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Abstract

We have developed a new, high time-resolution, microwave heterodyne spectrometer
for observations of water vapour in the middle atmosphere. It measures the rotational
transition of water vapour at 22.235 GHz in the vertical and horizontal polarisation. The
two polarisations are averaged in order to optimise the signal-to-noise ratio. The dif-
ferent polarisations have separate, but identical, signal chains consisting of a 22 GHz
cooled HEMT amplifier, a second, warm, 22 GHz HEMT booster amplifier, an IF stage
and a Chirp Transform Spectrometer (CTS) backend. Continuous calibration with two
internal loads kept at temperatures close to the observed atmosphere, a wobbling opti-
cal table to reduce standing waves in the optical path and the low receiver temperature
ensures a time resolution of an order of magnitude better than what has been achieved
by earlier instruments. The error sources in the retrieved spectrum are discussed and
the data is compared and validated against EOS-MLS on the NASA Aura satellite. The
profiles are found to be in good agreement with each other.

1 Introduction

Ground-based millimetre-wave remote sensing has matured into a powerful tool used
in aeronomy and meteorology as well as astronomy. Both active (e.g. radar) and pas-
sive (e.g. radiometer) techniques exist and complement each other well. Here we will
describe a passive ground-based instrument developed for observations of Earth’s at-
mosphere. Several different atmospheric gases such as ozone, carbon monoxide and
water vapour have been detected and are observed on a regular basis with passive
ground-based radiometers (Goldsmith et al., 1979; Nedoluha et al., 1996; Hartogh and
Jarchow, 1995a,b; Hartogh et al., 2010; Hallgren and Hartogh, 2012; Hallgren et al.,
2012). Ground-based observations are carried out on locations around the world and
their results have been validated in nhumerous intercomparison campaigns, between
both the ground-based instruments as well as their space-borne counterparts (Feist
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et al., 2000; Nedoluha et al., 2007; Haefele et al., 2009; Straub et al., 2011). The in-
strument described in this paper is a highly sensitive microwave heterodyne spectrom-
eter observing water vapour in the middle atmosphere. Although there exist a number
of transitions in the microwave region for the water molecule only two are useful for
ground-based spectroscopy; a relatively weak line at 22.235 GHz and a much stronger
line at 183.31 GHz (Hartogh et al., 1991; Pardo et al., 1996; Siegenthaler et al., 2001).
Due to the high opacity of the 183.31 GHz line it is less suitable for instruments lo-
cated at sea level, thus the weaker but optically thinner line at 22.235 GHz is used for
this instrument. It is possible to deduce the vertical distribution of the observed specie
from the measured line shape which is determined by several molecular parameters.
The number of molecules along the line of sight, broadening of the line by collisions
(pressure broadening) and the velocity distribution of the molecules (Doppler broaden-
ing) are the most important. Above a certain altitude the Doppler broadening exceeds
the pressure broadening and although it is possible to get a total column depth of the
molecule it is no longer possible to retrieve the vertical distribution above this threshold
altitude. This upper limit is strongly dependent on the frequency of the line. For water
vapour at 22.235 GHz the threshold can be found between 80-85 km.

Water vapour is a key element in the Earth atmosphere where it has an important
role in the photochemistry as well as the climate. Although we can model the general
dynamics of water vapour variability in the middle atmosphere well, the small-scale be-
haviour is not completely understood. The main source is vertical transport through
the tropical tropopause cold trap, releasing about 4-4.5ppmv of water vapour into
the lower stratosphere (Holton et al., 1995). Large scale transport mechanisms such
as the Brewer—Dobson circulation and the interhemispheric pole—to—pole circulation
thereafter distribute water globally. A second source of water, methane, exist above
the tropopause. Its photodissociation in the stratosphere and oxidation by the hydroxyl
radical leads to an increase in the amount of water with altitude up to approximately
45-60 km (depending on latitude) where it levels out. With increasing altitude and So-
lar Lyman-a the water photodissociates and the amount of water starts to decrease
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around 60 km (Brasseur and Solomon, 1998). A secondary maximum can be found in
late summer between 65-75km which is caused by autocatalysation of water (Sum-
mers et al., 1997; Seele and Hartogh, 1999; Sonnemann et al., 2005). Short term
events such as sudden stratospheric warmings are known to inject large amounts of
water in the polar regions during winter (Seele and Hartogh, 2000; Manney et al.,
2009a,b) but the small scale dynamics are still not well understood. During summer
and at high altitude noctilucent clouds are suspected of redistributing the water through
freeze-drying of the atmosphere and sublimating the ice-crystals at lower altitudes. Ob-
servations confirming this view are however missing (von Zahn and Berger, 2003; von
Zahn et al., 2004; Gerding et al., 2007). In the upper mesosphere the amount of water
vapour is expected to vary with the atmospheric tides. The tides are global-scale waves
which are thermally driven by the periodic absorption of solar radiation throughout the
atmosphere. Large-scale latent heat releases by convective systems and non-linear
interactions between global-scale waves are also an important excitation source of the
tides (Chapman and Lindzen, 1970; Hagan and Forbes, 2002, 2003). Some earlier
observations have indicated tidal behaviour of water vapour at mid-latitude locations
(Haefele et al., 2009), and an earlier publication of data derived from this instrument
describe detections at polar latitudes (Hallgren and Hartogh, 2012).

There is clearly a need for reliable continuous monitoring of mesospheric water
vapour as well as high sensitivity observations in order to resolve events on short time-
scales. In 1995 we installed the microwave spectrometer WASPAM (Wasserdampf-
und Spurengasmessungen in der Atmosphare mit Mikrowellen) at ALOMAR, Andgya
in northern Norway (Hartogh and Jarchow, 1995b) and in 2008 this instrument was fol-
lowed by a new, more sensitive instrument called cWASPAM (cooled WASPAM). With
cWASPAM the long dataset from WASPAM (Hallgren et al., 2012) is continued and
its increased sensitivity will allow us to resolve dynamics on a shorter time-scale than
before (Stevens et al., 2003, 2012).
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2 Instrument description

In order to determine the distribution and short term variability of water vapour at high
altitudes a very stable and sensitive instrument is needed. cWASPAM, the instrument
presented here, is able to provide these capabilities. A few, almost identical, instru-
ments has been built and installed at observation sites around Europe. cWASPAM1 is
located at the ALOMAR site in northern Norway, cWASPAMS is located at Schneefern-
erhaus on Zugspitze in Germany and MISI (operated by IAP Kihlungsborn) is located
at IAP Kihlungsborn.

The new system is based on the same principles as WASPAM. The increased sen-
sitivity is achieved by additional cooling of the horn antenna and observation of the
statistically independent signals of the vertical and horizontal polarisation. A schematic
operating principle of cWASPAM can be seen in Fig. 1. The beam falling onto the an-
tenna is alternated between the observed atmosphere and two fixed mirrors, pointing at
the calibration loads by means of a rotating mirror. The rotating mirror is a light-weight
silver and rhodium coated magnesium mirror with an aperture of 30 cm, whereas the
fixed mirrors are made out of aluminium. The mirrors are all mounted on an optical
bench which is moved back in forth in synchronisation with the rotation of the mirror.
A photo of cWASPAM1 after installation at the ALOMAR site can be seen in Fig. 2.

The main part of the receiver; the horn antenna, the OMT (ortho-mode transducer),
two InP (Indium Phosphite) HEMT (high electron mobility transistor) amplifiers, and the
internal calibration loads are mounted in a cooled dewar, whose interior can be seen in
Fig. 3. The dewar itself is placed with the optical table on an aluminium structure. The
antenna, which has a half-power beamwidth of 3.53°, and the pre-amplifiers are cooled
to approximately 15K, whereas the loads (cold and hot) are kept at higher tempera-
tures; ~ 45K and ~ 120K respectively. At this temperature the noise temperature of
the HEMT-amplifiers is approximately 15 K. A commercially available closed-loop he-
lium compressor provides the cooling power in two stages, the first stage delivers 35W
at 45K for the calibration loads and the second stage 6.3W at 10K for the antenna
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and amplifiers. Outside the dewar another set of amplifiers are mounted which boost
the signal a second time before down-conversion to 1.35 GHz. The LO has a frequency
of 20.885 GHz. We use the upper sideband and the lower sideband is suppressed by
> 45dB using a sideband filter following the amplifier. The setup achieves a receiver
temperature of the system of 30K for each polarisation (single side-band). Table 1
shows the instrument parameters in a tabulated form.

cWASPAM uses two Chirp Transform Spectrometers (CTS) (Hartogh and Hartmann,
1990; Hartogh and Osterschek, 1995; Villanueva and Hartogh, 2004; Villanueva et al.,
2006; Paganini and Hartogh, 2009) as backends, one for each polarisation. The back-
ends are identical and have a bandwidth of 40 MHz. In order to be able to resolve the
water vapour distribution at high altitude both spectrometers have a high spectral res-
olution. The width of each channel is 14 kHz, but we employ a slight oversampling with
the resulting channel spacing of 9.8 kHz. For water vapour at 22.235 GHz the Doppler
broadening is approximately 30 kHz in Earth’s atmosphere, thus we are able to resolve
the line at all altitudes to the pressure-Doppler threshold.

Communication between the CTSs and the process control computer, memory han-
dling and the external Ethernet interface of the CTSs are handled by an embedded
computer (a PC104). The CTSs and the process-control computer are mounted into
a separate 19" rack, together with a monitoring device that reads the temperature sen-
sors on the calibration loads and a network router for the instrument network.

Instrument control and monitoring

The process-control and house-keeping of the instrument is controlled by an ordinary
desktop PC running a real-time patched Linux system. It controls the normal opera-
tion of the instrument, monitors system parameters and acts as a first buffer for storing
the data before archiving at the MPS. Accurate and real-time temperature measure-
ments of the loads needed for correct calibration of the data are provided by cryogenic
silicon diodes mounted directly at the back of each calibration load. We also collect
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temperatures of the amplifiers, dispersive delay filters in the spectrometers and ambi-
ent room temperature.

The software control of the instrument was written with a modular approach which
adds flexibility and facilitates debugging. In order to achieve a deterministic behaviour
of the process control the computer has been patched with a Real-Time Application
Interface (RTAI). It provides latencies of the system of approximately 15 us, which is
much faster than the time needed to rotate the mirrors (~ 300 ms). The control of the
system can therefore be assumed to be instantaneous. The measurement process
itself is run as an infinite loop in an overhead script which sends instructions to each
standalone process, one for each step in the measurement cycle. Certain processes
are run in parallel such as the movement of the optical table and integration in the
CTS which demands exact timing in the interprocess communication. By keeping each
measurement exactly synchronised with the wobbler movement and fine-tuning the
speed and length to n-1/2 we can minimise standing waves in the optical path similar to
the technique discussed in Gustincic (1977). Furthermore, by making sure the process
control is well defined in time the “dead-time” between each step in the measurement
cycle is removed.

The communication between the process-control computer and the separate units of
the instrument is done over an instrument-wide LAN, enabling remote control of almost
all aspects of the instrument. This network is also used for the raw data and monitor-
logs. For mirror rotation and wobbling of the optical table the parallel ports are used as
they demand a minimal amount of overhead code.

One development goal of the instrument was low maintenance requirements, thus
a high degree of automation has been implemented. All monitored parameters are
continuously controlled and if anomalous values are encountered or if a process is
stopped a warning email is sent to the operator(s). The retrieved data are saved in
a raw, binary, format together with system performance parameters to allow maximum
flexibility in the analysis. The total amount of data is approximately 500 MBytes every
24 h. In order to increase data safety the hard-drives on the process-control computer
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are mirrored with a soft RAID1 array which has the capacity to store up to 50 days of
autonomous observations in case the daily backup and archiving process fails.

Calibration of the instrument deals with two separate parameters; an offset power
(commonly denoted as T,) which is generated within the system (uncoupled to the
observed region) and the gain coefficient (A) in the system. Assuming that the sys-
tem has a linear amplification in the measured range the gain coefficient and offset
power can be calculated by comparing the power output of two calibration loads at well
known temperatures to the output power from the observed region. During normal op-
eration the two loads are used in a hot-cold, interleaved, calibration scheme in which
each calibration spectrum is used twice, once for the preceding and once for the fol-
lowing atmospheric spectrum. The load temperatures are kept close to the expected
atmospheric temperature range in order to reduce second order non-linearities and the
effective noise temperature (Jarchow, 1998; Paganini and Hartogh, 2009). In addition,
a small offset between the measured physical temperature of the calibration loads and
their radiated temperature needs to be accounted for. By doing an initial calibration
with liquid nitrogen and a microwave absorber at room temperature this offset can be
calculated and included into the calibration.

3 Retrieval

We use a retrieval pipeline which was originally developed for WASPAM but upgraded
to be able to handle two polarisations. After initial calibration the output from the two
backends is averaged. As the underlying polarisations are orthogonal the retrieved
spectra are uncorrelated and averaging of the spectra will reduce the noise with a factor

of % In detail, and by assigning (x4 and x,) to each spectrometer:

-1
~ 1 1 X X
(%) (542). "
O'1 0'2 O'1 0'2
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where X is the estimate of the combined measurements. The variance of each spec-
trometer (o;) is used as weight in the calculation and the averaging takes into account
the signal-to-noise ratio (SNR) of each polarisation. The higher the SNR the higher the
weight. The new variance, and thus the noise of the new signal can be described as

i_1.1 2)
0, 01 05

With o, ~ o, this results in:

0, = — (3)

which is equivalent of dividing the time needed to reach a certain SNR by two, essen-
tially doubling the time-resolution.

To remove residual standing waves in the spectra we use a general approach which
involve using the harmonics of the spectrometer bandwidth according to the Lomb
periodogram method (Lomb, 1976). The last step in the retrieval is the actual inversion
of the spectral line to produce a vertical profile. We use the optimal estimation method
(OEM), first described in Rodgers (1976). The atmospheric data needed to calculate
the line broadening are reanalysis-data taken from NCEP (McPherson et al., 1979)
up to 0.4 mb nudged to a CIRA86 climatology (Fleming et al., 1990). At ALOMAR the
CIRA86 background is corrected by the climatology from Lubken (1999). Information
about the spectral parameters are taken from the JPL catalogue (Pickett et al., 1998).
We use a piecewise linear a priori profile which is kept unchanged during the course
of the year to facilitate intercomparison between seasons. An example of a typical
retrieved line after only 4 h of integration time with residual noise and calculated vertical
distribution can be seen in Fig. 4 with the corresponding averaging kernels in Fig. 5.
The averaging kernels represent the sensitivity of the instrument at any given level
to the above and below situated layers and the a priori profile. Mathematically it is
a square matrix, A, where each row corresponds to a level in the model atmosphere
and the relation to the other levels.
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4 Validation of the data

During winter 2009 c WASPAM3 was involved in ARIS (Alpine Radiometer Intercompar-
ison at the Schneefernerhaus), an intercomparison campaign at the research station
Schneefernerhaus on Zugspitze (47.25°N and 10.58°E) in Germany (Straub et al.,
2011). Three ground-based heterodyne microwave spectrometers participated in the
campaign. All spectrometers observed water vapour at 22.235 GHz and pointed in the
same direction but used different receivers, spectrometers and calibration techniques.
The general conclusion of the campaign was that despite the differences they all agreed
within the error bars on the water vapour distribution. In addition to the ground-based
intercomparison the retrieved profiles were also compared to water vapour profiles
from EOS-MLS (Waters et al., 2006). During the campaign approximately 70 collo-
cated spectra between cWASPAM3 and EOS-MLS were collected. The spectra from
EOS-MLS are however dispersed over a larger area due to orbital restrictions and the
ones used in the intercomparison are constrained to +1° in latitude and +5° in lon-
gitude compared to the cWASPAMS3 observations. cWASPAMS3 is pointing southwards
(177°) with an elevation angle of 15° and the atmosphere observed is therefore a region
between 180-320 km south of Zugspitze. The collocation parameters were therefore
centred at 45° N, ~ 250 km to the south. The profiles from EOS-MLS can be assumed
to be instantaneous compared to the ones from cWASPAM. In order to account for the
differences in sensitivity and vertical resolution between cWASPAM and EOS-MLS the
profiles from EOS-MLS are convolved with the averaging kernels from cWASPAM3. By
doing so the vertical resolution, and sensitivity at high altitude of EOS-MLS is reduced
to that of cWASPAMS. Thus, at the altitudes where the sensitivity of cWASPAMS3 de-
creases and most information is taken from the a priori, the profiles from EOS-MLS will
be influenced in a similar way by the a priori. The new profiles are calculated according
to

X = (1= A)Xy + Ax. (4)
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The error, D_e, of the EOS-MLS profile is unknown and contained in the x term and
the a priori, x,, is the same for both instruments. We compared the data-set from
EOS-MLS with to different integration times for cWASPAM, 12 and 4 h. Results from
the comparison can be seen in Fig. 7. The difference was calculated relative to the
EOS-MLS measurements according to,

- X - XEos-
7 = Xowaspam ~ XEOSMLS (5)

XEOS-MLS

As expected when the EOS-MLS profiles are convolved with the averaging kernels
from cWASPAMS there is no difference at low altitude were the kernels are zero and all
information is taken from the a priori. At the uppermost altitudes cWASPAM is less sen-
sitive, but the averaging kernels are > 0, which implies that some information is taken
from the measurement, and not only from the a priori. Although both EOS-MLS and
cWASPAM3 are weighted similarly between measurement and a priori the measure-
ments from EOS-MLS are much less noisy. The comparison at this level will therefore
be less consistent as the cWASPAMS3 profile has a relatively large portion of noise and
will not reflect the actual atmosphere as well compared to the lower layers. EOS-MLS
overestimates the amount of water vapour compared to cWASPAMS3 in two distinct
regions, between 45 and 55 km, and from 65 km and upward. The variability of the dif-
ference between the instruments is larger at high altitude (> 70 km) than in the mid to
low part of the profile. One specific occasion show a much larger error then the others.
On 20 February the discrepancy was ~ 100 % between the measured amount of water
vapour above 75 km between cWASPAM3 and EOS-MLS. The sky brightness temper-
ature of the day was less than 100 K, meaning that observations were feasible. At the
same time all the instrument parameters were normal. Interestingly the difference be-
tween the profile from the long integration (12 h) is twice as big as the one for the short
integration (4 h). We interpret this as a short term decrease in the water vapour dur-
ing the time of the EOS-MLS overpass. A sharp, short term, dip in the volume mixing
ratio would be smoothed out by our 12 h integration time, but less so in retrievals with
4687
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a shorter integration time. This could imply that the amount of water vapour at these
altitudes is relatively variable on short time-scales. For the mid to lower part of the
retrieval, where the signal is already good for the 4 h integration time, no appreciable
difference can be seen between the 12 h integration compared to the 4 h integration.

5 Error analysis

The end product, a vertical distribution of water vapour is affected by many different
sources; internal and instrumental as well as uncertainties in the information about the
state of the atmosphere and parameters of the observed line. The total error, or uncer-
tainty, of the retrieved profile, can be seen as a function of altitude in Fig. 6. By changing
each parameter in the inversion and calculating the difference of the retrieved profile
after the parameter change to the original profile for a 24 h integration time the impact
of each parameter can be explored. We have chosen a long integration time to isolate
systematic errors from stochastic errors. In general there are no significant differences
between the errors at different integration times. Some of the parameters in the for-
ward model are empirically measured which introduce errors in the final profile. For
example, uncertainties in the determination of the tropospheric transmission introduce
errors on the order of 1% in the profile. The error attributed to the temperature used
in the retrieval are calculated by changing temperature in the forward model by +5K,
these issues are investigated in more detail in Jarchow (1998) and Hallgren (2010).
The spectroscopy error (green line) in Fig. 6 contains errors caused by uncertainties in
the pressure broadening constant and the line intensity. These parameters have been
calculated and compared to measured levels and shown to be very precise, with the
systematic uncertainties similar to the stochastic errors (Payne et al., 2008; Tretyakov
et al., 2008). The error displayed here is derived by using an uncertainty in the pressure
broadening constant of 3.5 % and the line intensity of 0.5 %. Errors related to transmis-
sion losses in the windows are investigated in detail in Jarchow (1998) and found to be
negligible. Currently we cannot determine the elevation angle with a better precision
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than +£0.5° which introduce an uncertainty in the optical pathlength actually observed.
The corresponding error as shown in Fig. 6 is the result of varying the elevation angle
in the forward model by +0.5°. The error is calculated for c WASPAM1 which has an
elevation angle of 18°. The channel width of the CTS might introduce an error in the
inversion process due to the sampling of the line. If the channel width is denoted v,
the line centre can vary with ivzﬂ and still be measured within the centre channel. Due
to pressure broadening this error is only noticeable at altitudes above 70 km. However,
if the hyperfine structure of the water vapour spectrum is not taken into account the
error is visible already at 50 km and above 70 km the error is larger than 10 %.
According to OEM the stochastic noise, €y, in each measured spectra is represented
as the measurement noise error. As can be seen in Fig. 6 the error associated with
the measurement noise is approximately 5% up to 70 km and above that it increases
rapidly. This is the single largest error component. It is however important to note that
better observation conditions, which reduce the stochastic noise, do not reduce the
measurement noise error in a linear manner. Instead the averaging kernels will be
improved resulting in a better vertical resolution. The OEM tries to find the optimal
weighting between a noisy measurement and the a priori profile. As long as the esti-
mated error of the a priori profile is unchanged the optimal weighting will be the same,
hence the averaging kernels change with varying observational conditions and instru-
ment sensitivity. In some cases were a minimal noise is to be preferred over a better
vertical resolution it might be of interest to use the Backus—Gilbert retrieval method
instead of the OEM (Backus and Gilbert, 1970; Jarchow and Hartogh, 1995, 1998).

6 Conclusions

A new, highly sensitive, heterodyne microwave spectrometer has been described.
Compared with the WASPAM instrument a substantial improvement in the sensitivity
was achieved by cooling of the horn antenna and the measurement of two polarisa-
tions. As a result the time resolution in the upper mesosphere went from 24 to 4 h.
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Validation of the instrument, against two other water vapour heterodyne spectrometers
during a ground-based campaign at the Schneefernerhaus near Zugspitze showed AMTD
a good agreement. Comparison with satellite data from EOS-MLS showed a slight

systematic underestimation of cWASPAMS. Despite the fact that a multitude of param- 6, 46774703, 2013

eters with different uncertainties are used in the retrieval the single most important

component of the error profile is the measurement noise. Furthermore, decreasing the A ground-based
uncertainty in many of the parameters used will only marginally improve the measure- microwave
ment. spectrometer
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Table 1. Parameter specification for the cWASPAM instruments.

Optical setup
Antenna beamwidth (HPBW)

Cooled horn antenna
3.53°

Receiver type
Receiver temperature

Dual polarisation, total power
~ 30K

Receiver operation mode Single side band
Side-band suppression 45dB
Preamplifier Cooled HEMT
Backend type CTS

Spectral resolution 9.8kHz
Bandwidth 40 MHz

No of channels 4096

Calibration

Interleaved hot-cold
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before analysis in the CTSs.
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Fig. 2. c WASPAM1 on location at ALOMAR, Andgya. The dewar (1), movable optical table (2)

and fixed mirrors (3) are visible and in the background the rotating mirror (4) can be seen. Printer-friendly Version
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Fig. 3. The interior of cWASPAM1 with the calibration loads (1) and their connection (2) to the
cold finger (3). The OMT (4), HEMT amplifiers (5) and horn antenna (6) are mounted directly

on the cold finger Printer-friendly Version
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Fig. 4. A typical spectral line after 4 h of integration with the corresponding vertical profile. In the
upper left panel the actual measured line is marked in blue and the fit according to the forward
model is overplotted in green. The lower left panel shows the residual and covariance of the
observed line. To the right the vertical profile is shown in blue and the a priori can be seen in
cyan.
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Fig. 5. Averaging kernels corresponding to the line in Fig. 4.
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Fig. 7. Relative difference of water vapour profiles above Zugspitze from cWASPAM3 and EOS-
MLS. The solid line is based on a 12h integration whereas the dashed is based on a 4h
integration. As can be seen the lines are almost identical and show a dry bias compared to
EOS-MLS.
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