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Abstract

We have been observing the water vapour line at 22.235 GHz above ALOMAR in north-
ern Norway (69◦ N, 16◦ E) since early 1996 with ground-based microwave spectrome-
ters (WASPAM and cWASPAM) and will here describe a climatology based on these ob-
servations. Maintenance, different spectrometers and upgrades of the hardware have5

slightly changed the instruments. Therefore great care has been taken to make sure
the different datasets are compatible with each other. In order to maximise the sensitiv-
ity at high altitude for the older instrument a long integration time (168 h) was chosen.
The complete dataset was thereafter recompiled into a climatology which describes the
yearly variation of water vapour at polar latitudes on a weekly basis. The atmosphere10

is divided into 16 layers between 40–80 km, each 2.5 km thick. The dataset, spanning
15 yr from 1996 to 2010, enabled us to investigate the long-term behaviour of water
vapour at these latitudes. By comparing the measurements from every year to the cli-
matological mean we were also able to look for indications of trends in the dataset
at different altitudes during the time period of our observations. In general there is a15

weak negative trend which differs slightly at different altitudes. There are however no
drifts in the annual variation of water vapour from the point of view of onset of sum-
mer and winter. We compare our climatology to the reference water vapour profiles
from AFGL, a free and easy accessible reference atmosphere. There are strong de-
viations between our observations and the reference profile, therefore we publish our20

climatological dataset in a table in the paper.

1 Introduction

Water vapour is an important greenhouse gas and a key player in the chemistry of
the Earth’s atmosphere. It also has an important role for the formation of noctilucent
clouds (von Zahn et al., 2004), and may be subject to antropogenic effects in the up-25

per mesosphere/lower thermosphere region (Stevens et al., 2003, 2012). For the last
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few decades it has received a lot of attention and a general picture of the distribu-
tion of water vapour in the middle atmosphere has been established (e.g. Taylor et al.,
1981; Reber et al., 1993; Mote et al., 1996; Nedoluha et al., 1996; Seele and Hartogh,
1999; Urban et al., 2007). To first order water vapour is governed by a balance be-
tween vertical transport and photochemistry. The primary source of water is upwelling5

air through the tropical tropopause layer (Holton et al., 1995). The cold temperatures in
the tropopause and the subsequent freeze-drying effect significantly reduces the water
vapour mixing ratio of the upwelling air entering to 3.5–4 ppmv. Due to the oxidation
of methane in the stratosphere the mixing ratio starts to increase again with altitude.
At an altitude of 45–50 km the increase levels out. Here, photodissociation caused by10

Solar Lyman-α radiation acts as a sink and the amount of water vapour is in equilibrium
between different photochemical processes and vertical transport. With increasing alti-
tude the photodissociation increases and at approximately 60–65 km when most of the
methane has been oxidised the amount of water vapour starts to decrease (Brasseur
and Solomon, 1998). A secondary maximum around 65–75 km, caused by autocat-15

alytic processes, is present with a varying degree of strength from year-to-year (Sum-
mers et al., 1997; Seele and Hartogh, 1999; Sonnemann et al., 2005). The mixing ratio
and altitude of the local maximum of this layer is however variable and could indicate
a correlation to the QBO (Sonnemann et al., 2009). The mesosphere at high latitudes
is characterised by a strong annual variation determined by the mean transport as20

reported by (Nedoluha et al., 1996; Seele and Hartogh, 1999). During the summer
there is a mean upward flow which transport humid air high into the atmosphere. This
flow is reversed during winter which gives rise to the annual oscillation with a summer
maximum.

With the overall picture settled, including investigations on its behavior on short25

timescales (e.g. Haefele et al., 2008; Sonnemann et al., 2008; Hallgren and Har-
togh, 2012) the long-term evolution of water vapour in the middle atmosphere has
received some attention during the last few years. Through the destruction and produc-
tion processes of water vapour it directly affects the hydrogen chemistry of the middle
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atmosphere (HOx and OH) which in turn affects the ozone chemistry (Hartogh et al.,
2004, 2011a,b). The hydrogen chemistry comprises all hydrogen-bearing constituents
such as H2O, H2, CH4 and the HOx-radicals. It is therefore important to understand its
natural variability for a complete assessment of the climate. Thus, accurate and reliable
observations of the amounts of water vapour in the middle atmosphere are necessary.5

Numerous instruments, both ground-based and space-borne, observe water vapour
continuously. It is therefore troubling that no conclusive results of the long-term evolu-
tion of water vapour exist. Laštovička (2009) names the long-term behaviour of water
vapour as one of three current problems in understanding the middle atmosphere. Gar-
cia et al. (2007) also investigate this issue and suggest possible solutions to the prob-10

lem. They model the behaviour of water vapour since 1950 with the Whole Atmosphere
Community Climate Model version 3 (WACCM3) and the obtained results do not agree
with either satellite observations from the Halogen Occultation Experiment (HALOE)
observations or ground-based results from a hygrometer dataset from Boulder, Col-
orado. On the other hand, ozone and temperature trends which also were modeled15

and used the same comparison agree well. The explanation for the observed discrep-
ancies is related to the size of the datasets. The WACCM3 simulations are based on a
much longer dataset compared to the observations. The hygrometer dataset goes back
to 1980 whereas the HALOE dataset only dates back to the mid-nineties. This might
induce a bias where low frequency cyclic variations could be interpreted as trends by20

short datasets. Unfortunately there is a shortage of long observational of water vapour
datasets which would allow us to remove such biases. Shorter datasets are however
very common and when used in comparison with reference atmospheres their differ-
ences, and similarities, can better be assessed.

The authors have identified a lack of accessible and updated reference profiles of25

middle atmospheric water vapour, especially concerning the polar latitudes. CIRA is a
well-known and recently updated standard reference model of the atmosphere and in
part III of the reference model constituent profiles were included (Chiou et al., 1996),
however there is no coverage of the polar regions. Concerning reference profiles such
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as the older US Standard Atmosphere (Minzner, 1977) and the Air Force Geophysical
Laboratory (AFGL) Constituent Profiles (Anderson et al., 1986), profiles for the polar
latitudes do exist and will be discussed in the last section. The aim of this paper is
to address this the lack of reference profiles by making available 15 years of ground-
based observations of water vapour above the ALOMAR observatory (69◦ N, 16◦ E).5

The measurements providing the mixing ratio profiles were carried out with microwave
spectrometers detecting the rotational transition of water vapour at 22.235 GHz. Al-
though ground-based observation of the stronger 183 GHz line are in principle possible
(Hartogh et al., 1991) the lower frequency has the advantage of being optically thinner
which makes it more favourable for ground-based observations (Hartogh and Jarchow,10

1995; Nedoluha et al., 1996; Seele and Hartogh, 1999; Haefele et al., 2009). In addi-
tion to the presented reference profiles we will discuss the long-term behaviour of the
water vapour in the middle atmosphere and compare the presented reference profile
to the available water vapour profiles.

2 Observations and retrieval15

We have been observing the 22.235 GHz line of water vapour above ALOMAR with
slightly different instrument setups since early 1996. The core, and basic technique of
the instruments have however remained the same throughout the whole time, a cooled
heterodyne microwave spectrometer. An overview of their differences and similarities
can be seen in Table 1. The first instrument, WASPAM (Wasserdampf- und Spuren-20

gasmessungen in der Atmosphäre mit Mikrowellen) was installed at ALOMAR during
autumn 1995 and while the front-end receiver of this instrument was successfully run-
ning until 2006 the back-end spectrometers has changed over the years. A complete
description of the instrument and associated upgrades to the hardware can be found
in Hartogh and Jarchow (1995) and Seele and Hartogh (1999). The successor in-25

strument, cWASPAM (cooled-WASPAM) was installed in May 2008 and a detailed de-
scription for this instrument can be found in Hallgren et al. (2010). Both instruments
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observe water vapour at 22.235 GHz and employ heterodyne techniques to down-
convert the incoming signal to a lower frequency for processing in a chirp transform
spectrometer (CTS) (Hartogh and Hartmann, 1990; Hartogh and Jarchow, 1995; Har-
togh, 1997, 1998; Villanueva and Hartogh, 2004; Villanueva et al., 2006). Apart from
a few years between 2002 – 2005 when a wide-band spectrometer (180 MHz) was5

used, all CTS have been narrow-band spectrometers with 40 MHz bandwidth. Due to
the limited bandwidth of the back-end spectrometer we can only obtain vertical distri-
bution of the water vapour above 40–45 km. The upper limit of the profile retrieval is
determined by the threshold level where Doppler broadening becomes larger than the
pressure broadening. For the observed water vapour line this occurs around 85 km. In10

order to retrieve profile information at the uppermost altitudes the spectral resolution
(channel spacing) of the spectrometer needs to be smaller than the Doppler width of
the emission line, which is approximately 30 kHz in case of the water vapour transition
at 22.235 GHz. All back-ends used, except the wide-band spectrometer, have a better
spectral resolution than this, thus with sufficient integration time we are able to resolve15

the vertical distribution of water vapour up to the physically limited altitude.
Both WASPAM and cWASPAM use a hot/cold load calibration scheme in which the

power of the incoming signal is compared to the well-known temperature of the cali-
bration loads. In the case of WASPAM only the first-stage amplifier and cold load was
cooled whereas in the case of cWASPAM the horn antenna and hot load are also20

cooled. By cooling the horn antenna the system temperature and noise are reduced
and cold hot-load helps to minimise the influence of non-linearities in the system (Pa-
ganini and Hartogh, 2009).

The profiles have been retrieved using the optimal estimation method (OEM) (Rodgers,
1976) as described in Jarchow and Hartogh (1995, 1998); Hallgren et al. (2010). Dur-25

ing the retrieval a background atmosphere with temperatures and pressures is needed.
We use a plane-parallel atmosphere composed of 28 layers, each 2.5 km thick in an
altitude range from 25 to 92.5 km. However, the actual vertical resolution of the in-
struments depends on the signal-to-noise ratio of the instruments and varies between
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7–10 km (FWHM of the averaging kernels) (Hartogh et al., 2010; Hallgren and Hartogh,
2012).

The lower part of the temperature/pressure profile (<55 km) is real atmospheric data
from National Centers for Environmental Prediction (NCEP) (McPherson et al., 1979).
This is nudged to a reference model, CIRA86 (Fleming et al., 1990), which is modi-5

fied with temperatures from a falling sphere climatology from Lübken (1999) during the
summer months. Thus the main part of the background used for the retrievals is identi-
cal from year-to-year. However, the year-to-year difference in the middle atmosphere is
relatively small, on the order of 4–6 K, in the upper stratosphere to middle mesosphere
Lübken (1999) and only affect the retrieved profile by a few percent Hallgren (2010).10

The total error including measurement errors lies within 10–15 %, with the larger error
at the upper limit of the instruments.

Data from WASPAM were reanalysed with the updated retrieval pipeline constructed
for cWASPAM. The main difference was a harmonic approach to remove baseline rip-
ples in the spectra (Hallgren, 2010) and the filtering of spectra with too low signal-15

to-noise ratio or systematic errors. Furthermore, in order to facilitate the comparison
only the inner 40 MHz of the wide-band CTS was used. Artifacts introduced by differ-
ent baseline reduction schemes between the back-ends could therefore be minimised.
Unfortunately there was a gap in the observations between 2006 and 2008 caused
by the failure of the WASPAM instrument before cWASPAM1 was installed. No direct20

comparison between these instruments was therefore possible. However, the individ-
ual instruments have been involved in different comparison campaigns and indicate
that the retrieved profiles are reliable (Straub et al., 2011).

3 Results and discussion

The full dataset plotted at four different altitudes; 50, 60, 70 and 80 km can be seen25

in Figure 1. Data-gaps shorter than 3 data-points (three weeks) have been linearly
interpolated to the existing data whereas longer gaps have been marked as missing.
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We will discuss the behaviour of water vapour over the time-period covered by our ob-
servations. Any long-term behaviour, such as net effects in the total amount of water
vapour as observed by our instrument will be denoted as trends. We are aware that
the dataset is limited and that this is not a complete picture of the global behaviour of
water vapour. Therefore the presented trends should not be interpreted as a trend from5

a global climate point of view. As can be seen Fig. 1 the amount of water vapour above
ALOMAR during the last 15 yr varies slightly and a clear trend is not visible. A reduction
in the detected water vapour at high altitude can be seen between 2001–2003. This
was a global event which also have been detected by other groups at lower latitudes,
e.g. Rosenlof and Reid (2008); Scherer et al. (2008). An explanation to this sudden de-10

crease in water vapour was given by Randel et al. (2006) where they trace the decrease
back to a change in the Brewer-Dobson circulation. In the years after the reduced water
vapour the atmosphere has slowly recovered and amounts has increased. Around 2006
it reached approximately the same levels at high altitude as before the event. A detailed
discussion about the variation of water vapour above ALOMAR in relation to the solar15

cycle between 1996–2006 can be found in Hartogh et al. (2010) (from hereon H2010).
The scope of that paper also included a comparison of how well the observed changes
are resolved by the Leibniz Institute Middle Atmosphere (LIMA) model (Berger, 2008)
and to correlate the variations to changes in the Solar Lyman-α radiation. Thus, this
will not be discussed here. The dataset used in H2010 is similar to the one presented20

here. In both datasets we have chosen to use an a priori profile which is a static annual
mean profile of water vapour mixing ratio instead of a varying a priori. By doing this
and assuming that our instrument is stable we know that all changes in the observed
water vapour are results of changing water vapour mixing ratios in the atmosphere
and not a result of the changing a priori profile. There are however a few important25

differences between the datasets. Three more years of data from the new instrument
have been included. Additionally, the data in H2010 are obtained with a 24 h integration
smoothed with a seven day running mean. The data presented here on the other hand
are obtained with 168 h integration and no smoothing. By using a longer integration
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time the sensitivity of the older instrument increases significantly at high altitude. The
longer integration time results in slightly higher mixing ratios during summer and lower
during winter. This can be explained by the fact that the noisier the signal the more
information from the a priori profile will be used and less from the actual observation.
As the a priori profile used is an annual mean it slightly underestimates the amount of5

water vapour during summer and consequently overestimates it during winter. H2010
also note that the observed amount of water vapour at high altitude by WASPAM are
lower during summer and higher during winter compared to LIMA results. In the light
of the reanalysed data this difference is smaller than previously thought.

To get a more detailed view of the long-term behaviour we look at each atmospheric10

layer on a seasonal basis. We focus on the two seasons with stable wind conditions,
the summer and winter. The equinoxes represent a transition time between a prevail-
ing polar-ward or equatorward wind and have not been included in this analysis. They
will however be discussed later as we investigate the presence of drifts in the onset
of summer and winter. Figure 2 shows the trend for each layer during the summer15

months June, July and August (JJA) in red and winter, December, January and Febru-
ary (DJF) in blue. Trend is used here to mean the net behaviour spanning the complete
dataset. At all altitudes there is a slight negative trend of water vapour mixing ratio.
Similar to what was presented in H2010 for the observations as well as LIMA results
the strongest trend can be found during winter at 60–70 km. The strongest trend in the20

dataset is located at a lower altitude, and is weaker than in the H2010 dataset. Con-
cerning the summer season there is almost no difference between the current dataset
and the one presented in H2010. If we assume the years which hade reduced amounts
of water vapour (2001–2003) to be an anomaly and remove them from the analysis the
trend is approximately 30 % weaker at high altitude (not shown). A much larger differ-25

ence is present in the comparison between the datasets during winter, with the one
presented in H2010 being almost twice as strong as the one from the current analysis.
The maximum trend peaks at approximately −0.032 ppmv/yr at 62.5 km altitude for the
former analysis and the latter −0.016 ppmv yr−1 at 57.5 km. The influence of integration
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time at these altitudes is negligible which indicates that there has been an increase of
water vapour in this region during the last few years. The water vapour abundance is
assumed to be correlated to the amount of methane as methane is a source of water
vapour in the middle atmosphere (Grygalashvyly et al., 2009; Sonnemann et al., 2012).
During a major part of the observational time (1999 – 2008) the amount of methane5

in the atmosphere seems to have remained relatively stable as the earlier increase
levelled out (Dlugokencky et al., 2003; Worthy et al., 2009). Although the changes in
the amount of methane do not fully explain the behaviour we see in water vapour it
can act as an indicator that transport mechanisms in the atmosphere are important
for the water vapour distribution. The importance of the transport mechanisms was10

also discussed in Randel et al. (2006); Scherer et al. (2008) and H2010 as a reason
for the anomalously low amounts of water vapour in the middle atmosphere between
2001–2003. Recent results indicate that the amount of methane has started to increase
again (Rigby et al., 2008; Dlugokencky et al., 2009) and although we still haven’t no-
ticed any direct effect on the amount of middle atmospheric water vapour, correlating15

the observations of methane and water vapour could help us to further constrain their
relationship and the importance of the mean atmospheric transport.

3.1 Sudden stratospheric warmings in the dataset

During the years covered by the dataset a number of stratospheric warmings occurred.
A stratospheric warming alter the dynamics in the polar atmosphere and therefore20

affect the water vapour mixing ratio in the middle atmosphere (e.g. Labitzke, 1972;
Siskind et al., 2005; Manney et al., 2009). High temperature and (or) a high water
vapour mixing ratio can substantially influence the ozone distribution by a positive feed-
back between the ozone dissociation frequency and the ozone mixing ratio forming
spots of reduced ozone mixing ratios (Sonnemann and Hartogh, 2009). An in-depth25

investigation using the WASPAM instrument of one warming can be found in Seele
and Hartogh (2000), which covers the event in February 1998 showed that ground-
based instruments have the capability to observe the effects of sudden stratospheric
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warmings on the water vapour mixing ratio. Later papers by for example Flury et al.
(2009); Straub et al. (2012) has proven the possibility to backtrace the transport pat-
terns of trace gases during the event.

The 1998 warming and later events with the corresponding increase in the amount
of water vapour in the lower layers can be seen in the dataset depicted in Fig. 1 as5

sharp and usually short term increases of water vapour during the winter. The 1998
warming was a minor warming from the point of view of how it affected the polar vortex.
However, it had a large effect on the stratospheric temperature (von Zahn et al., 1998).
Temperatures taken from NCEP indicate that this warming increased the stratospheric
temperatures by approximately 20 K. We have compared how the 1998 warming af-10

fected the water vapour compared to the one in January 2009. The latter warming was
a major warming with a complete and irreversible break-up of the polar vortex. Dur-
ing the 1998 warming a strong temperature increase in the stratopause region can be
seen (≈270 K at 40 km). It is however localised in altitude and almost no increase at
all can be seen at 30 km. For 2009 the temperature increase is smaller but affects a15

vertically elongated region and has a pillar-like shape, from the stratopause down to
approximately 30 km. Opposite to what would be expected from the behaviour of the
temperatures, the 2009 warming caused a strong increase in water vapour at the 60
and 70 km layer while the warming 1998 mainly affect the 50 and 60 km layer. Thus
the results indicate that the water vapour mixing ratio is controlled by a separate pro-20

cess than the temperature. This claim is further strengthened by the fact that during
the warming in January 2009 as well as during another warming in January 2010 the
increase in water vapour predates the increase in temperature in the NCEP data by at
least a day. This is however not seen in the 1998 warming. Although we have obser-
vational data of many sudden stratospheric warmings we cannot draw any conclusion25

about a typical behaviour in the water vapour dynamics during these events.
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3.2 Yearly mean middle atmospheric water vapour above ALOMAR

In order to better assess the yearly variation of water vapour above ALOMAR, data
from all years were averaged to create a mean year presented in Fig. 3. The annual
variation with a maximum during summer and minimum during winter is clearly visible,
as well as the secondary maximum mentioned above. Table 2 present the averaged5

dataset used in producing the figure. Figure 4 shows the same data but for four sepa-
rate layers; 50, 60, 70 and 80 km. The variability of each bin is plotted as a dotted line
above and below the mean (solid line). The variability of water vapour in the two lower
altitude layers (50 and 60 km) has a maximum during winter whereas the opposite is
true for the higher altitudes. This is to be expected as the stratosphere in the northern10

hemisphere is very unstable during winter and can be characterised by a high degree
of variability (Shepherd, 2000). The opposite is true for the upper layers, which have
a lower variability in general, and where the maximal variation can be found during
summer. If we exclude the data from the years with anomalously low amounts of wa-
ter vapour (2001–2003) the variability at 80 km decreases by 20 %, whereas there is15

almost no difference at 70 km.
The time of the year when the amount of water vapour starts to increase and de-

crease in the upper regions is well defined. We will from hereon denote the period
with a stable high amount of water vapour as summer, and the positive and negative
transition periods as onset of summer and onset of winter respectively. The variability20

during onset of summer and winter is small which indicates that this annual behaviour
is relatively stable. At 70 km the time of the year of the maximum gradient of water
vapour varies over the last 15 years by no more than 6 weeks and the maximum de-
creasing gradient is even more stable, the variability here is approximately four weeks.
To investigate if there is a shift in the onset of summer and winter we use two methods.25

In the first case we study if there is a shift in time when the amount of water vapour
at 70 km exceeds 5 ppmv and in the second case we investigate the trend of the aver-
age amount of water vapour for each day between the day-of-year 100–120 (roughly
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corresponding to the first 3 weeks in April). Both methods indicate a slight trend to-
wards a later onset of summer. It is however not significant and the drift could be a bias
effect influenced by the overall, negative trend of water vapour. A similar study was
conducted for the winter transition and here no drift at all could be found. The strong
annual variation is less pronounced at the lower altitudes, 50 and 60 km. These lay-5

ers are instead better described as having a relatively stable amount of water vapour
throughout the year. A slightly skewed annual variability do however seem to be present
in the 60 km layer. Here a slightly positive gradient is present from approximately early
April to early September where the amount of water vapour abruptly starts to decrease.
As mentioned above the starting time for the increase of water vapour is in early April10

above the 60 km layer and it arrives later in the year with increasing altitude. The gradi-
ent gets steeper as well with increasing altitude, and the most prominent onset can be
found at 80 km, the uppermost layer. While the behaviour is almost annually symmetric
at 80 km there is a slight asymmetry at 70 km and even more so at the 60 km level.
The increasing gradient is weaker but the time of increase lasts longer and shows a15

very strong negative gradient in the fall. This behaviour is however not visible at the
lowermost layer. At 80 km the negative gradient starts already in the end of July. At
70 km the maximum value of the water vapour ratio persists two weeks longer and at
60 km the decrease in water vapour is not visible until September, however then with a
very steep gradient.20

Although the established reference models only contain a summer and winter ver-
sion, we compare them to our results in order to evaluate how well they agree. In the
Figs. 4a and b the profile obtained from our observations can be seen in comparison
with the Air Force Geophysics Laboratory (AFGL) Atmospheric Constituent Profiles
for a subarctic (60◦ N) location. The AFGL profiles are available for summer and win-25

ter conditions and are presented in their original form. Thus we have not convolved
them with the sensitivity profile of our instrument. To construct the summer and winter
conditions from our observations we have used the mean of the three summer (June,
July, and August) and winter (December, January, and February) months respectively.
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Figure 4a shows the summer (JJA) conditions and in Fig. 4b the winter (DJF) con-
dition comparison can be seen. The annual variation seen in Fig. 3 is evident in the
large difference in the profile between summer and winter conditions, especially at
high altitude. The annual variation is not present in the AFGL profiles, there is in fact
no difference between the summer and winter AFGL profiles above 30 km. In general5

the AFGL reference profile underestimate the amount of water vapour over the whole
observed range. Since there is less water vapour in the atmosphere during winter than
summer the overall agreement is better. Additionally the lack of variability, seasonal or
vertical, in the AFGL profiles do not mimic the variable atmosphere very well.

4 Conclusions10

We have compiled a dataset spanning 15 yr (approximately 12 yr of effective obser-
vations) of middle atmospheric water vapour from ALOMAR into a vertical reference
profile covering a full year with a 7-day interval. The result is presented in Figs. 1, 3
and 4. The large dataset also allowed us to investigate the long-term behaviour of wa-
ter vapour at the location. In general the observed water vapour levels indicate a slight15

decrease, although the result at high altitude is biased by a global reduction of water
vapour in 2001. We investigated the trend on both a seasonal and altitude basis and the
strongest trend can be found around 60 km during winter (December–February). The
most prominent feature in the dataset is the well-known annual variation. The time of
transition between summer and winter for this variation was investigated and although20

there is a slight indication of a later onset of summer it is not statistically significant. For
winter no drifts in the transition period was found.

A secondary maximum in the vertical distribution is present during the summer
months, although its behaviour is less stable than the annual variation. Some years
show a stronger and more persistent secondary maximum compared to other years.25

Nevertheless it is stable enough to be clearly visible in the average climatology for the
whole dataset. The year-to-year variability is larger during winter for the lower range of
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observations whereas the opposite is true for the higher altitudes, which show a larger
variability during summer.

The retrieved profiles were compared to the AFGL constituent reference profile and
large differences where found especially during summer. In general the AFGL profiles
underestimate the amounts of water vapour over the whole observed altitude range. In5

addition the reference profile fail to reproduce the vertical variability over the year.
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Haefele, A., De Wachter, E., Hocke, K., Kämpfer, N., Nedoluha, G. E., Gomez, R. M., Eriksson,

P., Forkman, P., Lambert, A., and Schwartz, M. J.: Validation of ground-based microwave
radiometers at 22 GHz for stratospheric and mesospheric water vapor, J. Geophys. Res.
Atmos., 114, D23305, doi:10.1029/2009JD011997, 2009. 3153525

Hallgren, K.: Mesospheric water vapor - Variability at different timescales observed by ground-
based microwave spectroscopy, Ph.D. thesis, Universität Rostock, 2010. 31537

Hallgren, K. and Hartogh, P.: First detection of tidal behaviour in polar mesospheric water
vapour by ground based microwave spectroscopy, Atmos. Chem. Phys., 12, 3753–3759,
doi:10.5194/acp-12-3753-2012, 2012. 31533, 3153730

Hallgren, K., Hartogh, P., and Jarchow, C.: A New, High-performance, Heterodyne Spectrom-
eter for Ground-based Remote Sensing of Mesospheric Water Vapour, 19, 569–578, World
Scientific Publishing Co., 2010. 31535, 31536

31546

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/31531/2012/acpd-12-31531-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/31531/2012/acpd-12-31531-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2009GL039780
http://dx.doi.org/10.1016/0273-1177(90)90386-E
http://dx.doi.org/10.1029/2009JD011940
http://dx.doi.org/10.1029/2006JD007485
http://dx.doi.org/10.5194/acp-9-2779-2009
http://dx.doi.org/10.1029/2008JD009892
http://dx.doi.org/10.1029/2009JD011997
http://dx.doi.org/10.5194/acp-12-3753-2012


ACPD
12, 31531–31560, 2012

Water vapour above
ALOMAR

K. Hallgren et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Hartogh, P.: Present and future chirp transform spectrometers for microwave remote sensing,
in: Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series, edited
by: Fujisada, H., vol. 3221 of Presented at the Society of Photo-Optical Instrumentation
Engineers (SPIE) Conference, 328–339, 1997. 31536

Hartogh, P.: High-resolution chirp transform spectrometer for middle atmospheric microwave5

sounding, in: Satellite Remote Sensing of Clouds and Atmosphere II, edited by: Haigh, J. D.,
vol. 3220 of Proc. SPIE, 115–124, 1998. 31536

Hartogh, P. and Hartmann, G. K.: A high-resolution chirp transform spectrometer for microwave
measurements, Meas. Sci. Technol., 1, 592–595, 1990. 31536

Hartogh, P. and Jarchow, C.: Groundbased detection of middle atmospheric water vapor, in:10

Global Process Monitoring and Remote Sensing of Ocean and Sea Ice, EUROPTO-Series
2586, 188–195, SPIE, Bellingham, 1995. 31535, 31536

Hartogh, P., Hartmann, G. K., and Zimmerman, P.: Simultaneous Water Vapour And Ozone
Measurements with Millimeterwaves In The Stratosphere And Mesosphere, in: IEEE Catalog
Number 91CH2971-0, vol. 1, 227–230, 1991. 3153515

Hartogh, P., Jarchow, C., Sonnemann, G. R., and Grygalashvyly, M.: On the spatiotempo-
ral behavior of ozone within the upper mesosphere/mesopause region under nearly polar
night conditions, J. Geophys. Res. Atmos., 109, D18303, doi:10.1029/2004JD004576, 2004.
31534

Hartogh, P., Sonnemann, G. R., Grygalashvyly, M., Song, L., Berger, U., and Lübken, F.: Water20
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Table 1. The different sub-datasets used for the complete dataset of ALOMAR data. The spec-
tral resolution given is the effective spectral resolution.

Data version v3.1 v3.2 v3.3 v3.4

Front-end WASPAM WASPAM WASPAM cWASPAM
Bandwidth [MHz] 40 180 40 40
No. of channels 2048 4096 4096 4096
Spectral resolution [kHz] 20 44 10 10
In operation 1995–2004 2002–2005 2004–2006 2008–. . .
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Table 2. A water vapour climatology for ALOMAR, given in week of the year and ppmv.

Week/Z[km] 40.00 42.50 45.00 47.50 50.00 52.50 55.00 57.50 60.00

1 7.12 7.12 6.92 6.57 6.21 5.94 5.78 5.66 5.44
2 7.12 7.12 6.93 6.61 6.26 5.96 5.72 5.48 5.18
3 7.12 7.15 6.98 6.63 6.25 5.94 5.71 5.47 5.11
4 7.15 7.19 7.00 6.58 6.08 5.61 5.24 4.92 4.59
5 7.15 7.25 7.15 6.82 6.31 5.76 5.28 4.92 4.64
6 7.16 7.23 7.08 6.72 6.25 5.80 5.46 5.22 4.97
7 7.20 7.28 7.10 6.71 6.22 5.74 5.33 4.95 4.57
8 7.18 7.26 7.11 6.77 6.35 5.91 5.49 5.11 4.72
9 7.20 7.27 7.11 6.74 6.25 5.77 5.38 5.09 4.80
10 7.17 7.23 7.08 6.72 6.23 5.71 5.30 5.03 4.81
11 7.18 7.24 7.08 6.72 6.25 5.82 5.49 5.29 5.11
12 7.20 7.31 7.23 6.97 6.60 6.19 5.86 5.64 5.47
13 7.25 7.38 7.28 6.96 6.54 6.12 5.81 5.62 5.47
14 7.20 7.31 7.27 7.06 6.73 6.33 5.97 5.68 5.44
15 7.18 7.30 7.27 7.08 6.77 6.41 6.05 5.77 5.53
16 7.20 7.33 7.32 7.16 6.88 6.53 6.19 5.91 5.68
17 7.21 7.35 7.36 7.21 6.93 6.59 6.22 5.90 5.62
18 7.21 7.36 7.37 7.21 6.91 6.54 6.18 5.92 5.73
19 7.20 7.34 7.32 7.13 6.80 6.39 6.02 5.77 5.65
20 7.21 7.36 7.37 7.22 6.93 6.56 6.22 5.98 5.86
21 7.21 7.37 7.39 7.26 6.97 6.61 6.24 5.99 5.89
22 7.21 7.36 7.38 7.25 6.98 6.62 6.26 6.02 5.93
23 7.21 7.38 7.42 7.31 7.08 6.76 6.45 6.23 6.15
24 7.22 7.40 7.46 7.38 7.16 6.84 6.51 6.26 6.15
25 7.22 7.40 7.47 7.40 7.19 6.89 6.58 6.37 6.32
26 7.20 7.37 7.42 7.36 7.18 6.93 6.66 6.46 6.38
27 7.22 7.40 7.48 7.43 7.24 6.94 6.62 6.40 6.37
28 7.22 7.41 7.48 7.43 7.25 7.00 6.73 6.55 6.52
29 7.21 7.40 7.47 7.43 7.26 7.02 6.78 6.63 6.60
30 7.22 7.40 7.48 7.44 7.30 7.09 6.86 6.70 6.65
31 7.22 7.40 7.48 7.43 7.26 7.00 6.72 6.54 6.51
32 7.21 7.38 7.44 7.39 7.24 7.02 6.79 6.62 6.58
33 7.21 7.39 7.45 7.39 7.22 6.98 6.75 6.62 6.63
34 7.22 7.39 7.44 7.36 7.15 6.87 6.65 6.56 6.64
35 7.22 7.39 7.44 7.34 7.12 6.81 6.53 6.40 6.45
36 7.22 7.41 7.46 7.38 7.16 6.86 6.57 6.43 6.49
37 7.24 7.43 7.48 7.37 7.12 6.82 6.59 6.55 6.69
38 7.22 7.38 7.40 7.27 7.08 6.93 6.86 6.87 6.92
39 7.21 7.39 7.46 7.45 7.34 7.18 7.04 6.96 6.90
40 7.24 7.43 7.47 7.40 7.27 7.17 7.10 7.04 6.91
41 7.21 7.36 7.36 7.27 7.15 7.05 6.95 6.79 6.48
42 7.21 7.30 7.18 6.90 6.60 6.36 6.16 5.92 5.58
43 7.19 7.29 7.20 6.93 6.57 6.21 5.91 5.64 5.34
44 7.13 7.12 6.85 6.38 5.86 5.46 5.23 5.12 4.99
45 7.13 7.10 6.76 6.21 5.65 5.23 5.01 4.89 4.71
46 7.15 7.10 6.76 6.25 5.74 5.37 5.14 4.95 4.65
47 7.13 7.08 6.74 6.21 5.69 5.35 5.17 5.01 4.73
48 7.07 6.91 6.42 5.72 5.05 4.59 4.34 4.14 3.84
49 7.14 7.08 6.76 6.27 5.78 5.38 5.10 4.86 4.56
50 7.15 7.14 6.91 6.56 6.20 5.90 5.68 5.44 5.11
51 7.16 7.16 6.95 6.62 6.27 5.97 5.73 5.47 5.11
52 7.04 6.99 6.77 6.44 6.14 5.92 5.71 5.41 4.94
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Table 2. Continued from the previous page.

Week/Z[km] 62.50 65.00 67.50 70.00 72.50 75.00 77.50 80.00 82.50 85.00

1 5.03 4.38 3.57 2.78 2.15 1.72 1.42 1.15 0.86 0.54
2 4.74 4.12 3.36 2.60 1.99 1.57 1.28 1.03 0.76 0.46
3 4.61 3.95 3.24 2.61 2.14 1.80 1.53 1.26 0.95 0.61
4 4.19 3.68 3.14 2.63 2.22 1.92 1.67 1.40 1.08 0.71
5 4.29 3.82 3.24 2.63 2.10 1.69 1.38 1.11 0.82 0.52
6 4.60 4.03 3.30 2.56 1.97 1.58 1.32 1.09 0.84 0.55
7 4.10 3.52 2.91 2.38 1.99 1.75 1.57 1.37 1.09 0.76
8 4.25 3.68 3.04 2.44 1.94 1.58 1.32 1.09 0.84 0.55
9 4.42 3.91 3.29 2.67 2.15 1.76 1.47 1.21 0.94 0.63

10 4.47 3.92 3.21 2.51 1.96 1.60 1.35 1.13 0.89 0.61
11 4.77 4.20 3.42 2.63 2.02 1.62 1.36 1.15 0.93 0.66
12 5.18 4.67 3.94 3.13 2.43 1.90 1.53 1.23 0.96 0.66
13 5.15 4.57 3.80 3.00 2.35 1.87 1.52 1.24 0.97 0.68
14 5.10 4.54 3.78 2.95 2.26 1.77 1.44 1.21 0.99 0.73
15 5.20 4.68 3.95 3.11 2.35 1.78 1.39 1.12 0.91 0.67
16 5.38 4.89 4.23 3.48 2.79 2.22 1.76 1.39 1.08 0.78
17 5.28 4.80 4.19 3.47 2.81 2.27 1.87 1.55 1.25 0.91
18 5.54 5.19 4.66 3.97 3.28 2.68 2.18 1.77 1.39 0.99
19 5.57 5.38 5.01 4.48 3.90 3.35 2.84 2.35 1.83 1.30
20 5.76 5.59 5.28 4.88 4.45 3.98 3.46 2.86 2.21 1.55
21 5.90 5.88 5.74 5.46 5.08 4.62 4.05 3.35 2.56 1.78
22 5.97 6.04 6.00 5.81 5.48 4.99 4.34 3.56 2.70 1.87
23 6.17 6.19 6.13 5.96 5.71 5.31 4.69 3.84 2.89 1.96
24 6.18 6.25 6.27 6.16 5.91 5.47 4.80 3.90 2.91 1.95
25 6.37 6.43 6.40 6.24 5.99 5.60 5.00 4.14 3.11 2.09
26 6.37 6.36 6.29 6.13 5.89 5.49 4.86 3.98 2.95 1.97
27 6.51 6.73 6.89 6.85 6.58 6.02 5.19 4.16 3.05 2.03
28 6.62 6.78 6.90 6.86 6.65 6.16 5.35 4.29 3.12 2.06
29 6.69 6.80 6.86 6.78 6.55 6.07 5.27 4.24 3.09 2.04
30 6.72 6.82 6.89 6.85 6.67 6.21 5.44 4.38 3.20 2.11
31 6.65 6.85 6.99 6.96 6.74 6.23 5.40 4.32 3.16 2.09
32 6.67 6.81 6.91 6.88 6.71 6.29 5.53 4.49 3.31 2.20
33 6.74 6.86 6.90 6.77 6.52 6.02 5.23 4.21 3.10 2.07
34 6.82 6.95 6.92 6.71 6.35 5.80 5.02 4.07 3.03 2.06
35 6.63 6.79 6.78 6.60 6.21 5.62 4.83 3.91 2.94 2.02
36 6.69 6.87 6.89 6.70 6.26 5.60 4.75 3.79 2.81 1.92
37 6.88 6.94 6.74 6.29 5.65 4.89 4.06 3.21 2.39 1.64
38 6.89 6.66 6.21 5.57 4.86 4.13 3.43 2.74 2.07 1.43
39 6.77 6.48 5.98 5.32 4.54 3.72 2.94 2.26 1.66 1.12
40 6.59 6.03 5.22 4.31 3.47 2.78 2.22 1.76 1.34 0.92
41 5.97 5.32 4.55 3.77 3.08 2.51 2.05 1.64 1.25 0.86
42 5.06 4.40 3.62 2.88 2.28 1.85 1.53 1.26 0.97 0.67
43 4.90 4.35 3.72 3.11 2.60 2.18 1.84 1.51 1.17 0.80
44 4.73 4.27 3.66 3.04 2.52 2.12 1.79 1.49 1.15 0.79
45 4.39 3.87 3.27 2.69 2.23 1.89 1.63 1.36 1.06 0.73
46 4.22 3.64 3.05 2.54 2.15 1.86 1.61 1.34 1.04 0.69
47 4.28 3.67 3.03 2.46 2.04 1.75 1.52 1.27 0.98 0.65
48 3.39 2.80 2.21 1.76 1.50 1.36 1.25 1.11 0.88 0.59
49 4.15 3.59 2.97 2.41 1.98 1.68 1.45 1.21 0.93 0.60
50 4.64 4.00 3.29 2.64 2.13 1.77 1.50 1.23 0.92 0.59
51 4.59 3.89 3.10 2.39 1.87 1.54 1.31 1.10 0.85 0.55
52 4.39 3.70 2.98 2.34 1.88 1.56 1.33 1.11 0.84 0.54
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Fig. 1. The full dataset from ALOMAR. Gaps shorter than 3 weeks (3 data-points) have been
linearly interpolated and where duplicate data exist data used for the reference profiles have
been plotted.

31556

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/31531/2012/acpd-12-31531-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/31531/2012/acpd-12-31531-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 31531–31560, 2012

Water vapour above
ALOMAR

K. Hallgren et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 2. The trend of water vapour mixing ratios (ppmv) above ALOMAR can be seen here as
a function of altitude for summer (JJA, red line) and winter (DJF, blue line) conditions. The
strongest decrease is found during winter around 60 km altitude.
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Fig. 3. Weekly mean water vapour values above ALOMAR between 1996 and 2010. The
dataset is averaged on a weekly basis and the mean of each bin is plotted as a function of
altitude. The values for altitudes above 85 km are very uncertain due to bad instrumental sen-
sitivity at this altitude.
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Fig. 4. Same state of affairs as Fig. 3 but only showing four separate layers. The solid line
represent the mean whereas the dotted lines represent the variation in each bin.
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Fig. 5. Comparison of the observed water vapour above ALOMAR to the AFGL Atmospheric
constituent profiles for a subarctic location. (a) shows summer (JJA) conditions and (b) winter
(DJF) conditions.
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