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Microwave Remote Sensing of Water Vapor in the Atmosphere

Niklaus Kimpfer, Beat Deuber, Dietrich Feist, Daniel
Gerber, Christian Miitzler, Lorenz Martin, June Mor-
land, Viadimir Vasic, Berne

1 Introduction

For a long time greenhouse warming and the deple-
tion of the ozone layer have been studied as two inde-
pendent problem areas. It has been thought that the
stratosphere with only about 10-20% of the atmos-
phere in terms of mass can play only a limited role
in climate change. However, there has been increas-
ing evidence in recent years that the stratosphere is
a sensitive component of the climate system, which
can affect the troposphere through various coupling
mechanisms: such as radiative transfer, changing the
characteristics of tropospheric waves by affecting
the upper boundary condition of the troposphere or
through the downward propagation of zonal-mean
anomalies (SHEpHERD 2000). A detailed understand-
ing of the processes by which atmospheric composi-
tion affects climate directly, through the distributions
of water vapor, other greenhouse gases and aerosols,
and indirectly through chemistry and vice versa is thus
vital in order to predict the future state of the atmos-
phere. A summary of the latest findings in the field of
global change is given in the reports of the INTERGOV-
ERNMENTAL PANEL ON CLiMATE CHANGE (IPCC) (2001)
on climate change and in the WorLD METEOROLOGI-
cAL ORGANIZATION (WMO) (1998) assessments of the
ozone layer. Both are updated at regular intervals.
Ozone and water vapor play key roles in the subject
under discussion.

Water vapor plays a crucial role in atmospheric proc-
esses through its radiative, chemical and dynamical
properties, In the upper troposphere it is one of the
main greenhouse gases that absorbs longwave terres-
trial radiation. Its distribution is strongly influenced
by both large scale circulation and localized convec-
tion, Chemically, water vapor is a major source of the
hydroxyl radical, the primary oxidant in the tropo-
sphere that is able to react with most pollutants, Water
vapor is also a valuable tracer of atmospheric motion
due to its long chemical lifetime. Part of water vapor
enters the stratosphere by vertical transport in the
tropical tropopause with the air being freeze dried
by the low tropopause temperature and spreads to
middle latitudes with a certain phase lag, Air passing
this way through the tropopause and carried upward
through the large scale circulation is marked by the
mixing ratio of entry in the same way as a magnetic

tape recorder is marked by the recording head. This
effect that is clearly visible has been called atmos-
pheric tape recorder (Motk et al. 1996). In addition,
H,O in the stratosphere is produced by oxidation of
CH,. Both sources contribute approximately one half
to the available water vapor in the middle atmos-
phere. The sink of H,O in the middle atmosphere
is photolysis, While the methane oxidation is well
understood, understanding of tropical stratosphere-
troposphere exchange is weak. More insight in these
processes might be obtained by observations of the
isotopic content of water entering the tropical strat-
osphere as the saturation vapor pressure of isotopes
heavily depends on temperature (Kerra 2000). How-
ever, only very few measurements of water isotopes
exist. Another unsolved issue in atmospheric water
vapor is the discovery of a narrow layer of H,O located
at approx. 70 km altitude in the mesosphere where the
H,O mixing ratio reaches the highest values observed
in the middle atmosphere (SumMMERs et al. 1997). This
layer can only be explained by a local source of H.Q.
Suggestions have been made that this layer could
be produced by an influx of small comets releasing
water in the atmosphere. However, SUMMERS & Sis-
KIND (1999) propose a recombination of O and H,
on meteoric dust as this source of mesospheric water
vapor.

Measurements of water vapor in the upper tropo-
sphere and in the stratosphere require an enormous
technical effort due to large gradients around the tro-
popause and the stratospheric mixing ratios of a few
ppmv in contrast to the moist tropospheric air masses.
In addition, in the stratosphere, the spatial and tem-
poral variability of the H,O abundance is relatively
small, i.e. changes of a few tenths of 1 ppmv need to
be detected with a similar accuracy of the measure-
ment. No single instrument today is capable of H,0
measurements at all altitudes, with adequate global
and temporal coverage. Therefore a combination of
different techniques is necessary in order to inves-
tigate the spatial and temporal variability of water
vapor. In situ measurements are mainly limited to
altitudes below approx. 35 km and are performed
on balloons or from aireraft, which are restricted by
set cruising attitudes. Signatures of tropospheric and
stratospheric exchange have e.g. been studied in this
way by OvarrLiz et al. (1999). A method that is partic-
ularly well suited to investigate the vmr-profile from
the ground is microwave radiometry that retrieves
the profile from pressure broadened transition lines.
Measurements of water vapor in the middle atmos-
phere have successfully been performed e.g. by NED-
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Fig, 1: Measured spectra of the water vapor transition at 183.310 GHz from different latitudes. Higher values in
the wings indicate higher values of water vapor at the flight altitude of approx. 11 km which is particularly true

for the subtropics where the tropopause is higher.

Gemessene Spektren der Wasserdampflinie bei 183.310 GHz fiir verschiedene geographische Breiten. Hohere
Werte in den Flilgeln der Spektrallinie weisen auf eine hohere Wasserdampfmenge in einer Flughdhe von 11 km
hin. Dies trifft insbesondere fiir die Subtropen zu, wo die Tropopause oberhalb der Flughdhe liegt.

Spectre de la ligne de transition de la vapeur d'eau a 183.310 GHz, mesuré a différentes latitudes. Des valeurs
élevées sur les flancs de la ligne indiquent de plus grandes quaniités de vapeur d’eau présentes d Ualtitude de vol
d'environ 11 km. Cest le cas en particulier pour la région subtropicale, ou Ualtitude de la tropopause est plus

élevée,

oLuna et al. (1997, 1998, 1999), who observed a clear
annual eycle and an upward trend in middle atmos-
pheric water vapor of 0.15 ppmv/yr in the altitude
range of 40-60 km concluding that there has been
a significant increase in the amount of water vapor
entering the middle atmosphere. However, the exact
cause is unknown. SEELE & HArTOGH (1999) observed
with microwave radiometry a pronounced annual
eycle of water vapor in the polar middle atmosphere
that is stronger than what has been reported for
midlatitudes. A more global coverage of data has
been obtained by different satellite sensors e.g. LIMS,
ATMOS, HALOE and MLS. A climatology of water
vapor mixing ratios for October 1991 - June 1997 was
presented from the microwave limb sounder (MLS)
on UARS (Upper Atmosphere Research Satellite),
by Stong et al. (2000). An assessment of the present
state of knowledge can be found in the SPARC (Strat-
ospheric Processes And their Role in Climate) report
on upper tropospheric and stratospheric water vapor
(SPARC 2000).

Research in tropospheric water (mainly water vapor,
but also cloud ligquid and frozen water) has increased in
recent years due to its importance for processes relevant
to radiation, meteorology, climate, hydrological cycles,
biogeochemistry and human activities, such as telecom-
munications. One handicap in this research has not been
removed so far, namely the lack of accurate methods to
measure atmospheric humidity. The large errors observed
for water vapor soundings is certainly affected by the
heterogeneity and temporal variability of water in the
atmosphere. But this is not the only reason for the prob-
lem. Most measurement methods rely on comparisons
with radiosonde data. That widely used humidity sensors
on radiosondes can have more significant errors than was
expected so far, was recently demonstrated by WESTWA-
1eR et al. (2000) for the Vaisala Humicap RS80 sensor.
Although correction algorithms for aging can reduce the
errors, they cannot be removed effectively.

In order to address these open questions and uncer-
tainties in our knowledge of water vapor, high quality
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AMSOS Flightroute
March 2000

Fig. 2: Flight route of the March 2000 campaign which covered latitudes from subtropics to the north pole. A
special flight to Island was performed in order to get data within the polar vortex which was located in this area

at the time.

Flugroute der Messkampagne im Mirz 2000, welche geographische Breiten von den Subtropen bis zum Nordpol
abdeckie. Ein Flug wurde speziell nach Island durchgefiihrt, da zu diesem Zeitpunkt der polare Vortex sein Zen-

trum in dieser Region hatte.

Route de vol de la campagne de mars 2000 qui couvrait des latitudes s’étendant des régions subtropicales jusqu’au
pole Nord. Un vol au-dessus de I'Islande a é1é spécialement programmé pour recueillir des données a l'intérieur

du vortex polaire qui se trouvait alors sur cette région.

observations are necessary. Even if there are more and
more satellite observations available it has to be kept
in mind that ground based measurements providing
high quality ground truth data will be needed for vali-
dation purposes also in the future. Ground based sen-
sors and satellite systems will remain complementary.

The aim of the paper is to show that microwave radio-
metry is a powerful remote sensing technique for the
detection not only of the column density of water vapor or
liquid water but in addition also of the water vapor profile.
Data from microwave radiometers allow the investigation
of the atmosphere from the ground to the mesopause thus
providing valuable information for atmospheric research.
Results from different instruments are given.

2 Microwave radiometry

Microwave radiometry is a passive remote sensing
technique which detects emission lines of atmospheric

constituents. For a review of the methodology refer
to JansseN (1993) or KAmprer (1995), for example.
A spectral analysis of the pressure broadened lines
allows the retrieval of the altitude profile of the spe-
cies under investigation over the height range of typi-
cally 20 km to 70 km, which corresponds to altitudes
from the lower stratosphere to the mesopause. As a
direct detection of the spectral features in the micro-
wave region is technically not possible, with the excep-
tion of frequencies below approx. 20 GHz, microwave
radiometers operate in the so called heterodyne mode.
In this mode, the incoming high frequency signal from
the atmosphere is superposed with a highly stable
signal from a local oscillator in a non linear element, a
so-called mixer, thus transforming the complete spec-
tral information to an intermediate frequency where
sufficient amplification and spectral analysis is possible.
Spectral analysis typically is performed in an acousto
optical spectrometer where the microwave frequen-
cies are converted to ultrasonic waves that disperse a
monochromatic light beam onto an array of visible



84

Geographica Helvetica Jg. 58 2003/Heft 2

HZO volume mixing ratio [ppm]

60 - i SN T G i J

o8}

altitude [km]

60

40

on March 10/13, 2000

! ko

80 90

latitude ['N]

Fig. 3: Latitude-altitude cross sections of water vapor mixing ratio in ppm with superposed values of potential

vorticity.

Mischungsverhiilinis von Wasserdampf als Funktion der Héhe und der geographischen Breite. Zusitzlich einge-

zeichnet sind Werte gleicher potentieller Wirbelstirke.

Coupe verticale et longitudinale du rapport de mélange de la vapeur d’eau en ppm, en tant que fonction d’altitude
et de largeur géographique. Sont en outre mentionnées des valeurs ayant le méme poids potentiel.

light detectors. In order to minimize the noise contri-
bution of the receiver, such instruments are usually
cooled to cryogenic temperatures. The most sophis-
ticated ones operate superconducting junctions as
mixing devices requiring cooling to liquid helium tem-
peratures. During the last few years instruments for the
detection of transition lines of atmospheric constituents
have been developed at the Institute of Applied Phys-
ics, IAP, University of Berne and were successful in
measuring spectra of O,, H,O, H,0", ClO, HCI, as
well as CO (e.g. KimprER 1995: Jost et al. 1996; MAIER
et al. 2001; IncoLD et al. 1998; GERBER et al. 2000).
Radiometers are operated from the ground, from air-
craft (e.g. PETER 1998) and have also been flown on the
Space Shuttle (e.g. AELLIG et al. 1996; Fist et al. 2000).

3 Results

3.1 Aircraft measurements

For several years, our institute has provided measure-
ments of water vapor in the middle atmosphere with an
airborne microwave radiometer called AMSOS (Air-

borne Millimeter and Submillimeter Spectrometer).
This radiometer observes a strong water vapor emis-
sion line at 183 GHz which is ideal for these airborne
measurements. A typical campaign takes about one
week and covers almost all of the northern latitudes
from the tropics to the arctic. Typical spectra measure-
ments are shown in Figure 1, whereas Figure 2 shows
the flight route for the campaign in spring 2000 which
led up to the north pole and allowed measurements
of the water vapor distribution at the pole for the
first time. Figure 3 shows the latitudinal distribution of
water vapor with superimposed values of the potential
vorticity. The edge of the polar vortex is clearly visible
in the altitude profiles of stratospheric water vapor that
we retrieved from our spectra. High values of water
vapor inside the vortex indicated a strong downward
movement of airmasses over an extended period of
time during the winter of 1999/2000.

Analysis of data from different seasons indicate that
the state of the atmosphere changes drastically between
these periods, especially at high latitudes. Measure-
ments taken in winter and spring show a completely
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Fig. 4: MIAWARA, Middle Atmospheric Water Radiometer on the roof of the Institute of Applied Physics
(IAP), University of Berne, operating at 22 GHz.
MIAWARA, Middle Atmospheric Water Radiometer, das bei einer Frequenz von 22 G Hz misst, auf dem Dach des
Institutes fiir Angewandte Physik (IAP) der Universitit Bern.

MIAWARA, radiométre mesurant la vapeur d’eau dans la moyenne atmosphére, a une fréquence de 22 GHz, sur
le toit de 'IAP, Université de Berne.
Photo: B. DEUBER

different picture than those taken during summer.
Summer profiles show an almost climatological dis-
tribution of water vapor with a maximum at high
altitudes that varies only slightly with latitude, while
winter and spring profiles show a stronger maximum
at much lower altitudes in polar regions, typically with
very low water vapor values above it. While the pat-
tern in the summer profiles can be explained with slow
upward motion and textbook atmospheric chemistry,
the winter pattern in the arctic is much more com-
plex. It suggests that strong dynamical processes have
transported water vapor from high altitudes down-
ward inside a well-isolated polar vortex.

3.2 Measurements from the Jungfraujoch

In addition to the flights, the AMSOS instrument for
the first time was placed on the high Alpine research
station Jungfraujoch during the winter season when
the atmosphere was sufficiently dry enough for water
vapor to be measured at this frequency and latitude
(SiEGENTHALER 2001). Data from AMSOS from the
Jungfraujoch have also been used for the determina-

tion of the isotope ratio of H,O"™ to normal H,O. An
increased interest in isotopic studies of atmospheric
constituents can be observed over the last few years.
Isotopic composition can be used to deduce informa-
tion about a species’ chemical and/or physical history.
Research on the isotopic composition of water vapor
can help to determine whether it has been transported
into the stratosphere from the troposphere or whether
it originates from stratospheric chemical processes.
With the tropopause acting as a cold trap, the strato-
sphere is generally very dry, featuring a water vapor
content in the order of 4 - 6 ppmv maximum. Through-
out the tropo-sphere this value increases rapidly up
to a value in the order of 1000 ppmv at our observa-
tion altitude of 3’500 meters. We analyzed EMCOR
(European Minor Constituent Radiometer) data of
the 203.407520 GHz rotational transition line of H,O'
from the period of December 15, 1999 to January 20,
2000. A description of the instrument which has been
installed at our institute can be found in MaIgr (2001).
In addition, we used data for HO from AMSOS
observed at the same location. The retrieved data have



86

Geographica Helvetica Jg. 58 2003/Heft 2

0.4 1

035 ~
M, 03+ .
L
2
o025 -
Q
o
=
DS )
p
=0
=0
8
it ] |
3
(]
<
= 0.05 =
20

O =

0.05 - :

2215 222, 22235

frequency [GHz|

Fig. 5: Spectrum of the water vapor transition line at 22 GHz with an extremely high resolution of 15 kHz at line
center thus providing the possibility to retrieve the profile of water vapor up to the mesopause.

Spektrum der Wasserdampflinie bei 22 G Hz, gemessen mit einer extrem hohen Aufldsung von 15 kHz, was erlaubt,
die Verteilung von Wasserdampf auch in der Mesosphiire zu bestimimen.

Spectre de la ligne de transition de la vapeur d’eau a 22 GHz, mesuré avec une résolution extréme de 15 kHz,
permettant ainsi de déduire le profil de distribution de la vapeur d’eau jusqu 'a la mésopause.

been validated with H,O profiles from the POAM
satellite experiment. The derived isotopic ratio is in
accordance with the results from RINSLAND et al.
(1991), which means close to SMOW (Standard Mean
Ocean Water) but with a notable tendency to negative
values at 30-35 km and 50-55 km altitude.

3.3 A new instrument for water vapor in the middle
atmosphere

In order to measure middle atmospheric water vapor
also during less favorable conditions and particularly
from low altitudes, a different spectral line has to be
used. The transition at 22.235 GHz has an opacity
which is sufficiently weak to be used from an observa-
tion site such as Berne (550 m a.s.1.). An instrument has
been built based on a concept which minimizes opti-
cal components in order to reduce any internal reflec-
tions leading to baseline effects. The radiometer has
an outstanding system temperature of 160 K in single
sideband mode (DeuBer 2001; DeuBer et al. 2002).
An impression of the instrument is given in Figure 4.

First spectra of the water vapor transition line with an
extremely high spectral resolution of 15 kHz is given
in Figure 5. This high spectral resolution will allow the
retrieval of the altitude profile of water vapor up to the
mesopause thus giving insight into processes which are
poorely understood.

3.4 Tropospheric water vapor

In contrast to the stratosphere where water vapor is
a trace gas, water vapor in the troposphere is found
in abundance and is a highly variable factor contribut-
ing to weather and climate. In order to determine the
columnar water vapor distribution in the troposphere
along with a temperature profile, we used ASMU-
WARA (All Sky Multi Wavelength Radiometer) which
has the unique advantage of allowing the observation
of the parameters of interest over the whole sky by
means of scanning in azimuth and elevation. Local
inhomogeneities can thus be easily detected (MARTIN
2003). In addition to several channels in the microwave
region, the instrument has an infrared sensor which
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Fig. 6: The integrated liquid water content (ILW) of the atmosphere over Berne on 16 April 2002. The angle in
the polar diagrams represents the azimuth and the radius represents the zenith angle of the observation direc-
tion. White corresponds to 0 mm and black to 0.5 mm of ILW. Large black dots indicate measurements.

Der integrierte Fliissigwassergehalt der Atmosphiire iiber Bern fiir den 16. April 2002. Der Radius im Polardia-
gramm entspricht dem Zenithwinkel. Weiss entspricht 0 mm und schwarz 0.5 mm Fliissigwasser. Die schwarzen

Punkte geben die Messstellen an.

Valeur intégrée du contenu en eau liquide (CEL) de Patmosphére au-dessus de Berne, le 16 avril 2002. L’angle du
diagramme polaire indique I"azimut et le rayon indique I'angle zénithal d’observation. La courbe blanche corre-
spond a un CEL de 0 mm, la courbe noire a un CEL de 0.5 mm. Les poinis de mesure sont représentés par les

POIRLS NOITS.

is used for cloud detection. In addition to allowing
the observation of water vapor, this instrument also
opens up the possibility to observe cloud liquid water,
a parameter which can not be measured, for e.g. with
balloon soundings and which thus gives insight into the
total water content of a cloud. An example of the two
dimensional distribution of the liquid water content of
the sky is given in Figure 6. As the time resolution of
these maps is a few minutes, they provide insight into
the dynamical processes of the atmosphere.

4 Conclusions

Microwave remote sensing is an excellent means of stud-
ying processes in the atmosphere related to water vapor
and liquid water content. The analysis of spectral fea-
tures allows the investigation of the atmosphere from
the troposphere to the mesopause. Further, it delivers

information on the column densities of the troposphere.
Due to the operation from an aircraft, latitudinal vari-
ations of water vapor in the middle atmosphere can be
investigated. As the chemical lifetime of water vapor is
high, it is possible to study dynamical processes, as was
the case within the polar vortex. The distinction of differ-
ent isotopes might give insight into the origin of water in
the middle atmosphere. Phenomena in the troposphere
can be accessed with a novel method providing maps of
the sky for integrated water vapor and liquid content.
Therefore this method is well suited for investigations
in climate research as is done within project START-
WAVE of NCCR-climate within Switzerland.
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Summary: Microwave Remote Sensing of Water
Vapor in the Atmosphere

Water vapor in the atmosphere plays a crucial role in
climate and in atmospheric processes. Due to its long
chemical lifetime it can be used as a tracer for inves-
tigations of dynamical processes in the middle atmos-
phere. Microwave radiometry is one of the few remote
sensing methods which is capable of inferring informa-
tion on the water vapor content of the troposphere to
the mesosphere, however with a different altitude res-
olution. Different microwave radiometers that can be
operated from the ground and from an airborne plat-
form have been built at the Institute of Applied Phys-
ics, University of Berne. The paper presents the method
of microwave remote sensing and gives an overview of
recently achieved results with regard to water vapor
distribution as a function of altitude and latitude. First
results of an imaging radiometer for the two dimen-
sional distribution of liquid water is presented.

Zusammenfassung: Mikrowellen-Fernerkundung von

Wasserdampf in der Atmosphiire

Die Verteilung von Wasserdampf in der Atmosphire
spielt eine substantielle Rolle fiir das Klima und fiir
atmosphérische Prozesse. Dank der langen chemischen
Lebenszeit in der mittleren Atmosphire, kann Wasser-
dampf auch als Tracer fiir die Untersuchung dynamischer
Prozesse verwendet werden. Mikrowellen-Radiometrie
ist eine Fernerkundungsmethode, die Information tiber
die Verteilung von Wasserdampf von der Troposphire
bis in die Mesosphire liefern kann. Allerdings ist die
Hohenauflosung fiir die verschiedenen Regionen unter-
schiedlich. Am Institut fiir Angewandte Physik der
Universitdt Bern wurden verschiedene Mikrowellen-

Radiometer entwickelt, die vom Boden, aber auch von
einem Flugzeug aus eingesetzt werden. Die Publikation
stellt die Fernerkundungsmethode vor und gibt eine
Ubersicht tiber kiirzlich erlangte Resultate iiber die
Verteilung von Wasserdampf als Funktion der Hohe,
aber auch in Abhingigkeit von der geographischen
Breite, von den Subtropen bis zum Nordpol. Es werden
auch erste Resultate eines abbildenden Sensors fiir die
Fliissigwasser-Verteilung vorgestellt.

Résumé: La sensibilité a distance de la radiométrie
micro-ondes 2 la vapeur d’eau dans ’atmosphére

La vapeur d’eau joue un role crucial dans les proces-
sus climatiques et atmosphériques. Grice a son temps
de vie chimique trés long, cette molécule peut étre uti-
lisée comme traceur pour I’étude de processus dyna-
miques dans la moyenne atmosphere. La radiométrie
micro-ondes est une technique de télédétection passive
permettant d’interférer 'information sur le contenu
en vapeur d’eau de I’atmosphére de la troposphéere
jusqu’a la mésosphére, avec une résolution verticale
dépendant des régions considérées. Plusieurs radiome-
tres micro-ondes ont été construits & I'Institut de Physi-
que Appliquée de I'Université de Berne, et sont utilisés
au sol et a bord d’un avion. L’article présente la techni-
que de la radiométrie micro-ondes et donne un survol
des résultats récents obtenus sur la distribution de la
vapeur d’eau en fonction de I'altitude et de la latitude,
depuis la région sub-tropicale jusqu’au Pole Nord. Sont
également présentés les premiers résultats d’'un nou-
veau radiometre permettant de mesurer depuis le sol la
distribution de la vapeur d’eau dans deux dimensions.

Teaching in Geography — pertinent questions

- Why is water vapor interesting?

- How is it possible to measure the altitude distribu-
tion of water vapor without being in situ?

- What are the characteristics of MIAWARA?

- What were the results of the different methods?

- Where can I find out more about research in this
area?
Visit the webpage http:/www.iapmw.unibe.ch/research/
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