems contradictory to theory that states that
the amplitude of atmospheric waves generally increases with
altitude due to the decrease in air density. The increase in ab-
solute wave amplitude in water vapor is counterbalanced by
the decrease in water vapor VMR in the upper mesosphere.
Therefore, the increase in wave amplitude with altitude can-
not be observed based on water vapor VMR in absolute wave
amplitudes (Fig.1). However when looking at the relative
amplitudes (Fig.2), the increase in wave amplitude with alti-
tude becomes visible and the observational results are hence
consistent with theory.

4.2 Temporal evolution of the quasi 16-day wave

In Fig. 1 the average wave amplitudes were shown over the
whole winter 2011/2012 as a function of period and pres-
sure level. In a next step, we look at the temporal evolution
of the quasi 16-day wave at the three different measurement
locations as derived from the consecutive 4–28-day periods
the analysis was performed on. Therefore a bandpass filter
for periods between 14 and 20 days is applied to our wa-
ter vapor observations as described in Sect.3.2. The results
are shown in Fig.3. The wave amplitudes vary strongly in
time. At Seoul, the activity of the 16-day wave is generally
lower than above Bern and Sodankylä. In the first half of Jan-
uary 2012, the wave activity above Seoul is reduced over the
whole altitude range. The decrease in wave activity starts ear-
lier in the mesosphere and later in the upper stratosphere.
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Figure 2. Analogous to Fig.1, but showing the results as relative
wave amplitudes. The relative amplitudes were calculated by divid-
ing the absolute wave amplitudes from Fig.1 by the average wa-
ter vapor VMR within the considered time period at each pressure
level.
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Figure 3. Amplitude of the bandpass-filtered water vapor time se-
ries as observed by the three ground-based microwave radiometers
in Sodankylä, Bern and Seoul (from top to bottom). The lower and
upper bandpass limits are 14 and 20 days, respectively. See descrip-
tion within the text for details about the calculation method.

Above Bern and Sodankylä, the 16-day wave increases in
strength at the beginning of December 2011 and decreases
again in early January 2012, coinciding with the wave activ-
ity decrease above Seoul. In mid-February 2012, the 16-day
wave intensifies again and decreases towards the end of win-
ter. It is again seen that the observable wave activity in water
vapor VMR is strongly reduced in the stratopause region due
to the lack of water vapor gradients.

A common observation at all three measurement locations
is the decrease in mesospheric wave activity during January
2012. During this time, a SSW occurred and strongly affected
middle-atmospheric dynamics in the Northern Hemisphere.

The effect of the SSW on the zonal mean temperature and the
zonal mean zonal wind in the stratosphere and in the meso-
sphere is shown in Fig.4. In the stratosphere (10 hPa), the
zonal mean temperature increased strongly within a few days
in mid-January 2012, and the zonal mean zonal wind re-
versed from westward to eastward between 70 and 90◦ N.
According to the definition of a SSW by the Commission
for Atmospheric Sciences of the World Meteorological Or-
ganization (WMO), this was not a major SSW because the
wind reversal at 10 hPa was not occurring at 60◦ N. The on-
set of the SSW was on 14 January, 2012, which is the first
day with a positive temperature gradient on 10 hPa north-
ward of 60◦ N. Accompanying the warming in the strato-
sphere, there was a cooling in the mesosphere which is of-
ten observed during SSWs. The cooling in the mesosphere
already started in the beginning of January and lasted until
the end of the month. The zonal wind reversal also occurred
in the mesosphere, was stronger than in the stratosphere and
was occurring down to the midlatitudes at 50◦ N. Before the
SSW, the wave activity in our water vapor data increased.
This behavior has been observed in previous studies, as men-
tioned in the Introduction section. The temporal coincidence
of the decrease in wave activity in January 2012 and the SSW
(in combination with a weakening of the polar vortex during
the SSW) leads to the assumption that most observed wave
activity is related to the polar vortex.

4.3 A global perspective on the locally observed
oscillations

Based solely on the local observations of the quasi 16-
day wave, one cannot distinguish between eastward- and
westward-traveling planetary waves, stationary planetary
waves and standing waves. Further it is not possible to de-
termine the zonal wave number of the locally observed os-
cillations. Therefore, satellite data from Aura MLS are used
to characterize the observed waves. Fig.5 shows the peri-
odograms of the satellite observations of water vapor on the
0.05 hPa pressure level at the latitude circles of our ground-
based instruments (67, 47 and 37◦ N). In addition to the water
vapor data, we also show the periodogram of the geopotential
height, which is often used to investigate the quasi 16-day
wave. However it must be noted that waves in water vapor
and geopotential height are not necessarily correlated, since
waves observed at midlatitudinal mesospheric water vapor
could originate from vertical and/or meridional displacement
of air whereas the vertical and meridional gradients of water
vapor and geopotential height can be very different.

The dominant oscillation on 0.05 hPa that was observed
with the ground-based radiometer in Seoul has a period of
15 days. However in the periodogram at the latitude circle of
Seoul (37◦ N, Fig.5, lower panel), the dominant wave isT =

20, s = 1 (i.e., westward traveling with wave number 1 and
a period of 20 days) and has an amplitude of approximately
0.2 ppm. Another relatively strong oscillation isT = 16,s =
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Figure 4. Zonal mean Aura MLS temperature (top panels) and ECMWF zonal wind (bottom panels) on 10 hPa (left panels) and 0.05 hPa
(right panels) during boreal winter 2011/2012. The black dashed lines indicate the beginning of the SSW on 14 January 2012.

−1 (i.e., eastward traveling with wave number 1 and a period
of 16 days). The absence of the locally observed oscillation
at 15 days in the zonal mean and the presence of the 16-
and 20-day-waves as seen in the zonal mean, but not locally
above Seoul, indicates a longitudinally varying amplitude of
these waves. The longitudinal dependence will be discussed
later. The westward-traveling 20-day wave is also observed
in geopotential height. However, the eastward-traveling 16-
day wave as observed in water vapor is absent in geopotential
height. In fact, all eastward-traveling and stationary waves
are absent in the geopotential height field at 37◦ N.

Above Bern, the dominant oscillation at 0.05 hPa has a
period of 15.5 days (Fig.1, middle panel). Other relatively
strong oscillations above Bern on 0.05 hPa are observed with
periods of 11 and 20 days. These oscillations are also seen in
the zonal mean at 47◦ N (Fig. 5, middle panel). These three
oscillations have zonal wave number 1 where the 11- and the
15.5-day waves are eastward traveling and the 20-day wave
is westward traveling. However, the 20-day wave is stronger
than the 15.5-day wave in the zonal mean, whereas the op-
posite is the case locally above Bern. In geopotential height,
only the westward-traveling 20-day wave is present, similar
to the situation at the latitude of Seoul (37◦ N).

In the polar region (at 67◦ N, Fig.5, upper panel), the dom-
inant wave is also the westward-traveling 20-day wave with

zonal wave number 1, like at midlatitudes. However, this 20-
day wave also has a strong eastward-traveling component.
This combination of two waves with the same period trav-
eling in opposite directions results in a standing wave with
two nodes around the latitude circle. This is shown further
below in the discussion of the longitudinal dependence of
the observed waves. In the local observations at Sodankylä
on 0.05 hPa, the dominant oscillation has a period between
18 and 20 days, which is consistent with the zonal mean re-
sults. Oscillations of minor importance within the range of
the quasi 16-day wave have periods of 13 and 15.5 days, and
they appear both locally and in the zonal mean. The zonal
mean waves in geopotential height in the polar mesosphere
are different to the waves in water vapor. The strong waves
in water vapor with periods of 20, 15.5 and 13 days do not
appear in geopotential height. The dominant wave in geopo-
tential height has a period between 24 and 28 days. Within
the range of the quasi 16-day wave, a wave with a period
of 18 days is found in geopotential height, but not in wa-
ter vapor. Also, the situation in the polar region is different to
the one at midlatitudes. The westward-traveling 20-day wave
that is present in the geopotential height data from the mid-
latitudinal mesosphere does not exist at 67◦ N.
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Figure 5. Periodogram for traveling and stationary planetary waves
in water vapor (left panels) and geopotential height (right panels)
on 0.05 hPa (approximately 70 km) as observed by Aura MLS at
the latitudes of the ground-based microwave radiometers (67, 47
and 37◦ N, from top to bottom) during boreal winter 2011/2012.

4.4 Longitudinal variation of the quasi 16-day wave

In Fig. 5 the zonal mean planetary waves at the latitude
circles of our ground-based radiometers were shown. Cer-
tain observed features in the ground-based data could be ex-
plained with the zonal mean data set. However, certain in-
consistencies between the local and the zonal mean data sets
remain, such as the absence of strong oscillations locally at
Seoul in contrast to the zonal average at 37◦ N or the domi-
nant oscillation with a period of 16 days at Bern in contrast
to the dominant wave with a period of 20 days in the zonal
mean data. To explain these remaining inconsistencies, the
longitudinal variations of the wave amplitudes with periods
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Figure 6. Amplitudes (top panel) and phase (bottom panel) of the
20-day wave in water vapor on 0.05 hPa as observed by Aura MLS
and the three ground-based microwave radiometers during boreal
winter 2011/2012. The bold symbols are from the ground-based
radiometers (Bern at 7.5◦ E, Sodankylä at 26.6◦ E and Seoul at
127◦ E), and the thin symbols connected with dashed lines are from
Aura MLS at the latitudes of the ground-based microwave radiome-
ters (37◦ N for Seoul, 47◦ N for Bern and 67◦ N for Sodankylä).

.

of 20 days and 16 days are shown in Figs.6 and7, respec-
tively, based on Aura MLS water vapor data. Aura MLS data
have been averaged into bins of 20◦ longitude and 2◦ lati-
tude, where the central latitude corresponds to the latitudes
of the three ground-based measurement locations. The up-
per panels of the figures show the longitudinal dependence
of the amplitude of oscillations in water vapor on 0.05 hPa as
observed by Aura MLS at the latitude circles of our ground-
based instruments. The lower panels show the phase in time
with respect to 1 December 2011. In addition, the amplitudes
and phases from the ground-based observations are shown
at the corresponding longitudes. The data from Aura MLS
on 0.05 hPa have a relatively coarse vertical resolution that
is only slightly better than the vertical resolution from the
ground-based microwave radiometers. Therefore a convolu-
tion of the satellite data with the averaging kernels of the
ground-based instruments is not required for the data analy-
sis. To check whether this statement holds true in our case,
convolution tests have been performed where the following
figures showing satellite data have also been created with
convolved satellite data sets. This led to very similar results
to those in the figures with the unconvolved (original) satel-
lite data.

In the previous section it was shown that the 20-day wave
on 0.05 hPa is present in the zonal mean at the latitude circle
of Seoul, but not locally above Seoul. This is not an incon-
sistency since Fig.6 shows that the 20-day wave at 37◦ N
diminishes between 90 and 180◦ E, i.e., at the longitude of
Seoul. For the latitude of Bern, the 20-day wave in water
vapor on 0.05 hPa is strongest at approximately 30◦ W with
a relative amplitude of 10 % and has two other maxima at
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Figure 7. Analogous to Fig.6 but for the 16-day wave.

110◦ W and 70◦ E. The longitudinal variations and the phase
of the 20-day wave at the latitude circles of Seoul and Bern
are similar, indicating that the 20-day wave is a large-scale
wave affecting a broad range of latitudes. At 67◦ N, there are
two maxima with a relative amplitude of approximately 14 %
between 150 and 90◦ W and between 0 and 30◦ E. These two
maxima are consistent with the discussion in the previous
section, where we stated that the 20-day wave in the polar
region consists in two waves traveling in opposite directions,
which leads to a standing wave. Hence, the phase of the polar
20-day wave does not exhibit a clear eastward- or westward-
traveling pattern like at midlatitudes, but shows two distinct
regions with two different phases. The wave amplitudes ob-
tained by the ground-based observations are similar to the
ones obtained by the satellite data. However, the phases are
only similar between ground-based and satellite data for MI-
AWARA (Bern) and MIAWARA-C (Sodankylä) and not for
SWARA (Seoul). The 20-day wave observed with SWARA
is approximately 180◦ out of phase compared to the one ob-
served by Aura MLS. We assume that this discrepancy is due
to the fact that it is difficult to adequately determine the phase
of the very weak 20-day wave above Seoul (amplitude less
than 2 %) that is superposed by measurement noise.

The longitudinal variations of the 16-day wave are shown
in Fig. 7. As for the 20-day wave, the 16-day wave at 37 and
47◦ N are similar with respect to longitudinal variations in
amplitude and phase. The 16-day wave maximizes between
30◦ W and 45◦ E at 37◦ N and between 90◦ W and 45◦ E at
47◦ N with relative amplitude of up to 8 %. In the polar re-
gion, the 16-day wave minimizes between 30◦ W and 45◦ E,
i.e., at the longitude where the wave has a maximum at mid-
latitudes. For all three latitude circles, the 16-day wave is
eastward propagating with zonal wave number 1. The ampli-
tude and phase obtained by the ground-based and the satellite
data are consistent.

To conclude, a hemispheric map shows the amplitude of
the quasi 16-day wave on 0.05 hPa during boreal winter
2011/2012 in Fig.8. The amplitude is obtained by bandpass-
filtering the Aura MLS data and averaging the amplitudes

over the whole winter. The results are shown for water vapor
(left panel) and geopotential height (right panel). Addition-
ally, the wintertime average of the geopotential height field
from ECMWF on 0.05 hPa is shown by the black contour
lines with the lowest values in the northern part of Greenland.
Although we believe that the ECMWF geopotential height
fields at 0.05 hPa are a good approximative representation of
the mesospheric polar vortex, it needs to be noted that the
ECMWF fields in the mesosphere are essentially not con-
strained to observational data and therefore need to be ana-
lyzed with care.

In both water vapor and geopotential height, the quasi 16-
day wave maximizes over northern Europe and the polar re-
gion of North America, except for the region of Greenland
where only small amplitudes are observed. The wave mini-
mizes over central and eastern Asia. The maximum ampli-
tude in water vapor is 0.5 ppm (approximately 15 %) and
500 m in geopotential height. The contour lines of the aver-
age geopotential height field indicate the position of the av-
erage wintertime polar vortex and show that the vortex was
located slightly off-pole with the vortex centered above the
northern part of Greenland. The highest quasi 16-day wave
amplitudes in water vapor and geopotential height are found
around the center of the mesospheric vortex, but not directly
in the center of the vortex.

The asymmetric longitudinal distribution of the quasi 16-
day wave implies that the classical approach for the char-
acterization of planetary waves by wave number and travel-
ing direction along one latitude circle is not sufficient to ex-
plain the local observations. The position of the wave ampli-
tude maximum seems to be related to the center of the polar
vortex as indicated by the average geopotential height field.
Therefore, characterizing the planetary waves along equiva-
lent latitude circles that are related to the center of the polar
vortex instead of geographical latitude circles could increase
the quality of the analysis. A similar finding was obtained by
a study fromHocke et al.(2013) for a standing wave of the
polar vortex in the northern winter stratosphere. Based on
ozone observations and ECMWF reanalysis data, they also
found a strong longitudinal variation of the wave amplitude
along geographical latitude circles.

5 Summary

We have shown observations of the quasi 16-day wave in
mesospheric water vapor during boreal winter 2011/2012 ob-
tained by ground-based microwave radiometers and comple-
mented by satellite data. The ground-based and satellite data
agree well with each other both in amplitude and phase of
the quasi 16-day wave. A SSW that occurred in January 2012
was preceded by strong wave activity and led to a decrease
in wave activity during the SSW. The observed quasi 16-day
wave at the two midlatitudinal measurement locations is a
combination of a westward-traveling wave number 1 wave
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Fig. 8. Hemispheric map of the amplitude of the quasi-16-day wave in water vapor (left panel) and geopotential

height (right panel) on 0.05 hPa as observed by Aura MLS during boreal winter 2011/2012. The amplitude is

obtained by averaging the wave amplitude of the bandpass filtered water vapor and geopotential height time

series with a bandpass range from 14 to 20 days. The contour lines represent the average geopotential height

on 0.05 hPa between 1 December 2011 and 31 March 2012. The contour lines are equally spaced.
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Figure 8. Hemispheric map of the amplitude of the quasi-16-day wave in water vapor (left panel) and geopotential height (right panel) on
0.05 hPa as observed by Aura MLS during boreal winter 2011/2012. The amplitude is obtained by averaging the wave amplitude of the
bandpass-filtered water vapor and geopotential height time series with a bandpass range from 14 to 20 days. The contour lines represent the
average geopotential height on 0.05 hPa between 1 December 2011 and 31 March 2012. The contour lines are equally spaced.

with a period of 20 days and an eastward-traveling wave
number 1 wave with a period of 16 days. In the polar region,
two dominant waves with a period of 20 days traveling in op-
posite directions result in a standing wave, with Sodankylä
being located in one of two antinodes. It was shown that
the waves have a strong longitudinal variation along one lati-
tude circle, which explains the differences between the zonal
mean perspective and the local ground-based observations.
The quasi 16-day wave in mesospheric water vapor maxi-
mizes over northern Europe and the polar region of North
America. From a hemispheric perspective, the region of the
highest quasi 16-day wave activity in water vapor is very sim-
ilar to the wave activity in geopotential height.

We find that the classical approach for the characterization
of planetary waves by wave number and traveling direction
along one latitude circle is not sufficient to explain the local
observations. It fails in the present study during boreal winter
2011/2012 because of a strong longitudinal dependence of
the observed wave amplitudes. The region of highest wave
activity seems to be related to the center of the polar vor-
tex. A characterization of planetary waves along equivalent
latitude circles instead of geographical latitude circles as in
the classical approach would presumably decrease the dif-
ferences between the zonal mean perspective and the local
observations of planetary waves.
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