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Abstract. The ground-based microwave radiometer
MIAWARA-C recorded the upper stratospheric and lower
mesospheric water vapour distribution continuously from
June 2011 to March 2013 above the Arctic station of
Sodankyla, Finland (67.4° N, 26.6° E) without major in-
terruptions and offers water vapour profiles with temporal
resolution of 1 h for average conditions. The water vapour
time series of MIAWARA-C shows strong periodic varia-
tions in both summer and winter related to the quasi-2-day
wave. Above 0.1 hPa the amplitudes are strongest in sum-
mer. The stratospheric wintertime 2-day wave is pronounced
for both winters on altitudes below 0.1hPa and reaches
a maximum amplitude of 0.8ppmv in November 2011.
Over the measurement period, the instrument monitored the
changes in water vapour linked to two sudden stratospheric
warmings in early 2012 and 2013. Based on the water
vapour measurements, the descent rate in the vortex after the
warmings is 364 md~1 for 2012 and 315md~? for 2013.

1 Introduction

The Arctic atmosphere is highly variable. Over the year, it
is affected by the extremes of solar radiation ranging from
long daylight periods in summer to the complete lack of Sun
light in winter. The absence of radiative heating in the strato-
sphere leads to strong eastward winds, the polar vortex, and
descent of air over the Arctic region in winter. As a conse-
quence of the polar winter condition, the temperature of the
stratosphere decreases allowing polar stratospheric clouds to

form. These clouds play a major role in the heterogeneous
catalytic destruction of ozone in spring. In addition to influ-
encing the temperatures the polar vortex acts as a mixing bar-
rier for trace gases. This mixing barrier can give rise to sharp
gradients in trace gases such as nitrous oxide, 0zone or water
vapour.

Thanks to its relatively long chemical lifetime in the or-
der of months in the stratosphere and weeks in the meso-
sphere (Brasseur et al., 1999), water vapour can be used as
a tracer for dynamical events in the middle atmosphere wher-
ever there are horizontal or vertical gradients in the water
vapour distribution. The global mean circulation leads to hor-
izontal water vapour gradients from polar to mid-latitudinal
middle atmosphere. Therefore, monitoring water vapour in
polar regions is valuable for monitoring dynamics and events
such as sudden stratospheric warmings (SSWSs). For recent
studies using water vapour as a tracer see e.g. Lossow et al.
(2009), Lee et al. (2011), Straub et al. (2012) and Scheiben
et al. (2012). Ground-based microwave radiometry is the
only method capable of obtaining middle atmospheric wa-
ter vapour time series with temporal resolution of the order
of an hour and therefore well suited for the investigation of
dynamical effects in polar regions. The instruments measure
reliably and can easily be maintained.

There are two major sources of middle atmospheric water
vapour. The first one is vertical transport through the tropi-
cal transition layer. The lower stratosphere is extremely dry
because of the cold tropopause temperatures in the Tropics
resulting in freeze-drying. The second source of middle at-
mospheric water vapour is the oxidation of methane lead-
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ing to a positive vertical gradient in volume mixing ratio
(VMR) throughout the stratosphere. The increasing photo-
dissociation with altitude results in a negative gradient in the
mesosphere.

The latitudinal distribution of water vapour in the middle
atmosphere is mainly determined by the large-scale resid-
ual circulation. Above the winter polar region dry meso-
spheric air descends inducing horizontal gradients in the wa-
ter vapour VMR, which are sustained by the vortex edge.
These horizontal gradients make water vapour a valuable
tracer for short-term transport in the winter hemisphere, e.g.
in the course of SSW. Above the summer polar region, up-
welling of relatively humid stratospheric air results in high
water vapour VMR in the mesosphere.

Sudden stratospheric warmings are events occurring in the
winter hemisphere and are characterised by a fast and strong
increase of stratospheric temperature and simultaneous cool-
ing of the mesosphere in the polar region. In the course of
SSWs the polar circulation is strongly distorted from normal
winter conditions with stratospheric zonal winds reversing to
westward and the temperature increases from 60° N towards
the pole. Studies of recent SSW5s revealed transport processes
and effects on tracers (Coy et al., 2009; Funke et al., 2010;
Manney et al., 2009; Straub et al., 2012; Scheiben et al.,
2012). The change in the wind field results in weakened or
dissolved high-latitude transport barriers and leads to trans-
port and mixing of air masses from lower latitudes to polar
regions.

Uneven in situ heating of the atmosphere and the asym-
metric distribution of land can excite planetary waves. Nu-
merous studies identified the most prominent periods of these
waves to be approximately 2 days, 5 days, 10 days and
16 days. The most prominent planetary wave component in
the mesosphere is the quasi-2-day wave (Q2DW) with am-
plitudes larger than 10 K in temperature and wind amplitudes
of several tens of ms 1 in the mid- to low-latitude summer
mesosphere (Tunbridge et al., 2011; Wu et al., 1993). The
QT2W can interact with atmospheric tides and influence the
variability of polar mesospheric clouds (Merkel et al., 2009;
Kulikov, 2007). Most observational studies of the Q2DW
focus on the summertime Q2DW with the largest ampli-
tudes coming from westward propagating zonal wave num-
bers W2, W3 and W4 (e.g. Limpasuvan et al., 2000). In addi-
tion to analysis of dynamical variables, Limpasuvan and Wu
(2003) analysed the summertime Q2DW in mesospheric wa-
ter vapour measured by UARS MLS and found amplitudes
of up to 0.35 ppmv near the mesopause.

Recent studies discussed a strong Q2DW activity around
winter solstice at high latitudes (Nozawa et al., 2003; Sand-
ford et al., 2008; Tunbridge and Mitchell, 2009) related to
an eastward-propagating E2 wave using wind measurements
from meteor radars and geopotential height from Aura MLS.

Measurements of the state of the atmosphere are essen-
tial for increasing the understanding of the dynamically vari-
able Arctic winter atmosphere and help to improve the qual-

Atmos. Chem. Phys., 15, 5099-5108, 2015

B. Tschanz and N. Kampfer: MIAWARA-C — Sodankyla

ity of models. Examples of recent studies using SSW events
for comparing models and measurements are given in Salmi
et al. (2011), Ddrnbrack et al. (2012) and Pedatella et al.
(2014). In addition to satellites, ground-based instruments
are used to monitor the atmosphere. They offer the benefit of
being relatively easy to maintain and of a long lifetime com-
pared to satellite instruments. In this paper water vapour data
obtained with a microwave radiometer at the Arctic station
of the Finnish Meteorological Institute FMI in Sodankyl& in
Northern Finland is used to demonstrate the capability of
ground-based measurements at one station to monitor vari-
ations caused by Q2DW and SSWs.

The ground-based Middle Atmospheric WAter vapour
RAdiometer for Campaigns (MIAWARA-C) measured in
Sodankyla for 20 months from June 2011 to March 2013.
The high temporal resolution of the order of 1 h above
one location can only be obtained by ground-based mi-
crowave radiometry. In addition, microwave radiometry is
the only remote sensing technique capable of monitoring
water vapour in the middle atmosphere from the ground
(Kémpfer et al., 2012). Analysing the dominant periods in
the water vapour variations on each altitude level, a strong
Q2DW is identified and discussed. The wintertime Q2DW
observed with MIAWARA-C is the first observation using
ground-based microwave radiometry. The water vapour evo-
lution was recorded without major interruptions and shows
the effects on water vapour during two autumn descents, one
spring ascent and two SSWs. In both winters, there has been
a SSW. The 2012 and the 2013 SSWs are compared to the
2010 event which has been monitored by MIAWARA-C from
the same location and is discussed in detail in Straub et al.
(2012). Straub et al. (2012) found a descent rate after the
SSW of 350 +40md—1 by fitting the 5.2 ppmv isopleth. By
using backward trajectory calculations, the observed increase
in water vapour VMR between 0.1 and 0.03 hPa could be at-
tributed to meridional advection of subtropical air and meso-
spheric upwelling in the course of the SSW.

After describing the instrument, the measured water
vapour time series is presented. The measured water vapour
data are spectrally analysed and signatures of the summer-
time and wintertime Q2DW are discussed. Additionally, the
two SSWs of 2012 and 2013 are discussed complementing
the measured water vapour profiles with temperature data
from Aura MLS and ECMWF model data.

2 MIAWARA-C

MIAWARA-C is a compact microwave radiometer designed
for campaigns to measure middle-atmospheric water vapour
profiles. It is controlled remotely and operated continu-
ously under all weather conditions except rain. The pres-
sure broadened emission line of water vapour at 22.235 GHz
is measured with a heterodyne receiver and spectrally anal-
ysed with a fast Fourier transform spectrometer and a spec-
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tral resolution of 30.5kHz and a usable spectral bandwidth
of 400 MHz. A detailed description of the instrument is
presented in Straub et al. (2010). With the ARTS/Qpack
software package a water vapour profile is retrieved from
the measured spectrum (Buehler et al., 2005; Eriksson
et al., 2011) by the so-called optimal estimation technique
(Rodgers, 2000). The retrieval version v1.1 used in this pa-
per is described and validated in Tschanz et al. (2013).

For MIAWARA-C the reliable altitude range of the re-
trieval v1.1 is defined as the region where the area of the aver-
aging kernel (AoA) is larger than 0.8. This definition results
in a sensitive altitude range from 4 hPa (37 km) to 0.017 hPa
(75 km). Beyond these limits the instrument is still sensitive,
however the contribution from the a priori profile increases
and the quality of the assignment to altitude levels decreases.
The full width at half maximum of the averaging kernels is
a measure for the vertical resolution of the water vapour pro-
files and is approximately 12 km in the reliable altitude range.
The measured and calibrated spectra are integrated prior to
the retrieval in order to increase the signal-to-noise ratio. For
v1.1 the spectra are integrated until they reach a fixed noise
level which results in a constant altitude range and in a vary-
ing integration time. The number of retrieved profiles per day
is mainly determined by the tropospheric conditions and is
presented in Tschanz et al. (2013) for both the 2010 and the
2011-2013 campaigns in Sodankyld. On 60 % of all mea-
surement days during the 2011-2013 campaign 10 or more
profiles per day can be retrieved from MIAWARA-C’s mea-
sured spectra.

3 Campaign overview

MIAWARA-C monitored middle-atmospheric water vapour
above Sodankyld over 20 months without major data gaps
from 13 June 2011 until 7 March 2013. There are only three
measurement gaps of more than 24 h over the whole mea-
surement period. The interruptions are mainly caused by
rain. With a constant noise level in brightness temperature
of 0.0141 K, a total of 8823 profiles could be retrieved.

An overview of the time series is presented in Fig. 1.
The measurements of MIAWARA-C started in boreal sum-
mer with upwelling of humid stratospheric air into the meso-
sphere resulting in high water vapour VMR in the meso-
sphere. In September, the global circulation starts to turn to
winter conditions with descent of dry mesospheric air shift-
ing the water vapour maximum down to 10hPa which is
around MIAWARA-C’s lower altitude limit. As a result of
the descent, the polar mesosphere is extremely dry.

The data set obtained by MIAWARA-C is ideally suited to
investigate the temporal variability in water vapour caused by
periodic phenomena on short timescales or effects of events
such as SSWs. Investigation of the quasi-16-day wave in
mesospheric water vapour during the boreal winter 2011/12
based on data from MIAWARA-C has already been pre-
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sented in Scheiben et al. (2014). This paper focuses on the
effect of SSWs and the Q2DW.

In MIAWARA-C’s time series the effects of two SSWs on
water vapour are clearly visible, the first one taking place in
January 2012 and the second one in January 2013. The cen-
tral dates of the SSWs defined as the occurrence of the maxi-
mum zonal mean temperature at 1 hPa and 60° N are marked
as black dashed lines in Fig. 1. A detailed discussion of the
influence of SSWs on middle atmospheric water vapour and
the 2010 event as observed by MIAWARA-C are presented in
Straub et al. (2012) and Scheiben et al. (2012). In the course
of a SSW, the eastward winds in the stratosphere are reversed
to westward and humid mid-latitudinal or subtropical air is
transported into the Arctic region. MIAWARA-C observes
this humid air as a sharp increase in water vapour from 2 to
0.1hPa. After both SSWs, the circulation returns to normal
winter conditions and the descent over the Arctic restarts,
which can be seen as down-welling of water vapour in the
time series. Details of the effects of the SSWs are discussed
in Sect. 3.2.

In addition to the two reversals to winter conditions and the
two SSWs, MIAWARA-C observed the change from winter
to summer circulation in 2012.

3.1 Signatures of the quasi-2-day wave

Ground-based microwave instruments for water vapour such
as MIAWARA-C can achieve a high temporal resolution in
the order of hours and offer the possibility to investigate
short-term variations in the amount of the trace gas. The
median of the integration time over the whole measurement
period from June 2011 to March 2013 is below 1 h allow-
ing the investigation of periodic structures in water vapour
in an ideal way. Spectral decomposition of MIAWARA-C’s
time series showed dominant variations with periods of ap-
proximately 16, 10, 5 and 2 days. A detailed analysis of the
evolution and regional differences of the quasi-16-day wave
for winter 2011/12 has already been presented in Scheiben
et al. (2014) using ground-based microwave data of trace
gases including the data obtained with MIAWARA-C. In this
study we concentrate on the investigation of the Q2DW. At
mid-latitudes, the Q2DW is most pronounced in the summer
mesosphere and only at high latitudes has the Q2DW been
observed near winter solstice (Nozawa et al., 2003; Sandford
et al., 2008; Tunbridge and Mitchell, 2009).

For the spectral decomposition a wavelet-like approach is
chosen as described in Studer et al. (2012). We successfully
applied this method to other middle atmospheric trace gas
studies (e.g. Hocke et al., 2013; Scheiben et al., 2014). The
wavelet-like analysis has the advantage of capturing varia-
tions with non-persistent phase. The data on each retrieval
pressure level are treated as a separate time series. A digi-
tal non-recursive, zero-phase finite impulse response filter is
applied using a Hamming window with a length of 3 times
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Figure 1. Overview of the water vapour time series measured by MIAWARA-C. The two black dashed lines mark the central dates of the
two SSWSs. The reliable altitude range is indicated by white lines (AoA>0.8).

the centre period. We define the amplitude of the wave as
peak-to-peak of the filtered signal.

The 2-day amplitude analysis of our data set is presented
in Fig. 2. Generally, the Q2DW activity is stronger in the
mesosphere above 0.1hPa than below and varies strongly
with time with slightly higher values in late summer and au-
tumn. July 2012 shows a strong and persisting Q2DW above
0.1hPa. As an example of the 2-day amplitude in the meso-
sphere, the results on 0.05 hPa are shown in detail in Figs. 4
and 5. Below 0.1 hPa the amplitude is higher in winter than
in summer and coincides with the presence of the polar vor-
tex over Sodankyld from November to April. The strongest
Q2DW effects are observed in November 2011; the activity
is strongly increased, reaching values of up to 0.8 ppmv from
0.8 to 0.1 hPa corresponding to a relative amplitude of 10—
15 %.

A periodogram for the two periods with enhanced Q2DW
activity is presented in Fig. 3 for two altitude levels, one
above and one below 0.1 hPa. The amplitude shown is a mean
value from 1 to 30 November 2011 and from 27 June to
24 July respectively. In November 2011, the 2-day wave
is only observed on 1hPa but not in the mesosphere on
0.05hPa. On the other hand, the example of a summer
Q2DW for July 2012 shows enhanced activity above 0.1 hPa
but none on the lower stratospheric level. In addition to 2-
day activities, variations with periods from 14 to 18 days are
visible on both altitude levels. In July 2012 on 0.05hPa in
the mesosphere, a relatively strong variation with a period
of approximately 5 days is observed. In middle to high lati-
tudes the summertime quasi-5-day variation has been identi-
fied as being predominantly a planetary normal mode (1,1) of
Rossby waves (Merkel et al., 2003; Sonnemann et al., 2008).
Sonnemann et al. (2008) have observed and analysed the
quasi-5-day variations in a mesospheric water vapour data set
obtained with a ground-based 22 GHz microwave radiome-
ter.
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An illustration of the Q2DW for the two periods showing
both filtered time series and measurement is given in Figs. 4
and 5. In order to enhance the visibility of the periodic 2-
day structure in the measurements, the filtered signals with
periods of 5, 10 and 16 days are subtracted from the interpo-
lated measurement. The mean of the measurement is added
to the filtered signal. The close agreement of measurement
and Q2DW signal on 1 hPa shown in Fig. 4 suggests the con-
clusion that the Q2DW activity in November 2011 accounts
for most of the remaining variation. The mesosphere does
not show a strong correlation between measurement and fil-
tered signal. For the summertime Q2DW, which is illustrated
in Fig. 5, the remaining variations in the measured data agree
well with the filtered signal in the mesosphere but not in the
stratosphere.

3.2 Signatures of 2012 and 2013 SSWs in water vapour

MIAWARA-C has monitored the water vapour evolution
above Sodankyla during three SSWs in 2010, 2012 and 2013.
The 2010 event is discussed thoroughly in Straub et al.
(2012) and the discussion of the observed water vapour vari-
ations related to the following SSWs follows Straub et al.
(2012). An overview of the 2012 and 2013 events is il-
lustrated in Figs. 6 and 7 with water vapour measured by
MIAWARA-C, zonal mean temperature from Aura MLS
v2.2 at 80° N and operational ECMWF zonal mean zonal
wind at 60° N. The central date of the SSWSs, which we de-
fine as the maximum zonal mean temperature at 1 hPa and
60° N, is 16 January for 2012 and 9 January for 2013.

The 2012 event shows two maxima in temperature at
1 hPa with the second one coinciding with the wind rever-
sal. Trajectory analysis of the origin of the air above So-
dankyl& shows that both maxima coincide with transport
from mid-latitudinal air (not shown here). The effects on wa-
ter vapour can be seen for both temperature maxima as an
increase between 1 and 0.03 hPa caused by the transport of
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Figure 3. Mean amplitude of different periods obtained by filtering the water vapour time series on two altitude levels (top: 0.05 hPa, bottom:
1 hPa) for 1 to 30 November 2011 (blue) and 27 June to 24 July 2012 (red).

humid mid-latitudinal air into the polar region. The evolution
of 80° N zonal mean temperature for 2012 is similar to 2010
(see Straub et al., 2012): at 1 hPa the temperature increases
by 20 and 30 K for 2010 and 2012 respectively whereas there
is an increase of 50K in 2013. The 2013 event is charac-
terised by extremely low temperatures of less than 200 K at
approximately 3 hPa 1 month after the SSW. The wind rever-
sal of 2013 reaches low stratospheric altitudes and persists in
the lower stratosphere for more than 2 months.

The zonal mean water vapour distribution is determined
by the general circulation. The descent above polar regions
results in horizontal gradients of water vapour at the vortex
edge. Inside the vortex, stratospheric air below 40-45km is
more humid than outside whereas the mesospheric vortex air
is characterised as being drier than non-vortex air (Nassar
et al., 2005; Lossow et al., 2009). As discussed in Scheiben
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et al. (2012), potential vorticity might be used as a tracer
for vortex air in the lower stratosphere but does not corre-
late with the observed tracer distributions in the upper strato-
sphere and lower mesosphere. Therefore, we apply the dis-
tance to the vortex method described in Scheiben et al. (2012)
as an indicator for vortex air. Negative distance to the vortex
edge implies that the vortex is located above the station.

The water vapour measurements for the 2012 and the 2013
SSWs as well as the distance to the vortex edge above So-
dankyld are shown in Figs. 6 and 7. Before the warmings the
vortex is mainly centred at the pole resulting in a constant
distance to the vortex edge for all altitudes above Sodankyla.
In late December 2011 the vortex starts to be disturbed which
can be seen by a change in the distance to the vortex edge.
The change in the distance to the vortex edge coincides with
a first short wind reversal in the mesosphere and a temper-

Atmos. Chem. Phys., 15, 5099-5108, 2015
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ature increase and decrease in the stratosphere and meso-
sphere respectively (Fig. 6). In the course of the SSW mid-
to low-latitudinal air enters the polar region as the vortex is
disturbed. The air above Sodankylé is of low latitude origin
which can be seen as an increase in water vapour. The period
after the SSW generally shows a recovery to winter condi-
tions, on all altitudes above Sodankyla air of the reforming
polar vortex and the steady descent of the humid air is ob-
served. For 2012 the descent is interrupted in late February.
There is non-vortex air above Sodankyl& resulting in a short
increase of water vapour from 1 to 0.02 hPa. During this in-
crease the vortex edge is located above Sodankyla.

Atmos. Chem. Phys., 15, 5099-5108, 2015

The measured local water vapour time series shown in
Figs. 6 and 7 shows for both the 2012 and the 2013 event
a sharp increase in water vapour in the altitude range from 1
to 0.03 hPa. After the 2012 event the water vapour descends
for 2 months and shows a similar behaviour as the 2010 SSW
except for the short period when non-vortex air passes over
Sodankyla. Even though the 2013 event is more pronounced
in zonal mean temperature and wind, the effects on the local
water vapour measurements are more complex. Coinciding
with the wind reversal and the stratospheric warming, there
is the increase in water vapour but the steady descent is only
observed on the upper altitudes; water vapour isopleths of

www.atmos-chem-phys.net/15/5099/2015/
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operational analyses.

values smaller than 5 ppmv (green and blue colour) descend
continuously whereas the 5-6 ppmv isopleths (orange and
red colour) show a sharp and short descent right after the cen-
tral date of the SSW. This descent can be explained by former
vortex air passing over Sodankyla after the central date and
is consistent with a double peak structure in the distance to
the vortex edge.

MIAWARA-C has observed three warmings at Sodankyla.
After the warmings normal polar winter conditions are re-
forming and the humid air which has entered in the course of
the event is descending with the mean residual circulation.
Following Straub et al. (2012), the descent rate of the air
above Sodankyla after the SSWs is determined by linearly
fitting the 5.2 ppmv isopleth. For 2012 the time period from
16 January to 18 February is considered for the fit and 9 Jan-
uary to 17 February for 2013. The resulting descent rates of
364md~1 for 2012 and 315md~1 for 2013 are comparable
to 350 md—! determined for the 2010 warming (Straub et al.,
2012).

www.atmos-chem-phys.net/15/5099/2015/

4 Conclusions

Observational data of middle atmospheric water vapour ob-
tained at the Arctic research station in Sodankyld have been
presented. The focus has been put on discussing the water
vapour time series measured by the ground-based microwave
radiometer MIAWARA-C. This instrument has monitored
the water vapour evolution above Sodankyla from June 2011
to March 2013 without major measurement gaps. The tempo-
ral resolution of the retrieved profiles is approximately 1 h for
average conditions. The high temporal resolution of the data
set allows the investigation of short-term variations in this
key atmospheric constituent. The data set of MIAWARA-C is
used to investigate variations with periods close to 2 days re-
lated to the Q2DW. A wavelet-like analysis showed a varying
activity in the mesosphere with generally higher amplitudes
in the Arctic summer. Additionally, there is an enhanced ac-
tivity in 2-day oscillation for both 2012 and 2013 winters
below 0.1hPa reaching a maximum value of 0.8 ppmv in

Atmos. Chem. Phys., 15, 5099-5108, 2015
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Figure 7. SSW 2013, the vertical green line marks the central date of the SSW (9 January 2013). First panel: water vapour measured by
MIAWARA-C. Second panel: distance to the vortex edge (negative distance: polar vortex above Sodankyl4, positive distance: non-vortex air
above Sodankyld). Third panel: zonal mean temperature at 80° N from Aura MLS. Bottom: zonal mean zonal wind at 60° N from ECMWF

operational analyses.

November 2011. In addition to the strong Q2DW activity,
there was a SSW in both winters affecting the measured wa-
ter vapour profiles. Around the zonal mean wind reversal
there is a sharp increase in water vapour caused by trans-
port of humid mid- to low-Ilatitudinal air into polar regions
from 1 to 0.06 hPa. After the SSW the circulation returns to
normal winter conditions and the air descends over the Arc-
tic region. The descent rates after the SSWs are 364md—1
for 2012 and 315md~! for 2013; for 2010, Straub et al.
(2012) found 350 md~1. In 2012 the descent was interrupted
by a short increase in water vapour in late February which
can be explained by the polar air moving away from So-
dankyld and the measurement of air originating from lower
latitudes. Ground-based microwave radiometry of middle at-
mospheric water vapour thus is an excellent tool to investi-
gate periodic structures and transport events.

Atmos. Chem. Phys., 15, 5099-5108, 2015
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