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Abstract

This thesis reports on observations of tropical stratospheric water vapour by

the ground-based microwave radiometer/spectrometer WaRAM2 in 2007.

The 22GHz receiver is set up at Mérida Atmospheric Research Station on

top of Pico Espejo, Venezuela (8◦32′N, 71◦03′W, 4765m above sea level). It

is the only such sensor that continuously operates at tropical latitudes. The

high altitude site is ideally suitable for microwave observations, because

most tropospheric water vapour is located below the sensor.

Water vapour plays a key role in middle atmospheric processes. Because

of its large infrared resonance, it strongly participates in the radiative budget,

both in terms of a greenhouse effect at lower altitudes and radiative cooling

at higher altitudes. It is a source gas for the highly reactive hydroxyl radical,

and exerts indirect effects on ozone destruction in the formation of polar

stratospheric clouds. Due to its long lifetime, water vapour also serves as a

dynamical tracer.

Several studies indicate a sustained increase in stratospheric water vapour

over the second half of the 20th century, which is only partly explained by a

concurrent increase in methane. The processes governing water vapour dis-

tribution, variability, and trends are still not sufficiently understood. Mod-

elling capacity is currently restricted by the uncertainty and sparse avail-

ability of suitable observations, and their inherent discrepancies. Continuous

long-term time series of stratospheric water vapour are of particular impor-

tance in the separation of trend signals from the large seasonal and annual

variations in water vapour entering the stratosphere.

This work summarises existing water vapour observation techniques and

their evolution. It demonstrates the utility of WaRAM2 measurements for

mitigating the current observational shortcomings. The discussion focusses

on improvements to the existing retrieval set-up, which eliminate undesired

oscillations in the retrieved profiles. It also devotes detail to some issues that
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have been identified in the data. The range of the WaRAM2 retrievals pre-

sented here is limited to 30−50km at roughly 10km vertical resolution, but

could be extended downwards by refinements to the retrieval set-up that are

currently being investigated. A numerical experiment supports the sensor’s

capacity to study seasonal variations in stratospheric water vapour entry

levels. WaRAM2 results are compared to correlative data from Aura/MLS,

yielding good agreement at 33km. At 44km, WaRAM2 is 0.7ppmv (10%)

lower than MLS on average.

Keywords: water vapour, stratosphere, tropics, microwave remote sens-

ing, ground-based observation
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1 Introduction

Earth’s atmosphere is mainly composed of molecular nitrogen, oxygen, and

argon, which together account for more than 99% of the constituents. Yet the

less abundant species, so-called trace gases, are of particular scientific con-

cern, since they govern processes of crucial importance to climate and life on

Earth. Despite rare coverage in the public media, water vapour plays a key

role in atmospheric processes. In the troposphere, it substantially contributes

to heat transfer due to the large latent heat in its phase transitions, which

readily occur in the atmospheric temperature range. The yearly amount of

precipitation is about 40 times the total atmospheric water content, so its

average residence time is about 9 days. This makes for the very turbulent

dynamics throughout the troposphere.

Earth’s overall radiative balance is driven by the dependence of atmos-

pheric optical properties on wavelength: Part of the incoming shortwave

(ultraviolet/visible/near infrared) solar radiation is absorbed before reach-

ing the ground, whereas longwave (infrared) absorbers stop part of Earth’s

thermal emission escaping to space. Water vapour constitutes the largest

gaseous source of infrared opacity in the atmosphere. Warming due to an

increase in CO2 results in a positive feedback by water vapour, since higher

surface temperatures cause larger evaporation. At the same time, a higher

abundance of water vapour may result in a larger fraction of cloud cover.

Low-altitude stratus clouds reflect incoming shortwave radiation and thus

promote net cooling. High-altitude cirrus clouds on the other hand mostly

comprise ice crystals, which transmit shortwave but trap longwave radia-

tion, resulting in a possible warming. In addition, clouds adhere to complex

microphysics and involve rapid time scales and short length scales, all of

which is hard to model. Hence the tropospheric response to changes in wa-

ter vapour is difficult to discern.

Water vapour enters the stratosphere by ascent through the tropical tropo-

1



2 1 INTRODUCTION

pause transition layer and by extratropical horizontal transport on isentropic

surfaces. Throughout the stratosphere, additional water vapour is produced

by methane oxidation, and no sinks exist. This makes for an increase in

water vapour abundance with altitude, up to the stratopause. Water vapour

accounts for some direct radiative cooling of the stratosphere; however the

major cooling effects are induced by decreased ozone and increased trap-

ping of infrared radiation in the lower atmosphere. Regarding stratospheric

chemistry, water vapour provides the highly reactive OH radical, which di-

rectly contributes to stratospheric ozone destruction by catalytic cycles. Fur-

thermore, it contributes to the formation of polar stratospheric clouds (PSC).

During polar spring, PSC play a key role in heterogeneous chlorine chem-

istry, which effects the large-scale catalytic ozone destruction known as the

ozone hole. Given its long chemical lifetime, water vapour is a good tracer

for dynamical processes in the stratosphere. In particular, the seasonal cy-

cle in water vapour entering the lower stratospheric is “imprinted” in the

air as it ascends in the BREWER-DOBSON circulation; this is known as the

atmospheric tape recorder.

Numerous studies report an increasing trend in stratospheric water vapour

of the order of ∼ 0.045ppmv yr−1 during the second half of the 20th cen-

tury. Yet in the beginning, the data pool has been sparse, and discrepancies

remain with respect to data from the 1980s onwards, when more observa-

tions become available. At the turn of the century, a sudden drop is observed,

and since then, stratospheric water vapour seems to remain almost constant.

There is no satisfactory scientific understanding of these effects, and they

underline the importance of continuous monitoring, especially at tropical

latitudes, where most of the transport into the stratosphere takes place.

This thesis deals with the operation of a ground-based microwave ra-

diometer/spectrometer, WaRAM2, for the observation of middle atmospheric

water vapour at Mérida Atmospheric Research Station (MARS). The sensor

records thermal emission at 22GHz. The vertical resolution of microwave

observations is, in general, limited to about 8km at best, but they deliver very

good horizontal resolution with good long-term stability. The WaRAM2

sensor has been built in-house at Institut für Umweltphysik, Universität Bre-
men. The antenna and ellipsoidal mirror have been manufactured by Ra-

diometer Physics GmbH (Meckenheim, Germany).

The initiative for MARS has been sparked by the interest in tropical ob-
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servations for the validation of Envisat/SCIAMACHY, and ultimately in set-

ting up a tropical primary station within the Network for the Detection of

Atmospheric Composition Change (NDACC)1. The station is located on top

of Pico Espejo in the Venezuelan Andes and is operated by the Universi-
dad de Los Andes (ULA), Mérida, which has entered a partnership with

Forschungszentrum Karlsruhe and the Universität Bremen. The site is ac-

cessible by the world’s longest and highest cable car, Teleférico de Mérida.

This location is particularly well suited to microwave observations, due to

the reduced shielding of middle atmospheric signals by tropospheric water

vapour. Regular observations at MARS started in 2004.

This thesis is structured as follows. Chapter 2 discusses some basic prop-

erties of the atmosphere, focussing on stratospheric water vapour. Build-

ing on this introduction to the problem at hand, chapter 3 extensively re-

views various methods to infer water vapour abundance. It serves as a refer-

ence to appreciate the advantages and shortcomings of the individual tech-

niques and their evolution with time. Observations by microwave radiom-

etry/spectrometry form the main part of this thesis. Hence chapter 4 gives

more detail about atmospheric radiative transfer in the microwave range, re-

ceiver set-up, data processing, and retrieval of geophysical parameters from

the data. Chapter 5 subsequently presents the results of observations car-

ried out in 2007. This includes instrument characterisation and a numerical

experiment to explore the sensor’s sensitivity limit. The report ends in a

time-series of tropical stratospheric water vapour fromWaRAM2 data and a

comparison to correlative data from Aura/MLS. Chapter 6 sums up the key

findings.

1 The NDACC maintains a web site at http://www.ndsc.ncep.noaa.gov/.





2 Water Vapour in the Atmosphere

This chapter is dedicated to introducing in short the structure and dynam-

ics of Earth’s atmosphere. Special emphasis is put on stratospheric water

vapour, and some of its chemical and radiative effects are discussed. Some

of the standard expressions that deal with humidity are introduced in the

appendix for reference. Unless stated otherwise, the discussion is based on

BRASSEUR et al. (1999) and ROEDEL (2000).

2.1 Basic Structure of the Atmosphere
Two basic parameters about the structure of the atmosphere are the depen-

dencies of pressure, p, and temperature, T , from altitude above ground, z.
The former is directly related to the weight of air parcels in Earth’s gravity

field, dp/dz = −ρ g. When assuming air to be an ideal gas, and neglect-

ing temperature variability throughout the atmosphere, this may be directly

integrated to yield the barometric formula,

p(z) = p0 · exp
(
−Mair g

RT
· (z− z0)

)
.

where p0 denotes pressure at height z0, Mair = 2.9 · 10−2 kgmol−1 mean

molar mass of dry air, g = 9.8ms−2 gravitational acceleration, and R =
8.3Jmol−1K−1 universal gas constant. Pressure exponentially decays with

altitude, at a rate of approximately a decade every 16km. In wet air, the de-

cay is a little slower with altitude, because the molar mass of water is less

than for air. Close to the ground, where water vapour is most abundant, this

accounts for 1% of the mean molar mass.

Several processes, like adiabatic changes, radiative effects, and solar irra-

diance, govern the temperature structure. The magnitudes of these processes

vary with altitude, hence so do the characteristic properties of Earth’s atmo-

5
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sphere, like the temperature gradient. Ground temperature and water vapour

evaporation form important boundary conditions. A general idea of the trop-

ical temperature profile is given in figure 2.1.

According to its characteristics, the atmosphere can be divided into sev-

eral layers. The lowermost layer, called troposphere1, is dominated by heat-

ing from Earth’s surface, resulting in strong convection. Air is cooled adi-

abatically as it lifts up, which determines the negative temperature gradi-

ent. The decrease in temperature for dry air, called dry adiabatic lapse rate,

is about 10Kkm−1. Since water vapour saturation pressure depends expo-

nentially on temperature, moist air usually reaches saturation during uplift.

This causes liquid or frozen water to form, and the release of latent heat

in these phase transitions causes the moist adiabatic lapse rate to be less

than the dry rate. Its exact value depends on air moisture content and ranges

from 3Kkm−1 (hot and wet) to 10Kkm−1 (cool and almost dry). At trop-

ical latitudes, the atmospheric transition from tropospheric to stratospheric

characteristics is a gradual process. This is expressed by the notion of a

tropical (tropopause) transition layer (TTL) that extends between roughly

11−18km.

The stratosphere2 is situated above the troposphere and extends to about

1 “sphere of change”, related to τρóπoς (tropos), [Greek] turn
2 “layered sphere”, related to stratus, [Latin] (horizontal) layer

Figure 2.1: Temperature profile according to

the FASCOD tropical atmospheric scenario

(ANDERSON et al., 1986). Atmospheric lay-

ers are indicated.
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50km altitude. It is governed by equilibrium between absorption of ultravi-

olet (UV) solar radiation, which results in heating, and radiative cooling at

infrared (IR) wavelengths. Solar UV radiation is mainly absorbed by ozone,

and its heating effect increases with altitude. This introduces a positive gra-

dient in temperature, and airmasses are overall stably stratified. The dynam-

ics that still exist in this layer are discussed below.

After heating attains its maximum, at about 50km, the temperature gradi-

ent is again reversed. This marks the lower bottom of the mesosphere, which

extends to about 85km upwards. This layer is of particular interest at polar

latitudes, since the high level of UV radiation leads to formation of radicals,

which may be transported into the stratosphere by large-scale subsidence

during the polar night.

The discovery of atmospheric layering is one of the most surprising find-

ings in the history of meteorology. First records of temperature ceasing

to decrease at what now is known the tropopause date back to 1894, car-

ried out by ASSMANN. Allegedly after meeting ASSMANN in 1896, TEIS-

SERENC DE BORT starts a series of balloon soundings, yielding similar

results (DUBOIS, 1955, after (LABITZKE, 1998)). Both initially put their

revolutionary findings down to measurement error. While TEISSERENC DE

BORT optimises his instruments in several ways before eventually trusting

in his data, ASSMANN and colleagues make many endeavours to confirm

the measurements in a manned balloon flight, which eventually took place

in 1901. Both individually publish their findings in spring 1902, within a

couple of days. This fosters similar discoveries of ocean layering and solid

Earth layering, and motivated WEGENER to propose the theory of continen-

tal drift (GREENE, 2000). Yet attribution of the original discovery is con-

troversial: DUBOIS (1955, after (LABITZKE, 1998), see also (MBL, 2008))

reports the publications in 1902 to be a joint announcement founded on sci-

entific cooperation and agreement. On the other hand, the Encyclopædia

Britannica solely attributes the discovery to TEISSERENC DE BORT, and

GREENE (2000) even presumes that ASSMANN chose to publish his data

only after learning that TEISSERENC DE BORT did so. This need not be

decided upon here.

Depending on context, the height coordinate in an atmospheric scenario
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may conveniently be expressed as potential temperature, θ ,

θ = T ·
(
p0
p

)κ
, κ =

R
Mair cp

.

T denotes temperature of a given air parcel that originates at pressure p,
and cp specific heat of air at fixed pressure (other constants like above). θ
indicates the temperature that the air parcel would attain if it were moved

adiabatically to the reference pressure p0. Thus adiabatic processes by defi-

nition occur on levels of constant θ , called isentropes.

2.2 Stratospheric Dynamics
If radiative processes from within were the only force on the stratosphere, it

would almost remain in equilibrium. BREWER (1949) has been the first to

observe contradicting evidence, in terms of a steep decrease in mid-latitude

water vapour just above the tropopause. This has brought about the idea

of global circulation, nowadays known as BREWER-DOBSON circulation,

in which air enters the stratosphere through the tropical tropopause – only

there temperatures are sufficiently low to provide the observed degree of

dehydration. Afterwards, air travels pole-wards and eventually returns to

the tropopause. It has initially been thought that such circulation could be

forced by radiative cooling of the winter hemisphere, which is less exposed

to solar irradiation. However, CORIOLIS force effectively cancels any such

circulation by eastward deflection. Also, air must lose angular momentum

as it moves pole-ward. Instead propagating atmospheric waves, which trans-

fer energy and angular momentum from the troposphere to higher altitudes,

drive the global circulation (HOLTON et al., 1995). While the deposited en-

ergy may simply be radiated away, the angular momentum influx is balanced

by forcing of meridional flow. This description is summarised by figure 2.2.

(ROSCOE, 2006; SHEPHERD, 2007)

2.3 Stratospheric Water Vapour
Atmospheric water vapour content is closely related to temperature at the

ground. This is because saturation pressure, as mentioned above, depends
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Figure 2.2: Aspects of stratospheric dynamics. The thick blue line indicates the trop-

opause. The green shaded area denotes the region of forcing by atmospheric waves,

broad orange arrows describe the direction of global circulation. The yellow shaded

area marks the region where direct stratosphere-troposphere exchange may occur on

isentropes (labels denote potential temperatures θ [K]). Taken from ROSCOE (2006).

exponentially on temperature. In equatorial regions it can reach up to 60mm

precipitable water vapour (PWV) (cf. section A), whereas in cold polar re-

gions, its largest abundance is less than a tenth of this value. Starting from

these values, the vertical gradient of water vapour in the troposphere is gov-

erned by the decrease in saturation pressure. Figure 2.3 displays a typical

water vapour profile according to the FASCOD tropical atmospheric sce-

nario. At sea level, water vapour amounts to 2.6 Vol.-% volume mixing ratio

(VMR). As temperature decreases, most of this condenses or deposits, and

stratospheric entry values are 2− 3ppmv. Stratospheric water vapour ac-

counts for less than 1% of its overall atmospheric content. Yet still it exerts

a major influence on stratospheric chemistry and dynamics and feeds back

to climate processes at the ground, which is discussed in section 2.4 below.

In addition to transport, water vapour is produced in the stratosphere by

oxidation of methane. This reaction is responsible for the increase in water

vapour above 20km that can be read from figure 2.3. Methane is discharged
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Figure 2.3: Water vapour profile according to

the FASCOD tropical atmospheric scenario

(ANDERSON et al., 1986). 1 10 100 1.000 10.000 100.000
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from the biosphere and marks the only organic compound long-lived enough

(∼ 10 years) to be transported to the stratosphere in significant amounts. The

most important source for methane is release from geological deposits, nat-

ural gas fields, where it has been formed by anaerobic decay of organic mat-

ter. Human-induced sources, like exhaust from the warm and waterlogged

soil of rice crop growing, industrial livestock farming, and fermentation of

organic rubbish, have become increasingly important. Methane concentra-

tion has nearly tripled since pre-industrial times. Its growth rate appears to

recently have come to stand still (BOUSQUET et al., 2006), but thawing of

Siberian permafrost soil holds potential for a massive release of methane

into the atmosphere (SEMILETOV et al., 2008).

Given its long atmospheric lifetime, methane is well mixed throughout

the troposphere at a level of currently about 1.8ppmv. The same level of

methane is accordingly observed to enter the stratosphere from the TTL.

Throughout most of the stratosphere, destruction of methane is dominated

by reaction with hydroxyl radicals (LE TEXIER et al., 1988),

CH4 +OH −→ CH3 +H2O.

In addition, there are several reactions of methane with excited atomic oxy-

gen that eventually result in the production of water. The total yield is close

to 2 molecules of water per molecule of methane. No other sources of water

vapour exist throughout the stratosphere, and satellite observations indicate

that “total hydrogen”, defined as 2 · [CH4]+ [H2O], is relatively constant in

this region.

Higher up into the mesosphere, water vapour is increasingly photolysed

by solar irradiation around LYMAN-α wavelength and the SCHUMANN-

RUNGE bands. Yet localised maxima are observed at 65−75km during po-
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lar summer and tropical equinox, and another at higher altitudes only during

polar summer, which are discussed e.g. by SONNEMANN et al. (2005, 2008),

respectively.

Observations based on a new generation of sensors (cf. sections 3.1.6-

3.1.7) have recently hardened the case for a third route of significant water

entry to the stratosphere, which is by convective ice lofting. Due to the lo-

calised nature of such events, their importance for the total stratospheric

water vapour budget remains an open question. The rate of ice entry to the

stratosphere may be inferred from measurements of water isotopologue sep-

aration, δD,

δD = 1000� ·
(

[HDO]/[H2O]
2RVSMOW(D/H)

−1

)
, (2.1)

RVSMOW(D/H) = 155.76±0.1ppm being the isotopic ratio for Vienna Stan-

dard Mean Ocean Water (VSMOW)3. Slowly ascending air exhibits a de-

pression in HDO, because this so-called semiheavy water preferentially con-

denses from the gas phase. Consequently, if water is convectively injected

to the stratosphere, it is less depleted in HDO. Consideration of ice lofting

much improved the simulation of δD in the Lagrangian model of strato-

spheric water vapour entry levels discussed below. (DESSLER et al., 2007)

2.3.1 Dryness of the (Lower) Stratosphere

As introduced in section 2.2, the aridity of the stratosphere results from what

is now known as the BREWER-DOBSON circulation. Air predominantly en-

ters the stratosphere by passing the TTL, and is then distributed through-

out in an upward-pole-ward-downward motion. Temperature within the TTL

reaches below 200K, which effectively “freeze-dries” the bypassing air to

water vapour levels that are consistent with stratospheric observations.

The temperature of the TTL is subject to an annual cycle that yields low-

est values during boreal winter. The cause of this cycle remains an open

3 VSOMW is the standard reference for the isotope ratios of H and O in purified water. It

is maintained and prepared by the International Atomic Energy Agency (IEAE), Vienna,

Austria, which sends out small portions of VSMOW to laboratories for calibration. The

almost exhausted VSMOW has recently been replaced by a successor called VSMOW2,

which reproduces the isotopic composition of VSMOW well within uncertainties of field

laboratory measurements. (IAEA, 2008)
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question, yet it modulates the degree of dehydration that occurs in the TTL.

This signal is imprinted on air that ascends into the stratosphere, as if it were

recorded on magnetic tape (figure 2.3.1). For this reason it has been termed

the atmospheric “tape recorder” (MOTE et al., 1996). One benefit of this

clear signal is that it allows quantifying the magnitude of upward motion

in the stratospheric BREWER-DOBSON circulation. It has also resolved a

long-standing puzzle about the so-called hygropause, a region of minimum

water vapour abundance that is observed above the tropopause (KLEY et al.,

1979): The hygropause merely marks the upward propagation of the annual

minimum in water vapour entering the stratosphere.

Despite the qualitative picture being correct, water vapour volume mix-

ing ratio upon entry to the stratosphere, [H2O]e, is over-estimated when cal-

culated in Eulerian coordinates4; annual and zonal mean temperatures of

the TTL are too high to agree with observed stratospheric water vapour.

FUEGLISTALER et al. (2005) instead calculate [H2O]e from a Lagrangian

model, based on ECMWF5 re-analysis (ERA-40) wind and temperature data.

They infer that trajectories entering the stratosphere from the TTL mainly

4 In fluid mechanics, Eulerian coordinates denote the study of flow at a fixed point of reference.

Lagrangian coordinates instead consider flow by following motion of fluid particles.

5 European Centre for Medium-Range Weather Forecasts

Figure 2.4: Total water (2 · [CH4]+[H2O]) volume mixing ratio from HALOE observations, zonal

average over the latitude band 12◦N–12◦S. The data clearly indicate upward propagation of an

annual cycle in dehydration, caused by a corresponding cycle in TTL temperature. Taken from

SHEPHERD (2000, originally from MOTE et al.).
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travel a region over the western Pacific (∼ 100◦W–150◦E), which exhibits

a global minimum in tropopause temperatures. During boreal summer, the

Indian monsoon system is identified to be an additional region of similar im-

portance. To compare the model data to observations, trajectories that orig-

inate in the stratosphere must also be taken into account. This is illustrated

by figure 2.5. Between 1979–2001, mean [H2O]e from the model amounts

to about 3.5ppmv, and the amplitude of the annual variation in [H2O]T400,
water vapour volume mixing ratio at θ = 400K, is about 1.7ppmv, in good

agreement with observations.

2.3.2 Trends (Past and Future)

There is some evidence for a sustained increase in stratospheric water vapour,

about 1%yr−1 (∼ 0.05ppmvyr−1), from 1980 to roughly 2000. Since then,

observations are constant or indicate a decrease, depending on altitude (IPCC,

2007). However, the longest time-series of data have been obtained from

balloon soundings at just two northern mid-latitude sites, with no temporal

Figure 2.5: Trajectories of air that determine stratospheric water vapour VMR at

θ = 400K, [H2O]T400. The blue arrow indicates trajectories that account for en-

try into the stratopause, [H2O]e. The red area indicates where air travelling along

these trajectories is reduced to its final water vapour VMR (called the Lagrangian

cold point, shown as white crosses). Blue shading symbolises the atmospheric tape

recorder. Taken from FUEGLISTALER et al. (2005).
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overlap (NRL6 and NOAA7/ESRL8 GMD9 frost point hygrometer, cf. sec-
tion 3.1.4), so the observations must be handled cautiously with respect

to changes on decadal time scales. SCHERER et al. (2008) present trend

estimates from a reanalysis of the 1980–2000 data, which are 10− 40%

lower than previously reported, the correction being largest at highest alti-

tudes. Around 2000/2001, several observations indicate a pronounced drop

in stratospheric water vapour, which is consistent with an unusually cold

anomaly in TTL temperature (RANDEL et al., 2006).

The reasons for the observed trend in stratospheric water vapour are all

but well established. Increased methane levels may account for a third of

the 1%yr−1 trend. A variety of mechanisms are considered to completely

account for the observations, e.g. increased SO2 levels from anthropogenic

emissions, which result in formation of smaller ice crystals that are more

readily lifted into the stratosphere (NOTHOLT et al., 2005). It is likely that

different mechanisms are at play at different altitudes (IPCC, 2007).

If the observed trend were due to a rise in [H2O]e, temperatures around the

tropical tropopause should have increased during 1960–2000. Observations

however indicate a slight cooling, adding further obscurity to the matter. On

the other hand, the trend data, having been won from mid-latitude measure-

ments, so far do not allow inferring quantitative constraints on a possible

change in [H2O]e neither. The combined uncertainties in the observations

and in the wind and temperature data are too large (SCHERER et al., 2008).

2.4 Effects on Climate
Stratospheric processes have pronounced effects on Earth’s climate. Albeit

only abundant in trace amounts, stratospheric ozone, water vapour, and car-

bon dioxide exert significant radiative forcing. Perturbations in stratospheric

dynamics propagate downwards to affect surface weather and climate. Some

of these effects are introduced in short here.

Stratospheric water vapour acts as source gas for production of the highly

6 Naval Research Laboratory

7 National Oceanic and Atmospheric Administration

8 (NOAA) Earth System Research Laboratory

9 (NOAA/ESRL) Global Monitoring Division
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reactive OH radical which is directly involved in catalytic ozone destruc-

tion, prevalently at 30− 40km. Catalytic schemes essentially speed up the

reactions that destroy odd oxygen in CHAPMAN’s original scheme, like

X+O3 −→ XO+O2 (2.2a)

XO+O −→ X+O2 (2.2b)

Net O+O3 −→ 2O2

Amore detailed description of the reactions involved is given for example by

WAYNE (2000). Additionally, increased levels of stratospheric water vapour

indirectly contribute to ozone destruction by easier formation of polar strato-

spheric clouds (HINTSA et al., 1999). This is both through better availability

of water and through lower temperatures, caused by water vapour radiative

cooling.

Climate effects also stretch across atmospheric layers, and include the

oceans: ROSENLOF and REID (2008) report on lower stratospheric temper-

atures above the western Pacific being significantly anti-correlated with sea

surface temperature (SST) of the underlying ocean. The connection is al-

most simultaneous and is present on the scale of individual monthly anoma-

lies. They suggest that this connection could be moderated by intensified

deep convection in the troposphere, as introduced by higher SST. Modifi-

cations in cloud cover, and consequently in outgoing longwave radiation,

would be another possible explanation. The data correspond well with the

significant drop in stratospheric water vapour found around 2000/2001.

There is indication from modelled scenarios that the global meridional

circulation will accelerate in response to global warming. Changes in strato-

spheric dynamics in turn affect the propagation of atmospheric waves. The

stratosphere thus exerts a feedback to ground weather and climate, in par-

ticular at higher latitudes. For example, cold anomalies in northern hemi-

spheric winter exhibit some correlation to the phase of the quasi-biennial

oscillation (QBO). The exact mechanisms of such correlations remain to

be established, but will form an important part of future climate modelling

(BALDWIN et al., 2007).





3 Water Vapour Observation Techniques

A large number of techniques exist to measure water vapour from various

platforms, in situ and by remote sensing. This is due to both the importance

of water vapour in atmospheric processes and the experimental challenges

that are involved in its observation. These intricacies have motivated the pur-

suit of a comprehensive assessment of upper tropospheric and stratospheric

water vapour observations at the turn of the century (KLEY et al., 2000).

Significant uncertainties remain, and have recently sparked an initiative to

sum up new results over the past decade (SCHILLER et al., 2008).

The major focus are measurements in the upper troposphere/lower strato-

sphere (UT/LS), because in this region, water vapour exerts large dynamic

and radiative effects, and its transport into the stratosphere is determined.

Both are critical parameters in future climate modelling. The UT/LS also

is a region of very sparse measurements, which is due to the challenging

thermodynamic conditions there. In addition, even the most sophisticated

scientific instrumentation may easily suffer from dry biases because of the

difficulty to access areas of deep convection. Further demand for detailed

and accurate measurements in the UT/LS has been created by the surpris-

ing observation of pronounced supersaturations with respect to ice (PETER

et al., 2006). At the same time, the discrepancies between various sensors

are so large that the interpretation of microphysical processes may change

by choice of the observational data on which it is based (e.g. VÖMEL et al.,

2007a). For this reason, an extensive laboratory intercomparison effort has

been carried out at the unique AIDA1 facility of FZ Karlsruhe2, Germany, in

20073. The laboratory allows emulating all temperature, pressure and water

vapour levels that are found up to the lower stratosphere. Campaign results

1 Aerosol Interactions and Dynamics in the Atmosphere

2 Forschungszentrum Karlsruhe
3 cf. http://imk-aida.fzk.de/campaigns/RH01/Water-Intercomparison-www.htm
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have not yet appeared in peer-reviewed literature, but WEINSTOCK et al.

(2008) indicate that the sensor discrepancies could not be reproduced in the

laboratory set-up, so it must be further refined to match in-flight conditions.

The outlined issues limit our capacity to discern the parameters that con-

trol water vapour entering to the stratosphere, which is required to model fu-

ture trends in the stratospheric water vapour budget. Observations of strato-

spheric water vapour are found to reasonably agree, the majority of sensors

clustering within 10% (∼ 0.2−0.7ppmv) of each other (KLEY et al., 2000).

Measurements are instead challenged by the smallness in stratospheric vari-

ability, which in turn necessitates changes of the order of a few tenths of

1ppmv to be resolved. Accurate long-term monitoring forms a key require-

ment for our ability to detect and attribute trends in stratospheric water

vapour abundance.

In light of these sobering remarks, this chapter aims to give an orientation

about the various techniques for water vapour observation, and their individ-

ual benefits and shortcomings. The discussion covers a representative por-

tion of sensors for the individual methods, while mostly maintaining focus

on stratospheric applications. Furthermore, with respect to remote sensing

methods, it is mostly restricted to sensors in current operation for tropical

stratospheric measurements.

3.1 In Situ Methods
In situ measurements of are great importance for the study of rapid and

small-scale processes that occur in water vapour, in particular with respect

to clouds. They also contribute considerably to the validation of remote sen-

sors, in particular space-borne, but are restricted in spatial and temporal

coverage, due to the cost and limited availability of aircraft, balloon, and

(rarely) rocket platforms. New instrumentation has been inspired by the in-

terest in the water vapour isotopologue separation, cf. equation (2.1). First

results from Hoxotope and the Harvard ICOS instrument, both introduced

below, show much promise for the analysis of water vapour entry routes into

the stratosphere.

The most pressing task remains to resolve the large disagreement be-

tween results from various sensors, yet progress has been small. To illus-
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trate this, three quotes are given below from publications that also appear in

sections 3.1.6, 3.1.4, and 2.3.2, respectively.

The reason for these striking discrepancies is still unknown, whether they are

caused by instrumental or sampling artefacts. (. . . ) The improvement of the ac-

curacy of H2O measurements hence has to be a major issue of future activities.

(ZÖGER et al., 1999)

Disagreements between aircraft borne instruments and balloon borne instru-

ments have been reported in the past (. . . ), and the comparison presented here

reinforces the need to address this issue in more detail. (VÖMEL et al., 2007a)

A reliable quantification of trends in [H2O]e from the NOAA FP and HALOE

middle latitude measurements due to processes not considered by Fueglistaler and

Haynes (2005) is currently not possible due to the large difference between the

residual to NOAA FP and to HALOE data. (. . . ) Our analysis demonstrates the

need for ongoing efforts to obtain long and continous time series of stratospheric

water vapour. (SCHERER et al., 2008)

3.1.1 Absorption Hygrometers

Many kinds of material vary in apparent physical properties, like weight

or extent, according to their moisture content. This feature allows defin-

ing a very basic measure of humidity if one lets the material exchange

moisture with surrounding air and thus attain equilibrium with local water

vapour abundance. The observable properties vary with relative humidity

(RH) rather than absolute humidity. This seems quite surprising, consider-

ing the large range of total moisture that corresponds to any fixed value of

RH, dependent on temperature (HÄCKEL, 2005). The reasons why hydroac-

tive material responds to RH do not find much attention. A simple model is

given by ANDERSON (1995).

The most basic variant of absorption hygrometers is based on the elonga-

tion of hair as it gets wet, first utilised in an apparatus built by Swiss physi-

cist HORACE BÉNÉDICT DE SAUSSURE in 1783 (Britannica, 2008Britan-

nica). Most commonly, the elongation of the hair is passed on by a system of

levers to some kind of dial, from which RHmay be read. Hair has the advan-

tage that it does not change length with temperature, it is however subject to

ageing and sensitive to radiation. It is nowadays replaced by synthetic fibre,

but the apparatus itself remains in widespread use given the sheer ease of its

construction.
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The vast majority of today’s humidity observations by radiosondes rely

on the dependence of electrical properties on absorbed moisture. At the

time of this writing, 913 stations world-wide operate daily standard sound-

ings of upper air parameters, of which roughly half deploy the HUMICAP

type of sensors by Vaisala corporation, Finland (evaluated from OAKLEY,

2008). These comprise a thin polymer film capacitance whose permittivity

changes with ambient RH. Other sensor types deploy carbon-based resis-

tive elements. Standard soundings also require temperature and pressure to

be recorded, but of these three, humidity observations are clearly the most

difficult to obtain.

The performance of all hydroactive materials discussed here is critically

dependent on the rate of exchange of water molecules with air. Low water

vapour abundance, as caused by cold temperatures in the upper troposphere,

hence limits the quality of radiosonde upper-tropospheric humidity data. For

daytime soundings, heating of the sensor by solar irradiation needs to be

corrected for. The presence of time lags in sensor response poses further

challenge to the data user. A recent study related to validation of AIRS4 on

board the Aqua satellite indicates that measurements by Vaisala radioson-

des are reasonably accurate throughout the troposphere when corrected for

above error sources. Vaisala reports the accuracy and precision of the RS92

radiosonde as 0.5K/0.2K for temperature and 5/2 percentage points for RH

(Vaisala, 2006). The combined uncertainty in the upper troposphere amounts

to roughly 15–20 percentage points in RHice (∼ 60ppmv at 200hPa) (READ

et al., 2007). Other sensors break down at lower altitudes or exhibit severe

errors when exposed to clouds, in particular thick ice clouds. (MILOSHE-

VICH et al., 2006)

Another problem arises from the commercial origin of modern radioson-

des, which motivates sensor modifications and calibration procedures be

kept business secrets. So any technological advance made in sensor fabri-

cation necessitates further intercomparison efforts to ensure reliability of

long-term time series made with different generations of sensors. The type

of sensor, calibration procedure, and data corrections need be well docu-

mented to make intercomparison of radiosoundings feasible.

The relative ease of RHmeasurement helped establish its use as a standard

4 Atmospheric Infrared Sounder
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measure for water vapour abundance. RH is a good indicator for the possibil-

ity of evaporation and condensation. Yet the dependence of RH on temper-

ature makes its use rather awkward when absolute water vapour abundance

is of interest, as is illustrated by figure 3.1. Due to this dependence, accurate

measurement of temperature is fundamental for the use of RH data obtained

by absorption hygrometers.

Special care needs to be taken in choosing the appropriate formulation of

water vapour saturation pressure with respect to water, eaq, when compar-

ing RH to absolute abundance of water vapour. This complication is due to

the historic practice to always report radiosonde measurements as RH with

respect to water, also at temperatures below freezing. It requires extrapo-

lation of eaq to cold temperatures, where experimental data are difficult or

impossible to obtain, since water cannot be supercooled below the homo-

geneous nucleation temperature (∼ 235K at sea level pressure). This intro-

duces large disagreement between the various formulations of eaq. For ex-
ample at tropical tropopause temperatures, the formulation used by Vaisala

deviates by 16% from a more accurate formulation devised by MURPHY

and KOOP (2005). Unfortunately, radiosonde measurement protocols rarely

disclose the formulation of eaq that was assumed in sensor calibration. This

uncertainty could be overcome if RH were additionally reported with re-

spect to ice. Common formulations of saturation pressure over ice, eice,
agree well with each other and with laboratory data. Considering the at-
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Figure 3.1: The blue curves denote absolute hu-

midity, a, versus temperature at three differ-

ent relative humidity levels, 100%RH (solid),

40%RH (dashed), and 20%RH (dash-dotted),

according to the water vapour saturation pres-

sure formulation with respect to water by MUR-

PHY and KOOP (2005). The absolute water

vapour abundance for a particular value of RH

depends almost exponentially on temperature.

Consider air with (a) RH = 40% at 5 ◦C, which
translates to a = 2.7gm−3, and (b) with RH =
20% at 25 ◦C, i.e. a = 4.6gm−3: Despite halv-
ing RH, absolute humidity in (b) is 70% more

than it is in (a).
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mospheric temperature range, the largest relative deviations amount to less

than 0.5%. (MILOSHEVICH et al., 2006)

3.1.2 MOZAIC

MOZAIC I+II5 and MOZAIC III6 fly on commercial passenger aircraft,

which provides for very cost-effective access to the upper troposphere. The

water vapour instrument comprises a HUMICAP-H capacitive element pro-

duced by Vaisala, Finland, and a PT100 resistive temperature sensor, both

read by a Vaisala control unit. The sampling of air at the sensor intro-

duces noticeable adiabatic heating, which is accounted for in data evalua-

tion. Comparison against a precursor of the FISH photofragment fluores-

cence hygrometer yielded an accuracy of 10 percentage points RH. (HEL-

TEN et al., 1998)

3.1.3 Psychrometers

Relative humidity of ambient air can also be measured based on the effect of

evaporation cooling. A psychrometer implements this idea by recording the

ambient temperature with two thermometers in parallel, one kept dry, the

other covered by a wet cloth. Heat will be taken up by evaporation of water

from the wet cloth, and will be released into the cloth by condensation of

water vapour. However at RHs below 100%, i.e. when water vapour partial

pressure is less than saturation pressure, evaporation prevails over conden-

sation. This yields a lower reading Tw of the wet thermometer, whose differ-

ence to the "dry" temperature Td is an indirect measurement of RH as given

by SPRUNG’s formula,

ep = es(Td)− γ · (Td−Tw).

ep,s denote water vapour partial and saturation pressure, the psychrometer

constant γ is dependent on atmospheric conditions and can be approximated

5 Measurements of Ozone and Water Vapour by Airbus In-service Aircraft

6 Measurements of Ozone, Water Vapour, Carbon Monoxide and Nitrogen Oxides by Airbus

In-service Aircraft
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as 0.67hPaK−1 below 500m altitude. Air must be exchanged around the

thermometers rapidly enough to prevent false readings from evaporated wa-

ter accumulating in the instrument case. To accomplish this, the so-called

sling psychrometer needs to be manually whirled around. In balloon-borne

applications, the condition has to be met by sufficiently high ascent/descent

speed, or through regulating air flow by a ventilator as in the ASSMANN

psychrometer. Psychrometers have been the deployed for the measurements

that led to discovery of the stratosphere at the turn of the twentieth century,

but since been replaced in scientific use by more advanced measurement

techniques.

3.1.4 Dew/Frost Point Hygrometers

Frost point hygrometers differ fundamentally from any other type of in-

strumentation discussed here in that they directly record the temperature

at which water vapour from ambient air starts to deposit, called frost point

(temperature)7. At higher ambient temperatures, the dew point is determined

instead, i.e. the temperature at which condensation sets in. For simplicity,

and given tropospheric temperatures commonly below freezing, the follow-

ing discussion will explicitly refer to frost point only, with both phenomena

in mind.

The basic idea in frost point hygrometers is to observe deposition on a

surface that is exposed to moist air, as the surface is cooled. This principle

appeals for its simplicity and its apparently being independent of other phys-

ical properties that are hard to obtain, like absorption cross sections in op-

tical hygrometers. Because of this, frost point hygrometers serve as calibra-

tion standards in scientific and national standardisation applications alike.

Such reference sensors for laboratory use are commercially available from

e.g. MBW Calibration Ltd, Switzerland, or GE Sensing Company, USA.

Frost point hygrometry is first employed in the seventeenth century, when

the experimenter filled a vessel with cold water or ice to watch condensa-

tion on the outside. Such a set-up has been used by CHARLES LE ROY to

7 Frost point and dew point are denoted by a (p,T ) pair in the phase diagram, so the exact term

is frost point temperature. Yet in the present case, p is fixed to water vapour partial pressure

of ambient air, ew, so T at the onset of deposition is commonly called the frost point.
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define the dew point in 1851, but it is subject to rather large error (BURNS,

2003). In modern frost point hygrometers, a thin layer of frost is maintained

on some type of temperature-regulated surface, typically a mirror. Differ-

ential changes of frost layer thickness are recorded by the response of one

or more photodetectors to controlled illumination of the mirror. The mirror

temperature is accordingly regulated by an electronic feedback loop that is

connected to a PELTIER element. Alternatively, a thermistor may be used as

a heating element, in which case the mirror is fixed to a cold sink to allow

full temperature control. This design is favourable because of the lower tem-

peratures it is able to achieve as well as faster response times (OLTMANS

et al., 2000; MEZRIN and STAROKOLTSEV, 2001; VÖMEL et al., 2007a).

Albeit highly accurate, frost point hygrometers are slow when compared

to optical, photofragment fluorescence and tunable diode laser hygrometers

(cf. sections 3.1.5–3.1.7). This is because, like absorption hygrometers (cf.
section 3.1.1), they depend on exchange of water with the surrounding air,

which is limited at low absolute humidity like found above the tropopause.

Promise for a much improved response time lies in the use of surface acous-

tic wave (SAW) sensors for frost layer analysis instead of optical detectors,

as demonstrated e.g. by HOUMMADY et al. (1995). HOENK et al. (2000)

at NASA8 JPL9 have devised an operational instrument of this kind that

has flown on the NASA DC-8 aircraft, but results appear not to have been

published in peer-reviewed literature.Same holds true for an instrument de-

veloped by HANSFORD et al. (2006), at the University of Cambridge, UK,

whose earliest version flew on a balloon in 1999. In the following, some

frost point hygrometer implementations with significant scientific impact

are shortly discussed.

BREWER (1949) has used a manually operated frost point hygrometer

in the discovery of the extreme dryness of the stratosphere. Also the only

available multi-decade record of in situ soundings has been obtained using

frost point hygrometers on balloons. It is started by MASTENBROOK and

OLTMANS (1983) at NRL, Washington, DC, in 1969. To avoid systematic

errors from outgassing water, measurements are only taken during balloon

descent, which is achieved by partially valving helium from the balloon at its

8 National Aeronautics and Space Administration

9 (NASA) Jet Propulsion Laboratory
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ceiling altitude of roughly 28km. The instrument undergoes electronical re-

design in 1977 without precautions for intercomparison. When handed over

to NOAA/CMDL10 (now NOAA/ESRL GMD) at Boulder, CO, in 1980, it

is equipped with a different heating system for the mirror and reconfigured

to use ram flow through the sensor cavity instead of forced flow. Changes to

the instrument calibration set-up are traceable to a US National Institute of

Standards and Technology reference and have been intercompared to agree

within 0.1K of each other (OLTMANS et al., 2000). In-flight checks of in-

strument control, response time and repeatability of the measurement are

carried out by periodically raising the mirror temperature above frost point.

This procedure remains the same throughout all instrument revisions.

Under stratospheric conditions, the instrument response time is reported

to be 20− 35s. At balloon descent rates of typically about 5− 12ms−1,
this allows measurements be taken on a 250m grid (MASTENBROOK and

OLTMANS, 1983). The 1977–1979 data, after the first instrument redesign,

appear systematically lower than previously and have been excluded from

later trend analysis. For earlier Washington, DC measurements, the accu-

racy is reported as 1K in frost point temperature, corresponding to 18%

(0.75ppmv) in lower stratospheric volume mixing ratio. For the same data,

OLTMANS et al. (2000) later give a precision figure of 0.75K, equivalent to

15% (0.60ppmv). For the data subsequently taken at Boulder, they report an

improved precision of 0.5K, or 10% (0.40ppmv). No accuracy is reported

with these latter values.

There exists a frost point hygrometer for operation on the NASA WB-

57 high altitude aircraft, which has been constructed at NOAA/AL11 (now

NOAA/ESRL CSD12) and used in Aura Validation Experiment campaigns.

Instrument operation is however being described as inconsistent, and litera-

ture is scarce. (KELLY, 2006; VÖMEL et al., 2007a; READ et al., 2007)

The University of Colorado cryogenic frost point hygrometer (CFH) for

balloon is loosely based on the NOAA/ESRL GMD design, however modi-

fied to avoid its earlier shortcomings. It is improved in weight, performance

and cost by use of digital electronics. It dispenses with mechanical means

10 (NOAA) Climate Monitoring and Diagnostics Laboratory

11 (NOAA) Aeronomy Laboratory

12 (NOAA/ESRL) Chemical Sciences Division



26 3 WATER VAPOUR OBSERVATION TECHNIQUES

to shield sunlight from the detector and thus is significantly less affected

by cloud contamination, which occurs through adsorption of water or ice

to the instrument’s surfaces. Solar influences on the photodetector signal

are discriminated by rapid on/off switching of the light source at a rate of

5 kHz. The CFH requires less skill to prepare operation and may descend by

parachute rather than valving of the balloon. It solves the ambiguity between

dew and frost point by force-freezing the condensate after first reaching a

low limit in mirror temperature during ascent (−12.5 ◦C). To aid against

formation of cubic ice crystals (as opposed to the common hexagonal struc-

ture), which may pose a problem at very low temperatures, T < 200 K, due

to a higher saturation vapour pressure, the CFH evaporates the frost layer at

220 K to have it reform immediately as hexagonal ice only. These improve-

ments render the sensor particularly well suited as a campaign instrument,

and by consequence it is routinely used at several sites for validation efforts

and process studies. The measurement error is of the same order of mag-

nitude as with the last revision of the NOAA/ESRL GMD design, but at a

higher data yield and quality. (VÖMEL et al., 2007a,b)

Meteolabor AG, Switzerland, offer a small series production type frost

point sensor for balloon named SnowWhite that is used in operational sound-

ings by MeteoSwiss. It provides excellent ease of use at comparably low

cost and interfaces well with several kinds of radiosondes, which are needed

to provide pressure and air temperature data, and ground communication.

SnowWhite results however are somewhat mixed, and measurements are

limited to the troposphere because a thermoelectric (PELTIER) element is

used to control the mirror temperature. This also affects the maximum de-

tectable frost point depression from air temperature, and thus fixes the min-

imum detected humidity to 3−6%RH, which quickly exceeds the order of

1ppmv when ascending into the stratosphere. Above this limit and in ab-

sence of some bias effects, the SnowWhite total accuracy is comparable to

the last revision of the NOAA/ESRL GMD design. (VÖMEL et al., 2003;

MILOSHEVICH et al., 2006)



3.1 In Situ METHODS 27

3.1.5 Optical Hygrometers

Optical hygrometers measure the number density N of water vapour by di-

rect use of BEER’s law regarding extinction of light in an absorbing sub-

stance of length l,

ln

(
I(λ )
I0(λ )

)
= αλ · l ·N (3.1)

where I0(λ ) and I(λ ) denote intensities before and after the absorber and αλ
is the absorption coefficient at wavelength λ . A typical set-up comprises a

lamp covering a spectral region with water vapour absorption features and a

suitable photodetector. Added filters may protect the detector from sunlight

and, for example, fluorescence effects (ZUBER and WITT, 1987). Despite

this simple and easily accessible observation principle, optical hygrometers

suffer from competing absorption by molecular oxygen at LYMAN-α wave-

length. LYMAN-α radiation was typically used in this application because

of lamp availability and the relatively strong water vapour absorption in that

region. Figure 3.2 displays the ratio of water vapour to oxygen absorption

around LYMAN-α wavelength. The dominance of water vapour absorption

at LYMAN-α would in principle allow neglecting the variable contribution

of oxygen, dependent on local pressure, to total absorption measurements.

Figure 3.2: Ratio of water vapour to

molecular oxygen absorption coeffi-

cients σλ around LYMAN-α wave-

length. Taken from (KOZLOV et al.,

2005).
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This approach is hampered by spectral impurities of the lamps, resulting in

non-uniform response of the instrument to water vapour and oxygen con-

centration. The optical absorption method is significantly promoted by use

of other spectral regions, which have become available for in situ atmos-

pheric measurements when tunable diode lasers (TDL) evolved into com-

mercial packages. The light source being the key factor in deployment of

this method, such instruments are consequently termed tunable diode laser

hygrometers (cf. section 3.1.7).

3.1.6 Photofragment Fluorescence Hygrometers

Photofragment fluorescence hygrometers are based on the observation that

polyatomic molecules, when irradiated by vacuum ultraviolet (VUV) radia-

tion13, tend to leave behind fragments in electronically excited states.

XYZ+hν (VUV) −→ XY∗+Z (3.2)

The quantum yield Φ of this reaction depends on the total availability of de-

composition pathways for the parent molecule. The excited photofragments

relax through spontaneous emission or quenching by other reactants.

XY∗ −→ XY+hν (3.3a)

XY∗+M−→ products (3.3b)

Reaction (3.3a) is characterised by its associated decay rate λhν , the equiv-

alent for reaction (3.3b) being the rate coefficients kqM for quenching by

reactants M. As KLEY and STONE (1978) demonstrated, reactions (3.2)

and (3.3a) allow deducing the reactant’s volume mixing ratio in a sample

of air. The idea is to expose the sample to e.g. LYMAN-α radiation and

then measure the intensity of spontaneous emission from excited photofrag-

ments. Such emission may occur at different wavelengths, depending on the

vibrational states b, a of the photofragment before and after photon emis-

sion. The relative probability of a transition relates to the EINSTEIN coeffi-

cients Ab,a, so the expected intensity is given by

I(b,a) ∝ [XY∗] ·Ab,a, (3.4)

13 VUV radiation owes its name to the fact that it is absorbed by air, i.e. it only propagates in

vacuum.
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where the number density of photofragments [XY∗] can be derived from

basic principles as

[XY∗] =
[XYZ] · J ·Φ

λhν +∑i kq
Mi [Mi]

(3.5)

with J: the photodissociation coefficient for XYZ.
In water vapour, reaction (3.2) has first been reported by TERENIN and

NEUJMIN (1934).

H2O+hν (λ < 137 nm)−→ OH∗+H

When looking at OH∗ in air, quenching is dominated by N2 and O2, and

the summation over quenching rates in equation (3.5) can be substituted by

kqair[air]. In the UT/LS, quenching largely prevails photonic relaxation, so

the whole denominator may be reduced to kqair[air] for illustrative reasons.
Due to [H2O]� [air] we may further approximate [H2O]/[air] to be the H2O

volume mixing ratio μV. Equations (3.4) and (3.5) then yield

I ∝ μV · J ·Φ

So in some atmospheric region, photofragment fluorescence responds al-

most linearly to H2O VMR. It must however be taken into account that part

of the incident LYMAN-α radiation will be absorbed by O2 and H2O before

reaching the fluorescence detector’s field of view. At pressures higher than

200hPa (roughly below 12km altitude), pre-absorption by both species will

result in an increasingly non-linear response of the instrument to μV. To the

other end, above 50hPa (roughly 20km), λhν may no longer be neglected in

equation (3.5), as less and less quenching occurs. Consequently, some kind

of secondary calibration is required to operate photofragment fluorescence

hygrometers. The choice of calibration procedure is an important part of the

experimental set-up, and differs among designs by different research labo-

ratories. Fluorescence detection is sufficiently sensitive to determine μV of

the order of 1ppmv in a few seconds.

The instrument was pioneered by KLEY et al. (1979) as a balloon pay-

load, the NOAA LYMAN-α hygrometer, and fostered the discovery of the

tropical hygropause. This instrument, and its subsequent revisions, deploy

two nitrous oxide cells to measure LYMAN-α intensity before and after the
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fluorescence detector. These allow eliminating the effects of pre-absorption

and changes in lamp intensity, which essentially yields a linear response of

the instrument to μV covering several orders of magnitude. Since the instru-

ment is an open cell design, it could only be flown at nighttime, to protect

the measurements from systematic errors introduced by stray sunlight. Mea-

surements were calibrated against the LYMAN-α absorption determined in

parallel. In the stratosphere, where LYMAN-α absorption by water vapour is

virtually nil, an extrapolation of the tropospheric calibration data is required.

The airborne version of the instrument has been introduced by KLEY et al.

(1982) and later been improved by KELLY et al. (1989). It replaces the ni-

trous oxide cells with a single but better placed iodine ionisation cell. The

new geometry maintains the advantages of the earlier revision while elimi-

nating the need for oxygen absorption correction. It also features a humidi-

fier to allow calibration measurements on a regular basis without requiring

the aircraft to pass regions where μV
>≈ 10 ppmv. The precision of this sen-

sor has initially been stated to be 5% with a total error of at most 20% for

stratospheric measurements (0.20ppmv and 0.80ppmv, respectively, in the

lower stratosphere).

Another design often deployed on aircraft missions is described by WE-

INSTOCK et al. (1994), the Harvard LYMAN-α hygrometer, later updated

by HINTSA et al. (1999). It includes a sophisticated set of filters and col-

limation in front of the fluorescence detector. The two photodiodes for ab-

sorption measurements are positioned such as to allow direct measurement

of water vapour concentration according to BEER’s law. The system is cali-

brated by help of a laboratory calibration bench, which provides an accuracy

of 5% (corresponding to 0.20ppmv in the lower stratosphere). The set-up

does not identically reproduce all atmospheric conditions, but allows study-

ing the general dependence of the instrumental response to the parameters

involved. The instrument also facilitates in-flight calibration, comparable to

the NOAA LYMAN-α hygrometer calibration procedure, which is used as

consistency check for the laboratory calibration. The combined accuracy is

reported as 10% (0.40ppmv) for stratospheric measurements.

The Fast In Situ Stratospheric Hygrometer (FISH), introduced by ZÖGER

et al. (1999) at Forschungszentrum Jülich, Germany, addresses some of the

shortcomings of earlier designs. It features an improved lamp design, and

allows determining the background count rate of the fluorescence detector.
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Special emphasis has been put on the design of the laboratory calibration

bench to realistically simulate atmospheric conditions. It is concluded mea-

surements under stratospheric conditions can be accomplished to 0.2ppmv

precision in 1s integration time with an accuracy of about 4% (0.20ppmv).

The instrument has been deployed on both aircraft and balloon.

The Fluorescent Airborne Stratospheric Hygrometer (FLASH) (SITNIKOV

et al., 2007), originally devised as Fluorescent Advanced Stratospheric Hy-

grometer for Balloon (FLASH-B) (YUSHKOV et al., 1995) aims at utmost

simplification of instrumental set-up. It sets aside the absorption detectors

used in all other designs and instead focuses on providing the highest pos-

sible stability in the VUV lamp, which is the most critical parameter with

respect to accuracy. The lamp intensity being constant to within 3% error, it

was found sufficient to neglect continuous monitoring and only record the

intensity for reference before and after flight. Calibration solely relies on

laboratory measurements under realistic conditions. The instrument has also

been used in rocket-borne soundings of mesospheric water vapour KHAP-

LANOV et al. (1996). The total error is reported to be about 8% (0.35ppmv)

under stratospheric conditions.

The measurement principle discussed here recently advanced by use of

laser induced fluorescence detection (ST. CLAIR et al., 2008). The Hoxo-

tope instrument, lending its name and fluorescence detector from the Har-

vard ER-2 Hydroxyl Experiment ("HOx"), provides the sensitivity necessary

to determine the isotopic separation δD for H2O and HDO (cf. section 2.3),
and flies aboard the NASA WB-57. Different from the above-mentioned

instruments, the radicals are produced in electronical ground-state, and sub-

sequently excited by a laser in a separate volume element that also hosts the

fluorescence detectors.

H2O+hν (172nm)−→ OH+H

OH+hν (288nm)−→ OH∗(υ = 1)

OH∗(υ = 1)+M−→ OH∗(υ = 0)

OH∗(υ = 0)−→ OH+hν (309nm)

(HDO+hν −→ OD+H and . . . −→ OH+D by analogy)
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The excitation window at 288nm is chosen to match a weak OH transition

with a strong OD transition, to balance out for H2O being more than 3 or-

ders of magnitude more abundant than HDO in atmospheric air. A tunable

dye laser selectively excites the targeted rovibrational transitions. For 10s

acquisition time, which is a limit given by instrumental set-up rather than

physical principles, the authors report 5% (0.20ppmv/0.05ppbv) accuracy

under stratospheric conditions with a precision of 0.02ppmv for H2O and

0.04ppbv for HDO. Due to small sampling volumes and high flow rates, the

instrument responds much more rapidly to changes in water abundance than

the Harvard LYMAN-α sensor introduced above.

3.1.7 Tunable Diode Laser Hygrometers

The optical absorption technique discussed above (cf. section 3.1.5) has

found new attention when tunable lasers became available in the 1970s.

The use of such lasers permits to choose absorption bands of the targeted

species that are not affected by foreign effects, which posed a major con-

straint to water vapour absorption measurement at LYMAN-α wavelength

due to highly variable absorption by oxygen. In addition, by retuning the

laser to transitions of different line strength, the dynamical range of the

measurements may be extended to match the large range of water vapour

abundances from the ground to the stratosphere.

The commercial availability of small-package near-infrared TDLs has

sparked the construction of instrumentation that is suitable for field use and

thus given new rise to the optical absorption method (cf. FRIED et al., 2008,

for a select overview of today’s applications in this area). However, the near-

infrared spectral range has been opened up to meet the needs of the telecom-

munications industry14; detection of trace gas absorption at these wave-

lengths is limited to very weak transitions. Therefore the detectors need to

be enhanced by noise-limiting techniques like wavelength modulation spec-

troscopy (WMS) or frequency modulation spectroscopy (FMS). Figure 3.3

14 The demand for near IR lasers in telecommunication is connected to the loss characteristics

of optical fibres, which are dominated by RAYLEIGH scattering towards the UV, rovibrational

absorption towards the IR, and loss due to moisture-related impurities. Three windows at

850nm, 1310nm and 1550nm provide extraordinarily low loss.
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Figure 3.3: Comparison of the absorp-

tion signal of a water vapour rovibra-

tional transition at 820nm, effective op-

tical path-length of 67m (HERRIOTT

cell). The upper panel displays the dif-

ference in intensity before and after pas-

sage of the cell. Below, the signal from

wavelength modulation spectroscopy is

given. The increase in signal-to-noise

ratio is almost two orders of magnitude.

Taken from GROSSKLOSS et al. (1994).

displays the gain in signal-to-noise ratio by WMS. A parallel approach is

to enhance interaction length while maintaining a small detector volume by

use of external cavities. While multi-pass (HERRIOTT or WHITE) cells gain

roughly 2 orders of magnitude in sensitivity, cavities of resonant type (e.g.

cavity ring-down spectroscopy, integrated cavity output spectroscopy) may

push the detection limit by up to 5 orders of magnitude. An overview of

these techniques is given by DEMTRÖDER (2007).

Numerous laser hygrometers have been constructed based on these ideas

since the initial demonstrator by SILVER and HOVDE (1994). They com-

monly share an open-path design that appeals for lack of contamination by

water adsorption. Results are often reported as H2O VMR, despite the di-

rectly measurable quantity being number density, as obtained from BEER’s

law, equation (3.1). Additional information about ambient pressure and tem-

perature is required to make this transition. Although laser hygrometers rou-

tinely take part in aircraft campaigns, intercomparison is rare. An overview

of more prominent instruments over the last decade is given below.

The JPL Laser Hygrometer (JLH) for wavelength modulated spectroscopy

at 1.37μm has originally been devised for the NASA ER-2 platform. It

deploys a HERRIOTT cell with a total absorption path-length of 11.13m
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and is capable of measuring water vapour abundance from 0.1ppmv up to

400ppmv before reaching saturation. For stratospheric water vapour abun-

dance a precision of ±0.05ppmv has been reported with an accuracy of 5%

(0.2ppmv) (MAY, 1998). A similar instrument is part of the NASA WB-

57 instrumentation (READ et al., 2007), whereas for the NASA DC-8, a

modified version of the instrument was produced with a single-pass opti-

cal path-length of 0.50m to match the different altitude range of the aircraft.

The modified measurement range extends from 10ppmv to 7000ppmv, with

1.3% precision at the higher end and 2.7% (∼ 0.6ppmv) at the lower, and

10% accuracy (∼ 2.0ppmv) (HERMAN and HEYMSFIELD, 2003). A com-

mercial enterprise (MayComm Instruments Llc, USA) has been spun off and

markets the instrument, tailored to the customers’ specifications. The Open-

path Jülich Stratospheric TDL Experiment (OJSTER), provided by May-

Comm, features 4m optical path-length by a HERRIOTT cell, and is quoted

a 4ppmv detection limit with 2% precision and 5% accuracy (0.10ppmv

and 0.20ppmv respectively). It has been deployed to the enviscope GmbH

Learjet and the DLR15 Falcon (SCHLICHT, 2006). The NCAR16 flies a

MayComm laser hygrometer on the new Earth Observatory Laboratory GV

(Gulfstream V) aircraft17. This sensor was designed with two optical paths,

10cm and 130cm, to provide a combined water vapour detection range of

1−30,000ppmvwith better than 10% accuracy, or 0.4ppmv in stratospheric

volume mixing ratio (BOWMAN et al., 2007).

A different type of laser hygrometer has been jointly built by NASA Re-

search Centers Langley and Ames for operation on the NASA DC-8. The

Diode Laser Hygrometer (DLH) operates in the same wavelength range as

JLH and in a comparable wavelength modulation mode, but does without

an external cavity. Instead it spans a large open path from an aircraft fuse-

lage window to the outer engine, parallel to the wing front. The laser beam

is returned by a reflector on top of the engine that is built from "road-sign

15 Deutsches Zentrum für Luft- und Raumfahrt, [German] German Aerospace Center

16 National Center for Atmospheric Research

17 The original project name, High-performance Instrumented Airborne Platform for Environ-

mental Research (HIAPER), has been abandoned, maybe for the reason that the acronym

could be mistaken for diaper.
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material"18, and covers a total distance of 28.5m before re-entering the win-

dow. To address the full dynamic range of tropospheric water vapour, the

laser may be tuned to transitions of different line strength at the operator’s

discretion. The laser beam is allowed slight divergence, rather than being

collimated, both for aircraft personnel safety and to minimise the loss of re-

turn signal due to water droplets in the path. In situ calibration is not feasible
for such a long optical path. Two short cells (75cm and 300cm) are used in-

stead, assuming the signal is linearly related to path length. Accuracy of

the results is claimed to be better than 1ppmv at 10ppmv H2O abundance.

(PODOLSKE et al., 2003; FRIED et al., 2008)

Several groups have demonstrated the use of TDL hygrometers from bal-

loon. Such experiments have until very recently been hampered by the high

cost and experimental skill required for external cavity laser spectrometers,

and the logistics it takes to launch large balloons with heavy payloads. The

sensor of the National Physical Laboratory, Teddington, UK, makes use of

three wavelengths around 1.36μm and a HERRIOTT cell providing 101m

optical path. It has been used in the HIBISCUS19campaign in 2004, the ac-

curacy is reported to be 10%, or 0.4ppmv, with a detection limit of 0.5ppmv

(GARDINER et al., 2005). A prototype of the MayComm sensor for balloon

has been flown during the Costa Rica campaign of the Aura Validation Ex-

periment in 2006 (BRAATHEN, 2006, cf. presentation by H VÖMEL).

The Groupe de Spectrométrie Moléculaire et Atmosphérique at the Uni-
versité de Reims, France, share more than a decade of experience with laser

hygrometers on stratospheric balloons launched by CNES20 (DURRY and

MEGIE, 1999; DURRY et al., 2004). Their SDLA21 series of instruments

has recently been complemented by PicoSDLA, which takes advantage of

new laser diode technology for the mid-IR. Using a spectral window near

2.63μm, or 3801cm−1, two fundamental rovibrational transitions of water

vapour with much larger absorption become accessible that allow a dramatic

simplification in instrument set-up. A single-pass direct absorption measure-

18 3M Corporation Scotchlite Diamond Grade VIP reflective sheeting Series 3990 (PODOLSKE

et al., 2003).

19 Impact of tropIcal Convection on the Upper tropospHere and lower Stratosphere at gloBal

Scale (sic!)
20 Centre National d’Études Spatiales, [French] National Center for Space Research
21 Spectromètre à Diodes Laser Accordables, [French] tunable diode laser spectrometer



36 3 WATER VAPOUR OBSERVATION TECHNIQUES

ment with 1m optical path suffices to detect water vapour abundance up to

25km altitude within 10% precision (0.4ppmv). A WMS revision of the

sensor is currently under construction to increase sensitivity and raise the

detection limit further up into the stratosphere (DURRY et al., 2008).

Mid-IR quantum cascade lasers (QCL), which require cryogenic cooling,

also push the frontier in airborne laser hygrometers. Valuable insight into

the isotopic separation of atmospheric water has been provided by ALIAS22.

This is a closed-path HERRIOTT cell-type instrument fed by a front facing

evaporating inlet, so data refer to total water. Water and its isotopologues

are detected around 6.73μm, or 1486cm−1 (WEBSTER and HEYMSFIELD,

2003; ROSENLOF, 2003). The Harvard group of JG ANDERSON make use

of the same wavelength for off-axis integrated cavity output spectroscopy

measurements, yielding an optical path-length of the order of 1km. Their

instrument, termed Harvard ICOS23, is fed by a rear facing inlet that only

captures water vapour. Precision for 4s measurements of H2O, HDO and

H2
18O are reported as 0.14ppmv, 0.10ppbv and 0.16ppbv, respectively.

The corresponding accuracies are deduced from laboratory measurements

as 0.20ppmv, 0.05ppbv and 0.25ppbv. It is claimed that from these data the

isotopic ratios of water vapour may be inferred with a precision of 50� for

δD and 30� for δ 18O (absolute values) (SAYRES et al., 2008).

3.1.8 Mass Spectrometry Hygrometers

An essentially new approach to hygrometry at lowmixing ratios (1−10ppm)

has recently been awarded support through the Innovative Research Pro-

gram at the Cooperative Institute for Research in Environmental Sciences

(CIRES), at the University of Boulder and NOAA. THORNBERRY et al.

(2008) propose to deploy a residual gas analyser for the detection of trace

amounts of water vapour. Such devices are routinely being used to check

against low levels of water vapour contamination in semiconductor fabrica-

tion. Since mass spectrometers detect the ratio of mass to charge, some kind

of ionisation of the target species is required. The ratio of mass to charge is

recorded for all constituents in a given sample of air. Thus the abundance of

22 Aircraft Laser Infrared Absorption Spectrometer

23 Harvard Integrated Cavity Output Spectroscopy sensor
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water vapour may be referenced to that of nitrogen and oxygen. After care-

ful laboratory calibration, this may serve as a continuous internal standard

for measurements of H2O mixing ratio.

3.2 Remote Sensing
Amultitude of sensors exist to remotely sense water vapour from the ground,

from aircraft, balloons or rockets, or from space. They record radiation from

thermal emission, solar scattering, or occultation and diffraction by Earth’s

atmosphere. Lidars are special because they actively probe the atmosphere.

Table 3.1 gives an overview of the sensors that will be discussed here. The

Type Platform

Ground-based Balloon-borne Airborne Space-borne

MWRS cf. table 3.2 TELIS AMSOS [MAS]

MARSCHALS MLS

SMR

FTS 〈IMK〉 MIPAS-B2 MIPAS-STR MIPAS

〈BIRA-IASB〉 FIRS-2 NCAR FTS ACE-FTS

MkIV SAFIRE-A

Mono- CRISTA-NF [HALOE]

chromating [MAHRSI]

OSIRIS

GOMOS

SCIAMACHY

GPS AGNES BlackJack GPS

Lidar KARL DLR DIAL

SRL LASE

〈JPL Raman〉 LEANDRE II

〈IMK DIAL〉
Table 3.1: Overview of instruments discussed in section 3.2, sorted by platform

and type of measurement (MWRS: Microwave Radiometry/Spectrometry, FTS:

FOURIER Transform Spectroscopy, Monochromating: Monochromating Spectrom-

eters, GPS: Global Positioning System). For the instrument acronym meanings, the

reader is referred to the respective discussions. Square brackets denote instruments

that are no longer in operation, angle brackets refer to instruments that bear no indi-

vidual names.
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discussion focusses on sensors that deliver profiles of stratospheric water

vapour and are currently in operation. The latter criterion exempts experi-

ments of significant impact, like the POAM24 II+III and SAGE25 I–III sen-

sors. Three sensors are introduced despite no longer operating: HALOE

forms a point of reference for observations e.g. of the atmospheric tape

recorder effect, MAS marks an important step in passive microwave sound-

ing of water vapour from space, and MAHRSI has recently found new inter-

est with respect to the first mesospheric water vapour analyses from space-

borne UV measurements.

Ground-based observations are detrimentally affected by the large tro-

pospheric abundance of water vapour, which effectively screens the signal

from the UT/LS and degrades the signal-to-noise ratio of the stratospheric

signal. It is therefore mandatory to undertake the observations from high al-

titude sites. Information about altitude distribution must be obtained from

pressure broadening of the observed spectral lines in up-looking/single line-

of-sight geometry. This geometry is also found in measurements from air-

craft or balloons. Platforms that reach higher into the stratosphere, like large

stratospheric balloons26 or the M-55 Geophysica, NASAWB-57 and NASA

ER-2 aeroplanes, allow deploying limb geometry as an alternative. This is

the geometry of choice for many space-borne applications. It involves scan-

ning the atmosphere at tangent altitudes, where each measurement is most

sensitive at the tangent point27. This allows a higher vertical resolution than

up-looking geometry, at the expense of coarser horizontal resolution along

the line of sight, whose intersection with the atmosphere typically stretches

200−400km, depending on tangent point height.

24 Polar Ozone and Aerosol Measurement

25 Stratospheric Aerosol and Gas Experiment

26 A catalogue of stratospheric balloon launches is available online at http://stratocat.com.ar/

indexe.html.

27 The tangent point is defined as the point where the line of sight most closely approaches the

idealised terrestrial globe.



3.2 REMOTE SENSING 39

3.2.1 Microwave Radiometry/Spectrometry

Microwave radiometers allow detecting the emission from thermally excited

rotational transitions in atmospheric trace gas molecules28. Measurements

may be performed under a large variety of meteorological conditions: The

emission is thermally excited within the temperature range found in Earth’s

atmosphere, so observations are independent of direct solar irradiation. In

absence of precipitation, scattering by clouds is also negligible, in particu-

lar at lower observation frequencies, ν < 100GHz. Yet higher abundance of

tropospheric water vapour, as implied by the formation of clouds, results in

larger attenuation of the signal received from the middle atmosphere. Infor-

mation about the vertical distribution of the species of interest is deduced

from pressure broadening of the observed transitions, which dominates over

DOPPLER broadening at least up to the stratopause. This requires to anal-

yse the emission line shape (cf. section 4.1.2). Middle atmospheric trace

gas profiles may then be retrieved with a vertical resolution of the order of

10km. This rather coarse value is accompanied by a good horizontal resolu-

tion, of the order of 10km in ground-based operation. Temporal resolution

is determined by the signal-to-noise ratio that is required for retrieval, and

thus depends e.g. on strength of the observed transition, and meteorological

conditions. The intrinsic accuracy of microwave measurements is high, due

to a very stable and simple calibration process (cf. section 4.4). The general

theory of microwave remote sensing is laid out e.g. by JANSSEN (1993b).

Ground-based microwave observation of water vapour is mostly limited

to the weak transition near 22GHz. A sensor of such kind is used for the

results presented in this work, and a short overview of other groups operat-

ing similar receivers is given in table 3.2. These groups collaborate within

the NDACC29. The vertical range of these observations may extend up to

80−90km, given adequately narrow spectrometer channels. By application

of the radiometer formula, equation (4.4), these come at the cost of con-

28 Given appropriate spectral analysis, individual spectral lines in the emission may be re-

solved and analysed quantitatively. This type of sensor is discussed herein, and it should be

conceived technically as a “microwave spectrometer”, as is indicated by the title of this sec-

tion. However, the discussion reverts to the term “microwave radiometer” for being prevalent

in the microwave spectrometer community.

29 Network for the Detection of Atmospheric Composition Change
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Sensor Location, Lat. Lon. Altitude
operated by, (Reference)

MIAWARAa Bern, Switzerland 47◦N 7◦E 550m a.s.l.b

IAPc , U Bern, Switzerland (DEUBER et al., 2004)

MIAWARA-Cd (Prelim. at) Bern, Switzerland
IAP, U Bern, Switzerland (STRAUB, 2008)

MIRAe 5 (Prelim. at) Karlsruhe, Germany
IMKf, FZ Karlsruhe , Germany (HOCHSCHILD et al., 2008)

MobRag (Prelim. at) Toulouse, France
Laboratoire d’Aérologie, CNRSh , U Toulouse III, France (MOTTE et al., 2008)

Onsala 22GHz Onsala Space Obs., Sweden 57◦N 12◦E Sea level
Onsala Space Obs., Sweden (FORKMAN et al., 2003)

SWARAi Seoul, S Korea 37◦N 127◦E Sea level
Sookmyung Women’s U, Seoul, (coop. IAP, U Bern) (DE WACHTER et al., 2008)

WaRAMj Ny Ålesund, Svalbard 79◦N 12◦E Sea level
IUPk , U Bremen, Germany (LINDNER, 2002)

WaRAM2 Mérida, Venezuela 8◦N 71◦W 4760m a.s.l.
IUP, U Bremen, Germany (QUACK, 2004)

WASPAMl ALOMARm , Norway 69◦N 16◦E 380m a.s.l.
MPSn , Lindau, Germany (SEELE and HARTOGH, 2000)

WVMSo1 Lauder, New Zealand 45◦S 170◦E 370m a.s.l.
RSDp, NRL Washington, DC, USA (NEDOLUHA et al., 2007)

WVMS2 Table Mountain, CA, USA 34◦N 118◦W 2250m a.s.l.
RSD, NRL Washington, DC, USA (NEDOLUHA et al., 1996)

WVMS3 Mauna Loa, HI, USA 20◦N 156◦W 3400m a.s.l.
RSD, NRL Washington, DC, USA (NEDOLUHA et al., 2007)

a Middle Atmospheric Water Vapour Radiometer

b above sea level

c Institut für Angewandte Physik, University of Bern
d MIAWARA— Compact

e Millimeterwellenradiometer
f Institut für Meteorologie und Klimaforschung, FZ Karlsruhe

g Mobile Radiometer

h Centre National de la Recherche Scientifique
i Stratospheric Water Vapour Radiometer

j Wasserdampf-Radiometer für atmosphärische Messungen
k Institut für Umweltphysik, University of Bremen

l Wasser- und Spurengasmessung in der Atmosphäre mit Mikrowellen
m Arctic Lidar Observatory for Middle Atmosphere Research

n MAX-PLANCK-Institut für Sonnensystemforschung
o Water Vapor Millimeter-wave Spectrometer

p Remote Sensing Division, NRL

Table 3.2: Ground-based microwave receivers at 22GHz in use for retrieval of middle

atmospheric water vapour profiles.
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siderably longer integration times though. The lowest altitude for retrieving

the profile is around 25km, mainly determined by instrumental limitations,

so-called baseline effects, resulting in spurious spectral features. The total

errors typically reported for such data are about 0.5ppmv for integration

times of up to 24 hours (e.g. NEDOLUHA et al., 1995).

The water vapour transition at 183GHz is more than two orders of magni-

tude stronger than at 22GHz, i.e. it requires less integration time for a certain

signal-to-noise ratio. However, given the large tropospheric water vapour

abundance, the signal from the middle atmosphere is usually saturated when

observed from the ground. This may be avoided by use of airborne plat-

forms, such as in case of the AMSOS30 sensor, operated by IAP, U Bern.

It flies on a campaign basis aboard a Swiss Army Learjet 35A and allows

retrieval of water vapour profiles over an altitude range of 15−60km, with a

vertical resolution rising from 8km near the bottom of this range to 16km at

the top. The horizontal resolution along-track, 60km± 30km, is dominated

by spectra pre-integration, which is required to reduce thermal noise. Total

error amounts to 10− 15% (0.3− 1.0ppmv) (MÜLLER et al., 2008). The

receiver has recently been equipped with two digital FFTS31 units that help

extend observations into the mesosphere. FLURY et al. (2008) report that the

new data is suitable to infer lower mesospheric wind speeds, which is diffi-

cult to observe by other methods. The IAP team have also studied the feasi-

bility of ground-based measurements at 183GHz in an AMSOS campaign at

the high alpine station Jungfraujoch, Switzerland (47◦N 7◦E, 3580m a.s.l.).

Observation of the 183GHz signature at sufficient signal-to-noise ratio is

restricted to very dry conditions in the winter season, and was found to be

possible for roughly 7% of the time during November and December 1999.

In January to March, no measurements were taken (SIEGENTHALER et al.,

2001). KUWAHARA et al. (2008) report test measurements of a newly de-

veloped 183GHz receiver at Atacama desert, Chile (23◦S 67◦W, 4800m

a.s.l.). The sensor is currently revised to reduce systematic error sources,

introduced by double sideband operation (cf. section 4.3).
The 183GHz signature has been adopted for space-borne measurements

30 Airborne Microwave Stratospheric Observing System

31 fast FOURIER transform spectrometer
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by MAS32, a sensor that has taken part in three ATLAS33 missions on the

NASA Space Shuttle in April 1992, April 1993 and November 1994 (HART-

MANN et al., 1996). MAS is conceptually similar to the MLS34 instrument

aboard UARS35 that operated from September 1991 to August 1999. The

183GHz receiver of UARS/MLS performed better than MAS, but unfortu-

nately failed in April 1993. A modernised version of the MLS sensor has

been devised for the EOS36-Aura platform and has been operating since

July 2004 (WATERS et al., 1999). H2O retrievals from Aura/MLS data yield

a vertical resolution better than 4km below the stratopause, degenerating to

worse than 10km above. The difference is due to the limb sounding geom-

etry, presently limited by the antenna beam width at lower altitudes and the

required integration for weak signals higher up. The horizontal resolution

is 7km across-track, as determined by the instrument antenna pattern, and

roughly 400km along the line of sight. For the stratospheric results, the pre-

cision is quoted as 0.2− 0.3ppmv (4− 9%) and the total error, estimated

from a systematic uncertainty analysis, as 0.2−0.5ppmv (4−11%) (LAM-

BERT et al., 2007).

Recent progress in microwave technology has fostered the construction of

a new generation of more powerful receivers, operating at higher frequen-

cies in the sub-millimetre range. Odin/SMR37 is the first example of such

with respect to water vapour observations from space. It has operated since

2002, covering the latitudinal range of 82.5◦N to 82.5◦S. The instrument

shares observation time between aeronomy and astronomy. Standard H2O

observations are carried out at 489GHz and 557GHz for the 20− 70km

and 40−100km altitude ranges, respectively. Close to 489GHz, H2
18O and

HDO isotopologues are also detectable, and a transition of H2
17O is ob-

servable at 552GHz. Standard H2O measurements are taken on 4 days per

month. Altitude resolution is limited to roughly 3km by the integration time

required for a single scan, the horizontal resolution along the line of sight is

∼ 400km. Precision is quoted as 1ppmv (H2O), 0.5ppbv (HDO), 30ppbv

32 Millimeter-wave Atmospheric Sounder

33 Atmospheric Laboratory for Applications and Science

34 Microwave Limb Sounder

35 Upper Atmospheric Research Satellite

36 Earth Observing System

37 Sub-Millimetre Radiometer
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(H2
18O) and 0.4ppbv (H2

17O) (URBAN et al., 2007). The lower altitude

limit is given by saturation of the observed transition.

Other space-borne sensors have been devised dedicated to UT/LS sound-

ings and stratosphere-troposphere exchange (STE), where the 325GHz tran-

sition of water vapour offers the best trade-off between vertical resolution,

line saturation and insensitivity to clouds (GASIEWSKI, 1992). The first such

sensor to have actually been built is MARSCHALS38. It has flown on the

M-55 Geophysica during the SCOUT-O339 campaign to Darwin, Australia,

in December 2005. The data taken during this campaign indicate the abil-

ity to achieve a vertical resolution of less than 2 km for water vapour re-

trievals in the UT/LS (DINELLI et al., 2008). MARSCHALS has originally

been intended as a demonstrator for the MASTER40 instrument that was

considered for inclusion in ESA’s ACECHEM41 space mission. A similar

sensor has been proposed by the Odin team for a small satellite successor

of Odin named STEAM42. Both efforts have recently been merged into the

STEAMR (STEAM radiometer) component of the PREMIER43 proposal

which has been selected as one of six candidate missions for the ESA44

Earth Explorer 7. The PREMIER mission concept involves further advances

in terms of synergy between multiple sensors and platforms, and a 3D-

tomographic retrieval approach. The latter results in an improved retrieval

with better horizontal resolution, by incorporating into the retrieval the geo-

metrical overlap between individual scans.

HOOGEVEEN et al. (2005) describe a new balloon-borne instrument named

TELIS45 to fly on the MIPAS-B2 gondola. TELIS can be tuned to the water

vapour transition at 557GHz, yet the receiver performance is reported to be

poor at this frequency. This is inferred from the direct-detection response

of the mixer, as measured with a FOURIER transform spectrometer. This

38 Millimetre-wave Airborne Receiver for Spectroscopy Characterisation of Atmospheric

Limb-Sounding

39 Stratosphere-Climate Links with Emphasis on the UTLS

40 Millimeter Wave Acquisitions for Stratosphere/Troposphere Exchange Research

41 Atmospheric Composition Explorer for Chemistry and Climate Interaction

42 Stratosphere Troposphere Exchange and Climate Monitor

43 Process Exploration through Measurements of Infrared and Millimeter-wave Emitted Radi-

ation

44 European Space Agency

45 Terahertz Limb Sounder
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method may itself be distorted by the strong H2O absorption (WANG et al.,

2002), but HOOGEVEEN et al. give no further details about this. The sensor

has flown for the first time in the SCOUT-O3 Large Balloon Campaign at

Teresina, Brazil, in June 2008, but suffered from major technical problems

(OELHAF et al., 2008).

3.2.2 FOURIER Transform Spectroscopy

FOURIER Transform Spectroscopy (FTS) denotes the concept of capturing

spectra by recording some signal in the time or space domain and then nu-

merically applying a FOURIER transform to convert to the frequency do-

main. Signals in the time domain may be detected by probing a sample with

short light pulses, as for example in nuclear magnetic resonance applica-

tions. In FOURIER transform infrared (FTIR) spectroscopy, a MICHELSON

interferometer is used to record the signal as a function of path length dif-

ference. The spectral resolution is determined by the maximum path length

difference achievable with the interferometer. Other significant parameters

are detector sensitivity with respect to wavelength, and the instrumental line

shape. The FTS set-up operates without monochromators, and thus saves

signal intensity for detection that would be lost in a dispersive spectrometer.

If the measurement is limited by detector noise, as is commonly the case in

the infrared, the method further benefits from the multiplex, or FELLGETT’s

advantage: Every single measurement simultaneously contributes to all fre-

quency "bins", which offers a higher signal-to-noise ratio than a bin-by-bin

measurement, given the same measurement time. This may however also in-

troduce a "multiplex disadvantage" in case of signal fluctuations, which will

likewise affect all bins.

Atmospheric FTIR spectroscopy applications depend on a cloud-free line

of sight, since otherwise scattering by hydrometeors dominates radiative

transfer. Measurements are based on thermal emission or absorption of so-

lar irradiation. The Moon forms another light source, both by reflection of

solar radiation and through its own thermal emission (NOTHOLT, 1994).

Information about height distribution of trace gases may be inferred from

limb geometry as well as from the pressure broadened line shape. However,
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DOPPLER broadening limits the latter technique to far lower altitudes than

for lines in the microwave range.

Retrieving water vapour profiles from ground-based FTIR data is a rather

new application. SCHNEIDER et al. (2006a) report such measurements per-

formed at the high altitude site Izaña Observatory (2.4km above sea level),

on the Island of Tenerife. They present water vapour profiles up to the trop-

opause, or 11km altitude, with four independent layers. The uncertainty for

the uppermost layer is listed as 50% on the condition of sufficient dryness

in the lower troposphere, defined as slant column of less than 5 ·1021 cm−2.
At Izaña Observatory, this criterion is met for about 10% of the data, but

it could hold almost year-round at the NDACC primary stations on Mauna

Loa, HI, USA, and at Jungfraujoch, Switzerland. Retrieving the isotopic

separation δD is also claimed to be possible, at comparable performance

(SCHNEIDER et al., 2006b). Similar efforts are also undertaken at Ile de la

Réunion (FALLY et al., 2007).

MIPAS46 denotes a suite of instruments that have been devised at IMK,

FZ Karlsruhe, for emission FTIR spectroscopy of the atmosphere in limb ge-

ometry. They are deployed on large stratospheric balloons (MIPAS-B), on

the M-55 Geophysica stratospheric aircraft (MIPAS-STR), and on Envisat.

A comprehensive overview of the Envisat sensor, including measurement

modes, calibration and characterisation, retrieval methodology, as well as

references to MIPAS on other platforms, is given by FISCHER et al. (2008).

Water vapour profiles from Envisat/MIPAS cover the whole globe and reach

up to 42km at a vertical resolution of 4.5−6.5km, degrading to 6−8km in

dry regions (polar winter, tropical lower stratosphere). The vertical resolu-

tion would considerably benefit from smaller scanning steps, which are 3km

wide in nominal measurement mode between 6−42km tangent altitude, and

even larger above. The bottom altitude is limited by cloud top height and

uncertainty introduced from the exponential increase in water vapour below

the tropopause. The total error is in the range of 6− 9% (0.2− 0.6ppmv)

(MILZ et al., 2005). Isotopic separation δDmay also be retrieved from these

data, however at a coarser vertical resolution. Its total error amounts to less

than 20% (35−110�) for a latitudinally averaged analysis (STEINWAGNER

et al., 2007).

46 Michelson Interferometer for Passive Atmospheric Sounding
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The Canadian SCISAT-1 satellite carries ACE-FTS47, which operates in

solar occultation from a highly inclined orbit. This is complemented by a

UV/vis/near-IR grating spectrometer, ACE-MAESTRO48, with an almost

identical field of view. This opens up unprecedented capacity, among space-

borne sensors, to compare results from different spectroscopic methods. Un-

fortunately, water vapour is not on the priority list for ACE-MAESTRO, and

little information has been published about the sparse results available so far.

Publications about ACE-FTS also lack details about retrieval performance.

As regards spatial resolution, the field of view stretches 3−4km at the tan-

gent altitude. However the spacing of scanning steps depends on the variable

duration of individual occultation events: when the sun sets or rises perpen-

dicular to the horizon, i.e. when the satellite heads directly in or against the

direction of the sun, it covers more tangent altitude per time than in any other

configuration. Altitude spacing of the measurements thus ranges from 2km

for long occultations to 6km for short ones. Measurement uncertainty is not

clearly indicated, but appears to be ∼ 0.5ppmv. (CARLEER et al., 2008)

Airborne FTIR sensors may operate in up-looking or limb geometry. The

former, like ground-based observations, require analysis of the pressure broad-

ened line shape to obtain profile information. In this case, the vertical range

typically extends from flight altitude to ∼ 30km. From high-altitude op-

eration in up-looking geometry, only column information may be derived.

Apart fromMIPAS-STR mentioned above, two other sensors should be con-

sidered here. The NCAR FTS49 has been used in intercomparison cam-

paigns for more than 25 years. It routinely flies aboard the NASA DC-

8 medium-altitude aircraft, so it is restricted to up-looking geometry and

operates in solar occultation mode. Total error for the retrievals obtained

during the Aura/MLS validation campaign is 1− 2ppmv (COFFEY et al.,

2008). SAFIRE-A50 is special in that it observes far-infrared emission (10−
250cm−1) and may be operated sensitive to polarisation, which is an asset

in cloud formation studies. The sensor is dedicated to use on the M-55 Geo-

physica, with a balloon-borne version under way (CORTESI et al., 2005).

47 Advanced Chemistry Experiment — FOURIER Transform Spectrometer

48 Advanced Chemistry Experiment—Measurement of Aerosol Extinction in the Stratosphere

and Troposphere Retrieved by Occultation

49 NCAR FOURIER Transform Spectrometer

50 Spectroscopy of the Atmosphere by Using Far-Infrared Emission — Airborne
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Balloon-borne FTIR spectrometers reach higher into the stratosphere and

thus cover a larger vertical range than airborne sensors in limb geome-

try. MIPAS-B2 has already been named above. Two other prominent sen-

sors have recently been used in Aura/MLS validation, too: FIRS-251 by the

Harvard-Smithsonian Center for Astrophysics is an emission sensor observ-

ing the 80−1650cm−1 range. NASA/JPL’s MkIV instrument is operated in

solar occultation mode over the 650− 5650cm−1 region. Both yield water

vapour results over 8−40km altitude with 2−3km vertical resolution. Total

error appears to be of the order of 1ppmv (LAMBERT et al., 2007).

MIPAS’ successors, currently in development at IMK, FZ Karlsruhe, and

ICG, FZ Jülich52, will allow higher spatial resolution and better coverage

by use of two-dimensional detector arrays. GLORIA-AB53 is prepared for

use on the new HALO54 platform operated by DLR, which is scheduled

for its first scientific mission in July 2009. IMIPAS55 is the corresponding

space-borne sensor, which is part of the PREMIER payload currently under

consideration for a future ESA Earth Explorer mission (cf. section 3.2.1).

(FISCHER et al., 2008)

3.2.3 Monochromating Sensors

Monochromators, e.g. narrow-bandwidth filters, tunable FABRY-PÉROT in-

terferometers, or diffraction gratings, are used in a variety of sensors cov-

ering the wavelength range from UV to far-IR. The combination of a filter

and a suitable photodetector essentially renders a fixed-wavelength radiome-

ter. Diffraction gratings are advantageous in that they instantaneously pro-

duce spectra. Several types of spectrometers involve a grating that may be

revolved without losing focus at the detector and hence allow to record a

spectrum, as for example in the EBERT-FASTIE and CZERNY-TURNER set-

ups. These may be complemented by the use of detector arrays. In UV to

51 Far-infrared Spectrometer 2

52 Institut für Chemie und Dynamik der Geosphäre, Forschungszentrum Jülich, [German] In-

stitute of Chemistry and Dynamics of the Geosphere, Research Centre Jülich

53 Global Radiance Limb Imager Experiment for the Atmosphere — Airborne

54 High Altitude and Long Range Research Aircraft

55 Imaging MIPAS
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near-IR applications, CCD56 arrays are nowadays often used to record the

complete instantaneous spectrum at once, so the grating need no longer be

revolvable. Middle atmospheric trace gas profiles may be inferred from so-

lar, lunar or stellar occultation measurements, as well as from IR thermal

emission.

HALOE57 on UARS has delivered data about various trace gases, in-

cluding water vapour, from solar occultation measurements during Octo-

ber 1991 through September 2005. This period does not match the temporal

range of the measurements presented in this work, but the large spatial and

temporal coverage of HALOE allows many water vapour intercomparisons,

which justifies a short introduction here. HALOE provides data from about

30 occultations daily, whose locations vary with UARS-Earth-Sun geom-

etry. Over the course of a year, the data cover a latitude range of roughly

75◦N–75◦S, and the measurement occurs at a given latitude 10 times a year

for both sunrise and sunset. Water vapour abundance is derived from absorp-

tion at 6.6μm over an altitude range of 15− 80km. The vertical and hori-

zontal resolution at the tangent point are about 2km and 10km respectively.

The smallest total errors of 20% or roughly 0.5−1.5ppmv are reported for

the 10−0.4hPa layer (∼ 16−55km) (HARRIES et al., 1996).

CRISTA-NF58 is a modernised airborne version of the CRISTA sensor

that was twice deployed to space on the ASTRO-SPAS59 platform in the

late 1990s. CRISTA-NF took part in the SCOUT-O3 campaign to Darwin,

Australia (cf. section 3.2.1). While differing in some instrumental details,

both sensors are based on the detection of thermal emission from atmos-

pheric trace gases in the mid-IR spectral range. The spectrometers are of

EBERT-FASTIE type, each equipped with multiple exit slits/detectors to cut

down acquisition time to ∼ 1s per spectrum. Water vapour abundance is re-

trieved from three spectral windows around 790cm−1 (∼ 12.7μm). The al-

titude coverage is limited to 7−17km for airborne measurements; measure-

ments can reach higher from space, but no such results have been reported

for CRISTA. Resolution of the CRISTA-NF data is roughly 1km× 2.5km

56 charge-coupled device

57 Halogen Occultation Experiment

58 Cryogenic Infrared Spectrometers and Telescopes for the Atmosphere — New Frontiers

59 Astronomical Shuttle Pallet Satellite
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(vert./horiz.) at the tangent point. The retrieval performs best just below the

hygropause, where the total error is 20% at most (∼ 10ppm, sic!), becoming

larger for higher and lower altitudes. (SCHAELER et al., to appear; HOFF-

MANN et al., 2008)

Recently the first mesospheric water vapour retrievals from UV/vis data

have been reported. The measurements are obtained from photofragment

fluorescence (cf. section 3.1.6), which is induced by solar LYMAN-α irradi-

ance in this case. The OH signature near 310nm is recorded by Odin/OSIRIS60,

and has also been observed by MAHRSI61, which accompanied CRISTA

on ASTRO-SPAS. MAHRSI comprises a CZERNY-TURNER spectrometer

and an intensified CCD detector. The instrument covers an instantaneous

bandwidth of 4nm with 0.02nm resolution at 310nm. OSIRIS on the other

hand uses an EBERT-FASTIE type spectrometer and a CCD detector offer-

ing lower spectral resolution (1nm), however at a larger bandwidth of 30nm.

The spectral analysis requires quantitative understanding of the thermal and

non-thermal transitions of mesospheric OH. The photofragment signal must

be discriminated from RAYLEIGH scattering and solar fluorescence. The lat-

ter is stimulated in the already existing OH by the (1,0) transition at 280nm,

and can be separated from H2O photofragment fluorescence due to the lower

rotational excitation in solar fluorescence. RAYLEIGH scattering is elimi-

nated from OSIRIS spectra in terms of a reference spectrum. This is taken

at 45km tangent height and corrected for extinction by ozone and resid-

ual emission by OH, which is calculated from modelled OH distributions

that match well with independent measurements. The reference spectrum is

scaled to match the mesospheric limb scans at anchor points outside the ob-

served OH bands at 306nm, 312nm, and 317nm (GATTINGER et al., 2006).

MAHRSI spectra resolve three discrete spectral lines from photofragment

fluorescence, so the observed emission is instead scaled to match the in-

tensity distribution that is expected according to our understanding of oc-

cupation probabilities of individual OH states. The vertical resolution for

retrieval from either instrument is given as 4km, and the altitude cover-

age is stated as the region where the results match comparative data from

HALOE to within 30% (< 3ppmv), which is 70−85km for MAHRSI and

60 Optical Spectrograph and Infrared Imager System

61 Middle Atmosphere High Resolution Spectrograph Investigation
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75−85km for OSIRIS. Unfortunately no discussion if the error budgets is

presented. (STEVENS et al., 2008)

GOMOS62 aboard Envisat is a stellar occultation grating spectrometer

(KYRÖLÄ et al., 2004). It carries a dedicated detector to determine the ex-

tinction by water vapour around 936nm, but data have not been published

in the scientific literature to date. Three presentations63 at the Second Work-

shop on the Atmospheric Chemistry Validation of Envisat indicate that re-

sults are difficult to obtain from these measurements. SCIAMACHY64 is

another grating spectrometer aboard Envisat. Among others, it performs so-

lar and lunar occultation measurements, which are restricted by the Envisat

orbit to the 50◦N–70◦N (solar occultations) and 20◦S–90◦S (lunar occulta-

tions) latitude bands. Water vapour retrievals from SCIAMACHY are ham-

pered by spoilage of the sensor’s near-IR detectors at 2.0μm and 2.3μm.

PITERS (2007) reports some recent progress with water vapour retrieval

from the 936nm band, sensitive to the 10−30km altitude range.

3.2.4 Global Positioning System

The Global Positioning System (GPS) is a global navigation satellite sys-

tem (GNSS), developed by the United States Department of Defense and

operated by the United States Air Force. GPS satellites broadcast minute

microwave signals that enable a receiver to determine time, position, and

velocity. These microwave signals are subject to diffraction from Earth’s at-

mosphere, and some variability in this diffraction is caused by atmospheric

water vapour abundance (BEVIS et al., 1992). So the aberration in signals

received from several GPS satellites may be used to infer atmospheric water

vapour abundance, usually in terms of total columns.

TROLLER et al. (2006) present a relatively novel approach of retriev-

ing vertical distribution of water vapour from a ground-based network of

GPS receivers, using the example of AGNES65 operated by the Swiss Fed-

eral Office of Topography. It involves signals from pairs of satellites reg-

62 Global Ozone Monitoring by Occultation of Stars

63 cf. http://envisat.esa.int/workshops/acve2/presentations/ (all presentations whose titles con-
tain ’GOMOS H2O’), retrieved October 20, 2008

64 Scanning Imaging Absorption Spectrometer for Atmospheric Chartography

65 Automatisches GNSS-Netz Schweiz, [German] Swiss Automatic GNSS-Network
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istered by pairs of receivers, so-called double-differenced data, which are

assimilated into a tomographic analysis. The method is restricted to alti-

tudes below ∼ 10km and requires a priori knowledge about temperature.

The same applies for the various space-borne sensors which observe GPS

signals in radio occultation geometry (cf. LUNTAMA et al., 2008, for an

overview of such sensors). In addition radio occultation observations allow

retrieving the temperature profile of the atmosphere above ∼ 10km at high

precision (< 1K) with a vertical resolution of 0.5−1.5km. The only a pri-
ori knowledge required is an initial temperature at the upper edge of the

measuring range. The selection of this temperature mostly affects the upper

layers. GOBIET et al. (2007) report on a novel retrieval scheme for the well-

exploited data from the BlackJack GPS sensor aboard CHAMP66. Provided

the initialisation temperature is adequately chosen, they find the retrieval

bias (error) to be less than 0.5K up to 35km. Such temperature information

could greatly benefit the elimination of uncertainties in mid-latitude strato-

spheric water vapour trends derived e.g. from HALOE and NOAA balloon

data (SCHERER et al., 2008).

3.2.5 Light Detection and Ranging

Light Detection and Ranging is an active remote sensing technique, the in-

struments are nowadays conveniently termed lidars. Atmospheric trace gas

abundance is deduced by sending out laser pulses to the atmosphere and

recording the backscattered signal. The height information is obtained from

the time delay between emission and detection, whereas concentration may

be retrieved from the intensity of the backscatter. Two types of lidars allow

monitoring atmospheric water vapour, the RAMAN lidar and the differential

absorption lidar (DIAL).

A RAMAN lidar makes use of the inelastic RAMAN scattering effect:

The incident photon is scattered while exciting a transition in the scattering

molecule. The difference in energy (or frequency) of the scattered photon is

characteristic of the scattering species. So RAMAN lidars require detection

at a other wavelengths than that emitted by the laser. Water vapour mixing

ratio is deduced from such measurements by relating the backscatter signal

66 Challenging Minisatellite Payload
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from H2O to that of N2. Yet to account for the instrumental response and the

difference in signals produced by either species, some kind of absolute cal-

ibration is required. Most commonly, RAMAN lidars are calibrated against

measurements by radiosondes.

The advantage of the comparatively simple laser technology is impeded

by the small yield of RAMAN backscatter, which limits in particular the al-

titude range of daytime measurements. GERDING et al. (2004) have demon-

strated water vapour retrievals from data taken by the ground-based Kold-

ewey Aerosol RAMAN Lidar (KARL) reaching to 3km in daylight condi-

tions and 6− 7km during darkness. WHITEMAN et al. (2006) report preci-

sion better than 10% up to 4km and 8km at day and night, respectively, for

the ground-based Scanning RAMAN Lidar (SRL) of NASA/GSFC67. The

instrument frequently participates in intercomparison campaigns. A com-

pletely new RAMAN lidar was set up at the Table Mountain facility of NASA

JPL. Individual profiles taken with this latter instrument reach as high as

18km, yet problems in the receiver need to be addressed before the data

may reliably be used (LEBLANC et al., 2008).

The DIAL method detects differential absorption of the species in ques-

tion and thus removes the need for external calibration; it is an application

of differential optical absorption spectroscopy (DOAS). Apart from MIE

scattering by aerosols in the lower atmosphere, the return signal is largely

produced by elastic RAYLEIGH scattering from air molecules, which ex-

ceeds RAMAN scattering by several orders of magnitude. Light needs to be

sent out at two different wavelengths: The so-called "on-line" wavelength,

λon, matches a molecular transition of the desired species, so there is signif-

icant absorption which attenuates the "on-line" beam according to BEER’s

law. The "off-line" wavelength is chosen at a distance sufficiently far from

λon to avoid the absorption, but close enough to retain the same atmospheric

scattering as for λon.

The distribution of water vapour in the atmosphere is rather unfavourable

for ground-based DIAL measurements. Only strong absorption features pro-

vide enough backscatter to detect water vapour in UT/LS abundance, but

also lead to the signal mostly being absorbed by tropospheric water vapour.

Sufficiently strong and spectrally narrow laser pulses are hard to produce.

67 (NASA) Goddard Space Flight Center
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The use of water vapour DIALs is hence restricted to locations at higher al-

titudes or even aircraft. VOGELMANN and TRICKL (2008) report on a new

instrument set up at Schneefernerhaus, Zugspitze, Germany. It reaches up to

12km in daylight by tuning the observation to the line wing, which requires

accurate knowledge of spectroscopic parameters and laser wavelength, as

well as atmospheric pressure and temperature. Further improvements are re-

quired to commit the data to climate research. Three airborne water vapour

DIALs have been intercompared by BEHRENDT et al. (2007) in the largest

campaign to date of airborne water vapour DIAL: the DLR DIAL aboard

the DLR Falcon, LASE68 of NASA Langley Research Center aboard the

NASA DC-8, and LEANDRE II69 of CNRS aboard the NRL P-3. These

sensors cover almost the complete range from ground to flight altitude, at

horizontal and vertical resolution typically of the order of 10km and less

than 1km, respectively. The campaign also serves to study the benefits of a

space-borne water vapour lidar mission, which was considered in the Euro-

pean Space Agency’s Earth Observation Envelope Programme 2, but eventu-

ally not selected for the design phase because of high cost and development

risks (DI GIROLAMO et al., 2008). Recently first airborne water vapour lidar

measurements of the UT/LS have been reported with the DLR DIAL on the

DLR Falcon observing at zenith (KIEMLE et al., 2008).

68 Lidar Atmospheric Sensing Experiment

69 Lidar Embarque pour l’etude des Aerosols et des Nuages, de l’interaction Dynamique-
Rayonnement et du cycle de l’Eau, [French] Lidar for the Study of Aerosols and Clouds, of

Interactions Between Dynamics and Radiation, and of the Water Cycle





4 Radiometric Observation and
Retrieval

The remote sensing group at IUP, U Bremen, observe tropical stratospheric

water vapour with the dedicated 22GHz microwave receiver WaRAM2.

QUACK (2004) reports on initial deployment of this sensor toMARS1, along-

side first results and comparisons. His work serves as a point of reference re-

garding instrumental details, so it suffices to briefly sum up about them here.

The general theory of microwave radiometry is provided e.g. by JANSSEN

(1993a).

4.1 Atmospheric Emission
The temperature range of the lower and middle atmosphere (roughly

180K < T < 310K) is well within reach for excitation of rotational tran-

sitions in atmospheric constituents. The least energetic transitions occur in

the microwave region at 0.3−300GHz.

4.1.1 Rotational Transitions

By laws of quantum mechanics, molecules may only attain distinct levels

of rotational energy. In a transition between two such levels, E1 and E2,
a photon that makes up for the energy difference ΔE may be absorbed or

emitted,

ΔE = |E1−E2|= hν1,2,

1 Mérida Atmospheric Research Station (Estación de Investigación Ambiental Humboldt, Pico

Espejo, 8◦32′N 71◦03′W, 4765m a.s.l.)

55
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where h is PLANCK’s constant. A microwave radiometer detects the corre-

sponding radiation at frequency ν1,2. For observations by WaRAM2 this is

22.235GHz, corresponding to the 61,6−52,3 transition in H2O (JKa,Kc nota-
tion, where J is rotational angular momentum quantum number and Ka, Kc
pseudo-quantum numbers for the so-called “asymmetric top” rotor (BAR-

BER et al., 2006)). The most prominent emissions in the microwave range

result from water vapour and molecular oxygen.

4.1.2 Effects on Line Shape and Strength

The strength S(T ) of a transition is governed by quantum mechanics and

quantum statistics. It depends on transition probability and occupation of

the involved quantum states. The latter is related to temperature T via the

BOLTZMANN distribution. Some more detail about this is given by WOHLT-

MANN (2002). The resultant line intensity in terms of absorption coefficient

α(ν) may be obtained from

α(ν) = nS(T )F(ν)

where n denotes number density of the species in question and F(ν), nor-
malised to 1, accommodates the independent effects on line shape. These are

summarised below, in increasing order of importance (CLANCY and MUH-

LEMANN, 1993).

Natural Line Width

The natural line width is brought about by the finite life-time Δt of the ex-
cited state. According to HEISENBERG’s uncertainty principle, ΔE Δt

∼
> h,

this introduces some uncertainty Δν = ΔE/h in frequency. Its contribution

to line shape is negligible when compared to the two other phenomena be-

low.

DOPPLER Broadening

Thermal movement of the observed gases results in frequency shifts being

imposed on the emission/absorption line. In thermodynamic equilibrium,
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relative velocities of the individual molecules with respect to the observer

obey MAXWELL’s distribution. This allows to infer the DOPPLER related

line shape, FD(ν ,ν0), with respect to line centre, ν0, as

FD(ν ,ν0) =
1√

π σD(T )
exp

(
−

[
ν−ν0
σD(T )

]2)
.

The broadening parameter σD(T ) is given by

σD(T ) =
ν
c

√
2kT
m

,

where m is molecular mass, c speed of light and k BOLTZMANN’s con-

stant. The DOPPLER related FWHM2 may be calculated from

Δνv(T ) =
√

ln(2) σD(T ).

Pressure Broadening

Pressure broadening results from molecular collisions, which shorten the

life-times of excited states. This introduces significant additional uncertainty

Δν , which increases with pressure, p. A rather general expression for the

line shape FC(ν ,ν0) due to pressure broadening is given by the VAN VLECK-

WEISSKOPF function,

FC(ν ,ν0) =
1

π

[
ν
ν0

]2 [
γC

[ν−ν0]2 + γC2
+

γC
[ν +ν0]2 + γC2

]
.

The broadening parameter, γC, involves constants, w, x, ws, and xs, that must

be determined empirically.

γC = w [p− e]
[
T0
T

]x
+ws e

[
T0
T

]xs
.

The first term governs pressure broadening due to oxygen and nitrogen,

while the second one handles self broadening of the observed species, in

this case water vapour, at partial pressure, e. T0 is reference temperature, of

arbitrary choice.

2 full width at half maximum
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Pressure Shift

The 22GHz emission line exhibits a pronounced frequency shift that origi-

nates from collision induced phase shifts in the radiation. This is accommo-

dated by a modified VAN VLECK-WEISSKOPF line shape,

FC∗(ν ,ν0) =
1

π

[
ν
ν0

]2 [
γC

[ν−ν0′]2 + γC2
+

γC
[ν +ν0′]2 + γC2

]
.

where ν0′ = ν0 + Δν0, and Δν0 denotes frequency shift. The pressure shift

parameter bears resemblance to γC; it incorporates the same exponent, xs,
and another empirical constant, d:

Δν0 = d e
[
T0
T

] 1
4+ 3

2 xs
.

Altitude Information in Line Shape

The composite line shape is obtained by convolving the individual com-

ponents. Figure 4.1 illustrates the compound for the 22GHz and 183GHz

emissions of water vapour in terms of FWHM versus pressure.

The indicated characteristics have important consequences for the pres-

ence of altitude information in the line shape. Pressure broadening is linear

in pressure, thus exponentially decreasing with altitude. Yet with respect

Figure 4.1: Dependence of rotational transi-

tion spectral line width on pressure. FWHM

of the 22GHz and 183GHz emissions of

water vapour has been computed in neglect

of atmospheric temperature variations. This

approximation does not affect the qualita-

tive characteristics shown here. Taken from

ROSENKRANZ (1993).
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to the microwave range, it is the dominating effect on line shape, at least

up to the stratopause. In other words, the signal at certain distance from

the spectral line centre is connected to an individual altitude level, and this

information may be extracted from the spectra. Contribution to line shape

from DOPPLER broadening depends on the root of temperature, so it varies

little throughout the lower and middle atmosphere. It also depends linearly

on frequency of the observed transition, and this determines how high the

spectral altitude information reaches into the mesosphere. The highest range

may be attained by the lowest frequencies.

4.1.3 Continua

Some atmospheric constituents appear to not fully adhere to the concept of

distinct emission lines. In addition to the sharp resonances laid out above,

they exhibit some broad “continuum absorption”. The reasons for this are

unclear. It could be due to bad representation of the far wings by the VAN

VLECK-Weisskopf shape. The effect is particularly strong in water vapour,

and must be empirically accounted for. A variety of polynomial represen-

tations exist, differing in fine tuning of the parameters (e.g. LIEBE, 1989;

CRUZ-POL et al., 1998; ROSENKRANZ, 1998). LIEBE et al. (1993) is differ-

ent in that it treats the continuum as the result of a pseudo-emission located

in the far infrared.

4.2 Radiative Transfer
Microwave radiation is affected by emission, absorption, and scattering pro-

cesses while travelling the atmosphere. The latter are hardest to handle, but,

at 22GHz, only play a dominant role during precipitation, in which case

measurements are unfavourable anyway due to strong attenuation by water

vapour and clouds. So in the present configuration, we may neglect scatter-

ing and thus handle the atmosphere as a grey body. In thermal equilibrium,

KIRCHHOFF’s law states that emission ε = α . Radiative transfer, i.e. change

in intensity I(ν ,s) along a propagation path s through the atmosphere, may
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then be written differentially (JANSSEN, 1993b)

dI
ds

∣∣∣∣
ν ,s

= α(ν ,s) ·
[
−I(ν ,s)+ IPl

(
ν ,T (s)

)]
. (4.1)

IPl(ν ,T ) denotes PLANCK’s law. We now introduce opacity τ(ν ,s), the at-
mospheric optical depth between reference point s0 and s,

τ(ν ,s) =
s∫

s0

ds′α(ν ,s′).

The integrated form of equation (4.1) then reads

I(ν ,s0) =I(ν ,s∞) · exp
(
−τ(ν ,s∞)

)

+
s∞∫
s0

ds
[

α(ν ,s) · IPl
(

ν ,T (s)
)
· exp

(
−τ(ν ,s)

)]
.

s∞ typically marks the upper “end” of the atmosphere, where

I(ν ,s∞) = IPl(ν ,2.7K), the cosmic background radiation.

In atmospheric applications of microwave radiometry, one regularly finds

hν � kT , which gives rise to the RAYLEIGH-JEANS approximation of

PLANCK’s law. This motivates a linear scaling of intensity to so-called RAY-

LEIGH-JEANS (RJ) equivalent brightness temperature,

TRJ(ν) =
c2

2kν2
I(ν) [K].

Throughout this work, absolute intensity is expressed in terms of TRJ . It must

not be mistaken for brightness temperature3, however in RAYLEIGH-JEANS

approximation both values are of the same order of magnitude. For example,

the liquid nitrogen cold calibration load of WaRAM2 has a thermodynamic

temperature, i.e. brightness temperature, of roughly 73.3K, but

TRJ,N2(aq)(22.2GHz) =
c2

2kν2
IPl(22.2GHz,73.3K) = 72.7K

4.3 Receiver Set-Up
A schematic of the WaRAM2 receiver system is given by figure 4.2. As for

3 Brightness temperature corresponds to thermodynamic temperature of a black body that

would yield the same intensity as observed.
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Figure 4.2: Schematic

of the WaRAM2 set-up.

The placement of

quasi-optical elements

does not correspond to

angles or distances in

the actual set-up. Taken

from QUACK (2004).

microwave radiometry conventions, the set-up is described from back-end

to front-end. WaRAM2 output to spectrometer is centred around 2.1GHz

intermediate frequency (IF). The programmable step attenuator that is indi-

cated as part of the transmission line actually belongs to the spectrometer

set-up. Isolator and amplifier 2 of WaRAM2 perform signal conditioning.

In the heterodyne mixer, signal conversion from the 21.4−22.9GHz image

band to the 1.3− 2.8GHz IF band is carried out by superposing the signal

with input from the much more intense local oscillator signal at 20.125GHz.

The bandpass filter en route the antenna acts as a sideband filter to suppress

the undesired mirror sideband at 17.2−18.7GHz. It is followed by the low-

noise amplifier (LNA), which forms the most delicate component with re-

spect to receiver noise. Between antenna and LNA, a waveguide isolator

improves impedance matching, and maintains transition from coaxial line

to waveguide.

The remaining components comprise the quasi-optics. This term refers

to the use of components that are similar to geometrical optics, but in case

of microwave beams, it must be considered that the wavelength is of the

order of the beam width. This introduces pronounced spreading of the beam

in direction of propagation. GOLDSMITH (1998) deals with the details of

quasi-optical systems.

With respect toWaRAM2 quasi-optics, a corrugated horn antenna matches
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impedance between the waveguide transmission line and free space, and by

directivity selects a solid angle of ∼ 11◦ (FWHM) of the signal. An ellip-

soidal mirror focusses the antenna beam to ∼ 6◦ (FWHM). The revolvable

plane mirror is used to select the observation target and, in case of the sky,

elevation angle. It integrates a path length modulator to degenerate unde-

sired resonators in quasi-optical set-up.

All components operate at laboratory temperature (∼ 288K). Cooling, of

the LNA and the antenna in particular, might be considered to reduce the

thermal noise that the sensor itself contributes to the measurement. This op-

tion has been turned down in favour of reduced sensor complexity, which is

an important design parameter for remote operation. Below, some compo-

nents of particular importance for the present work are discussed.

4.3.1 Path Length Modulator

Impedance discontinuities introduce weak reflectances to the system, de-

noted by r, the fraction of incoming power that is reflected. Discontinuities

may arise from mirrors, impedance transitions — like at the antenna —,

grids, the liquid surface of the cold calibration load immersed in liquid ni-

trogen, the calibration load absorber material, microwave windows, and so

on. Two opposing reflectors form a resonator, and as power is reflected back

and forth within it, standing waves result. They show up as modulations of

the measured signal in the frequency domain. The resonator geometry cor-

responds to the concept of a FABRY-PÉROT resonator. In neglect of loss at

the discontinuities, i.e. transmittance t = 1−r, the transmitted intensity may

be expressed as (BERG, 2000)

Itr
I0

= 1− r12− r22 +2r1 r2 cos(2δ )+O
(
r13,r23

)
, (4.2)

where

2δ =
4π ν d
c

denotes phase lag between two consecutive incidences of the beam at one

reflector within the resonator, stretching across distance, d.
Standing waves may not be completely eliminated, because the antenna
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always poses a strong reflector in the receiver system, due to the impedance

transition from free space to wave guide and, eventually, coaxial transmis-

sion line. BERG (2000) reports that the antenna’s reflection coefficient typi-

cally amounts to 0.2, or 2.6 VSWR4. This agrees well with synthetic calcu-

lations carried out by HOFFMANN (2008) and within the scope of this work.

Recent studies raise questions about how well some 22GHz corrugated horn

antennas are matched to free space (DE WACHTER et al., to appear, and G

HOCHSCHILD, IMK, FZ Karlsruhe, pers. corr.). If such problems exist with

the WaRAM2 antenna may not be ascertained by the operational measure-

ments presented in this work.

To reduce standing waves, the experimenter must look at the remaining

elements of the instrumental set-up, of which there are only a few in the

present WaRAM2 design. A path length modulator (PLM) is deployed to

reduce the periodic contribution of standing waves to the spectra. It intro-

duces a sinusoidal variation of the resonator length, in the present case by

reciprocating the revolvable mirror with amplitude dp. GUSTINCIC (1977)

has conceptually described the operation of a path length modulator, which

yields a modified expression for the intensity transmitted by the resonator,

Itr
I0

= 1− r12− r22 +2r1 r2 J0 (2δp)cos(2δ ) ,

where 2δp = 2δ dp/d= 4π ν dp/c denotes the maximum difference in phase

lag introduced by the reciprocating mirror. J0(x) is a BESSEL function of

first kind, which arises from averaging over an expression like

cos(d+dp sin(ωt)).
Standing waves are suppressed by adjusting 2δp to a root of J0(x). Since

δp is related to signal frequency, ideal suppression can only be achieved for

a single frequency. Because of this, dp should in general be chosen with

respect to the centre frequency of the observed transition. However, the sup-

pression at the left and right ends of the observed bandwidth is still about

two orders of magnitude: When optimising about the first root of J0(x),
x1 = 2.405, we obtain

dp =
x1 c

2π ·22.235GHz = 2.58 ·10−3m.

4 voltage standing wave ratio
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Using this value, and solving for x = 2δp at 21.6GHz, yields 2.336 and

J0(2.336) = 3.62 ·10−2 (at 22.8GHz: 2.466, J0(2.466) =−3.13 ·10−2).
It is important to note that suppression of standing waves by a path length

modulator only affects the modulation of the received signal, i.e. the cosine

term in equation (4.2). In other words, the received intensity is still system-

atically lower than it would be in absence of the standing wave. This must be

considered when assuming the radiance received from the cold load, which

is affected by strong resonators between different parts of the antenna and

the liquid nitrogen surface in the cold calibration load (cf. section 5.1.4).

4.3.2 Local Oscillator

The local oscillator (LO) has been a source of trouble in earlier operation

of WaRAM2 (QUACK, 2004). It has been refurbished in 2004 and 2005,

but failed again in the spring of 2005, shortly after being reinstalled. Be-

fore commencing measurements in the winter of 2006, the local oscillator

has been reconfigured and complemented by a power booster to accomplish

the 13dBm signal level required by the WaRAM2 mixer. Yet despite these

efforts, degradation of the local oscillator is again apparent from the data

presented below (cf. section 5.1.1).

4.3.3 Low Noise Amplifier

The overall receiver performance is largely dependent on noise level PN of

the LNA. The noise characteristics of an amplifier with amplification, G,
and bandwidth of operation, Δν , are commonly expressed as noise figure

F = 10 · lg
(
1+

PN
P0

)
[dB].

It is referred to the noise level P0 =GkT0 Δν of an ideally matched resistor at

reference temperature T0 = 290K. The original WaRAM2 LNA has a noise

figure F of 3.6dB, which is far from optimum. As supposed by QUACK

(2004), a LNA with F = 1.9dB has been acquired and fitted to WaRAM2 as

part of this work.
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4.3.4 Spectrometer

The receiver signal is spectrally resolved by an acousto optical spectrom-

eter (AOS) (SCHIEDER et al., 1989, refer to SEST-LRS for a predecessor

of the type used here). It delivers 100 spectra per second, at ∼ 1.2GHz us-

able instantaneous bandwidth. Each spectrum comprises 2048 channels with

0.7MHz spacing and a resolution bandwidth of 1.1MHz. Laser and BRAGG

cell are temperature stabilised by a dedicated water cycle.

To obtain a frequency grid for the observed spectra, a comb generator

signal is measured at regular intervals, which provides the harmonics of a

100MHz signal. In addition, “dark current” or zero spectra may be read

from the AOS, which is the reported signal with the input port terminated

by a 50Ω resistance. It is important to correct for the zero spectrum when

analysing a comb spectrum, because the odd and even channels systemat-

ically disagree in offset (KRUPA, 1998). It must also be considered when

calculating direct ratios of raw spectra, like in calculation of the Y-factor

(cf. below) or for the linearity analysis presented in section 5.1.3. However

in total-power calibration, no zero correction is required, since in that case

only direct differences of raw spectra are considered.

The spectrometer has originally been dedicated to the MIRA 2 radiometer

that is operated by FZ Karlsruhe for the observation of ozone and other trace

gases (KOPP, 2000, e.g. ). At MARS, observation time is shared between

MIRA 2 and WaRAM2. Both sensors would greatly benefit from providing

a dedicated spectrometer for WaRAM2 observations. At the same time, the

upper altitude limit for retrieval might be improved, which is currently set

to ∼ 50km by the resolution bandwidth of the present AOS. A new gen-

eration of FFTS developed at MPIfR5, Bonn, Germany, allows replacing

the AOS without requiring further modification to the existing receiver set-

up, because they may analyse the 1.5− 3.0GHz range by under-sampling

at 3GSs−1.6 The currently available configurations include 1.5GHz instan-

taneous bandwidth at 212kHz resolution bandwidth and 0.75GHz instanta-

5 MAX-PLANCK-Institut für Radioastronomie, [German] MAX PLANCK Institute for Radio

Astronomy

6 An adaptation of the IF chain to a new spectrometer would be desirable in the long run,

though. The current IF band is located at 1.3− 2.8GHz. This would result in the 1.5−
1.3GHz signal being imaged to the 1.5− 1.7GHz reading of the FFTS discussed here, and
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neous bandwidth at 53kHz resolution bandwidth, which can be chosen from

in software (KLEIN et al., 2008).

4.4 Measurement Calibration
The detected spectral power must be calibrated to meaningful frequency

and power units. With respect to the latter, it is worthwhile noting that noise

added by the receiver components is an integral part of the measurement.

In simplified form, the power read from a spectrometer channel, Ci (short-
hand for “(spectrometer) counts in response to antenna input i”), may be

expressed as

Ci = G [TRJ,i+TRJ,rec]+Czer [a.u.]. (4.3)

Here G denotes a proportionality factor, TRJ,i power incident to the an-

tenna, TRJ,rec noise contribution from the receiver (receiver noise temper-

ature), and Czer zero spectrum of the spectrometer. All parameters exhibit

individual dependence on observation frequency, which is dropped for clar-

ity. [TRJ,i+TRJ,rec] is termed system noise temperature, TRJ,sys. To first order,
it determines the sensitivity of the sensor to changes in input signal, ΔTRJ .
This is given by the well known radiometer formula,

ΔTRJ ∝
TRJ,sys√
Bτ

, (4.4)

where B denotes spectral bandwidth and τ observation time.

4.4.1 Frequency Calibration

Figure 4.3 exemplifies how a frequency scale is assigned based on a zero-

corrected comb spectrum. GAUSSIAN distributions are fitted to the individ-

ual teeth by minimisation of the residua, which yields fractional channel

positions of the comb teeth. Knowledge about which frequency to expect

at the n-th tooth is fed separately to the algorithm. The resultant (posi-

tion,frequency) pairs are used as support grid, from which frequencies for

the 2.8−3.0GHz signal being lost, yielding an observable radio frequency range of 21.8−
22.9GHz.
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Figure 4.3: Example of a WaRAM2 frequency calibration for data taken on 12 Jan

2007, 20:44 UTC. (Left panel) Comb spectrum plotted versus spectrometer channels

(top axis) and resultant frequency calibration (bottom axis). (Right panel) Detail of

a single comb tooth. A GAUSSIAN distribution is fitted to the signal by minimisation

of the residuum (result plotted in red) to obtain its (fractional) channel position.

the integer channel numbers are obtained by cubic interpolation. The out-

lined procedure forms an improvement over the previously existing algo-

rithm, which lacked zero-correction, matched the comb teeth positions less

well, and used linear interpolation between the grid points.

4.4.2 Total-Power Calibration

Recalling equation (4.3), neither G nor TRJ,rec are known for the individual

spectrometer channels, and some kind of power calibration is required to

solve for any TRJ,i, in particular atmospheric signal. In WaRAM2, so-called

total-power calibration is regularly carried out. To this end, observation of

the atmosphere, TRJ,a, is interleaved with measurements of the signals of two

black body calibration loads, TRJ,h and TRJ,c, at well known physical temper-

atures, Th ≈ 293K (laboratory ambient temperature) and Tc = 73.3K (liquid

nitrogen temperature at p≈ 575hPa). By application of equation (4.3), this

results in a linear system of three equations in the three unknowns, G, TRJ,a,
and TRJ,rec, which may easily be solved for atmospheric signal

TRJ,a =
Ca−Cc
Ch−Cc ·

[
TRJ,h−TRJ,c

]
+TRJ,c. (4.5)
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A typical calibration cycle is illustrated by figure 4.4. The algorithmic im-

plementation of total-power calibration also has been refined during this

work, and a ∼ 0.5K positive bias has been removed from the calibration.

4.4.3 Receiver Noise Temperature

The system of equations mentioned above may be solved for receiver noise

temperature instead,

TRJ,rec =
TRJ,h−Y TRJ,c

Y −1
with Y =

Ch−Czer
Cc−Czer .

Y is called the Y-factor and gives initial indication about receiver perfor-

mance with respect to noise, if TRJ,h and TRJ,c are well known and constant.

Typical characteristics of WaRAM2 receiver noise temperature and their im-

provement by instrumental updates are given in figure 4.5. The transition

from 2004 (TRJ,rec = 660K, 633K at νH2O) to 2005 (TRJ,rec = 470K, 432K

at νH2O) indicates that a proper level of LO power is crucial in sensor op-

eration. The mixer specifications demand for 13dBm LO power, which has

been hard to meet in the past. It is strongly advised to evaluate new LO and
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Figure 4.4: Example of a WaRAM2 total-power calibration for data taken on 23 Mar 2007, 19:02

UTC. (Left panel) Raw spectra Ch, Cc, and Ca, in units of dBc by reference to the maximum

reading in Ch. (Right panel) Total-power calibrated spectrum obtained from equation (4.5), su-

perposed by an example retrieval.
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Figure 4.5: Examples of WaRAM2 receiver

noise temperature. Data taken on 2 Apr 2004

5:53, 12 Mar 2005 22:29, and 12 Jan 2007

20:00 (all times UTC). Between 2004 and

2005, the local oscillator has been refurbished,

and in late 2005, the low noise amplifier has

been upgraded.

mixer options for future instrumental upgrades, to eliminate the apparent

shortcomings of the present configuration.

The benefit from the new LNA (TRJ,rec = 194K, 183K at νH2O) may also

be appreciated from figure 4.5. In total, WaRAM2 receiver noise has been

reduced by almost a factor of 4 since first operation at MARS. In terms of

the radiometer formula, equation (4.4), observation time τ ∝ 1
TRJ,sys2

when

maintaining the same sensitivity. Hence under favourable atmospheric con-

ditions, TRJ,a = 10K, a factor of 11 in measurement time is gained, while

in very bad conditions, TRJ,a ≈ 100K, the improvement still amounts to a

factor of 6.7.

4.5 Integration of Spectra
To reduce thermal noise on the recorded spectra, we integrate7 over consec-

utive measurements. WOHLTMANN (2002) discusses in some detail an al-

gorithm that allows integrating spectra of varying tropospheric background.

It applies a scaling factor to the spectral line information received from the

stratosphere, which individually corrects for the attenuation due to tropo-

spheric radiative transfer. To this end, for analysis of earlier WaRAM2 data

QUACK (2004) reverts to a two layer model of the atmosphere, in which

the troposphere is treated like a sheet of semi-transparent absorber, so tro-

7 "to integrate spectra" is common speak for "averaging over a series of spectra" in the mi-

crowave radiometry community
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pospheric attenuation is directly related to the recorded background temper-

ature. The quantitative relationship may be derived from radiative transfer

model calculations when using correlative profile data, e.g. from radioson-

des, as input. This strategy resembles the reference beam calibration ap-

proach for observations at 22GHz. In these, the required scaling is deduced

from sky tipping measurements (e.g. NEDOLUHA et al., 1995). Yet the two

layer model implies that the tropospheric attenuation occurs uniformly, in-

dependent of frequency. This assumption only holds close to the spectral

line centre, which effectively limits the altitude range for retrieval to above

35km (ibid.). For a more complete discussion of the two layer model short-

comings with respect to water vapour retrieval, the reader is again referred

to WOHLTMANN (2002).

In the light of above named restrictions, the present work is concerned

with obtaining information about tropospheric attenuation directly from the

spectra. This may in principle be done by considering the tropospheric part

of the water vapour profile in logarithmic retrieval, i.e. when retrieving for

the logarithm of the state vector, log(x). This requirement is introduced by

the exponential gradient of water vapour distribution across the troposphere.

However neither QUACK (2004) nor the present work have so far succeeded

in obtaining sufficient retrieval convergence in this approach. For the time

being, we must ensure to only integrate over spectra that have been taken

under comparable atmospheric conditions. An illustration of this is given

by figure 4.6. The integration algorithm starts from an analysis of the av-

erage spectral power in a 70MHz interval around the line centre to infer

atmospheric variability. An atmospheric spectrum is only considered in in-

tegration if its average spectral power within this interval is at most 5K more

than the smallest value found in the course of a day. Depending on atmos-

pheric conditions, this results on average in half of the measurements being

discarded.

4.6 Retrieval of Geophysical Parameters
To retrieve geophysical parameters from the measured spectra, henceforth

denoted by y, we require a model, F, of atmospheric radiative transfer that

relates y to the desired quantities, in particular the volume mixing ratios of
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Figure 4.6: Example results of the integration algorithm for WaRAM2 spectra, which aims at

maintaining uniform atmospheric conditions in all integrated spectra. Individual measurements

comprise 1.5s of atmospheric observation. (Left panel) Average spectral power in a 70MHz in-

terval around the line centre, plotted versus time. Red colour indicates spectra that are considered

in integration. (Right panel) The integrated spectrum (red) is compared to an individual spectrum

(blue).

trace gases at different altitudes. They are part of the state vector, x, which
holds all parameters that contribute to y in a reproducible way. RODGERS

(2000) deals in great detail with the aspects of such retrieval, and the fol-

lowing discussion is based on his work.

The relationship between between state vector and measurement is given

by

y = F(x)+ ε,

where ε denotes measurement error. F(x) is called the forward model. To

make F(x) available to computational solution, and use the powerful appa-

ratus of linear algebra, F(x) must be discretised and linearised about some

linearisation point xl , like

y = F(xl)+Kl [x−xl ]+ ε +O
(
[x−xl ]2

)
, where Kl =

∂F
∂x

∣∣∣∣
xl

⇔ y≈Klx+ ε by choice of coordinates. (4.6)

For traditional reasons, Kl is called the weighting functions matrix, but a va-

riety of names are in use for it, and often it is merely denoted the JACOBIan
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(matrix of the forward model). Its dependence on linearisation point xl will
initially be dropped for clarity.

The trouble in solving equation (4.6) for x, in atmospheric applications,

arises from the rows of K being almost all linearly dependent; the system is

over-determined. Furthermore K has a null space, i.e. there exist non-zero

states xN for which KxN = 0. These states do not contribute to y, in other

words, information about them cannot be inferred from a measurement of y.
Hence equation (4.6) is under-determined at the same time. The problem is

made worse by the presence of noise.

To overcome the limitations of this so-called ill-posed problem, additional

information must be introduced in terms of regularisation. This may for ex-

ample be done by imposing a smoothness constraint on the solution, as in

TIKHONOV regularisation. From a BAYESian point of view, prior knowledge

about the expected solution may be used. This is the direction taken here,

commonly referred to as optimal estimation method (OEM). This assumes

that we know about the mean solution xa, the a priori state, and associated

covariance matrix Sx. Based on this information, the best estimate of the

solution, x̂, is the x′ that minimises the cost function

χ2 = [x′ −xa]TSx
−1[x′ −xa]+ [y−Kx′]TSε

−1[y−Kx′].

Sε is the measurement noise covariance. Assuming linearity of the forward

model, y = Kx + ε , and GAUSSian probability distributions, the best esti-

mate may be derived analytically as

x̂ = xa+G[y−Kxa], (4.7)

where G is the gain matrix, or contribution function matrix,

G = SxKT[KSxKT +Sε ]−1. (4.8)

Equation (4.7) is a useful expression to study retrieval characteristics, of

which some results shall be given here. Introducing the averaging kernel

matrix A = GK, we obtain a relation between the best estimate x̂ and the

true atmospheric state x,

x̂ = Ax+[I−A]xa+Gε. (4.9)

It becomes clear that A = ∂ x̂/∂x, so A describes the sensitivity of the re-

trieval to changes in the true state. For the elements of the state vector that
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represent a profile, the corresponding rows of A describe smoothing func-

tions, the so-called averaging kernels. For an example plot, the reader is re-

ferred to the retrieval characteristics discussion in section 5.2.2 (figure 5.21).

A vast range of information can be gained from the averaging kernels.

Their shape tells about altitude resolution of the retrieval. At altitudes where

the measurement provides sufficient information for retrieval, the averaging

kernels should peak at the associated grid level. This corresponds to x̂p (the
element of x̂ that belongs to layer p) being a weighted mean of the true state

values xp±Δp around that layer. Furthermore, the area below an averaging

kernel should be unity in this case. At levels where it is not, the a priori
contributes to the best estimate as per the second term in equation (4.9).

Two types of error in the estimated profile can be derived from equa-

tion (4.9), which will be considered when discussing results below. Solving

for error, δx̂ = x̂−x, we obtain

δx̂ = [A− I] [x−xa]+Gε. (4.10)

The first term on the right hand side is called smoothing error and describes

the error related to finite resolution of the retrieval. To accurately estimate

the loss of information in x̂ from smoothing, i.e. the smoothing error statis-

tics in terms of covariance Ss, the smoothing errors [A−I] [x′ −x] need to be
explicitly calculated for an appropriate ensemble of states {x′} with mean

x. When SE is the covariance of the ensemble about x, this yields

Ss = [A− I]SE [A− I]T. (4.11)

The second term on the right hand side of equation (4.10) represents the

retrieval noise, or observation error. Since the covariance related to mea-

surement noise ε may usually be directly observed, we may immediately

deduce

So = GSε GT. (4.12)

Atmospheric applications usually fall short of the assumption that F(x) is
linear, which was embedded in equation (4.7) to find a best estimate x̂. We

must instead start with an initial guess x0 (which may, but need not be xa),
and iteratively seek the solution. In water vapour retrievals, the tropospheric

distribution introduces considerable non-linearity, which may be appropri-



74 4 RADIOMETRIC OBSERVATION AND RETRIEVAL

ately tackled by using LEVENBERG-MARQUARDT iteration:

xi+1 =xi+
[
Sx
−1 + γiD+Ki

TSε
−1Ki

]−1[
Ki

TSε
−1[y−F(xi)]−Sx

−1[xi−xa]
]
.

The diagonal scaling matrix D accommodates for different magnitudes and

dimensions in x, and its simplest choice is D = Sx
−1. γi governs a balanc-

ing between plain GAUSS-NEWTON iteration (γi→ 0) and steepest descent

(γi → ∞). In the present work, γi is handled according to the strategy by

PRESS et al. (cf. (RODGERS, 2000)): The retrieval is provided an initial

value, γ0, which is updated according to the change in χ2. If χ2 decreases

as the result of an iteration step, γi is reduced by a factor c0. Otherwise, γi
is raised by a factor c∞, and the iteration step is repeated, i.e. the xi+1 which

increased χ2 is dismissed.

It may be shown that the error terms derived above, equations (4.11),

(4.12), maintain the same shape in non-linear problems, as long as F(x̂) is
close to linear with respect to the range of measurement error ε (the mod-

erately non-linear case, according to RODGERS (2000)). Yet it is of crucial

importance now to consider the dependence of Kl on linearisation point xl ,
which will affect entities A and G in above equations. Applying

K̂ =
∂F
∂x

∣∣∣∣
x̂

in equation (4.8), we obtain a modified gain matrix Ĝ and subsequently

averaging kernels matrix Â = ĜK̂ for use in error quantification.

4.7 Retrieval Set-Up
Computationally, the retrieval is carried out using ARTS8-1-0 (BUEHLER

et al., 2005), a versatile software that simulates atmospheric radiative trans-

fer for monochromatic pencil beams in absence of scattering and on the

assumption of local thermodynamic equilibrium. Both conditions apply in

case of the present observations. Large parts of the software have been de-

veloped at IUP, U Bremen. The retrieval set-up is maintained by Qpack

8 Atmospheric Radiative Transfer Simulator
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(ERIKSSON et al., 2004), a package of Matlab scripts that assists the user

in sensor modelling, error characterisation, and optimisation of the calcula-

tion grids, among others. Most importantly, the iterative inversion is carried

out by Qpack. It also allows considering polynomial and periodical baseline

parameters as part of the retrieval.

In operational WaRAM2 retrieval, a polynomial of order 1 (i.e. slope and

offset) is considered, as well as a variable set of twenty standing wave peri-

odicities (cf. section 5.1.4). A priori water vapour is taken from the FAS-

COD tropical atmospheric scenario (ANDERSON et al., 1986). Tempera-

ture, pressure, and altitude information are taken from ECMWF operational

analyses by linear interpolation between the surrounding grid points. Spec-

troscopy is chosen according to ROSENKRANZ (1998). This is a full model

for emission/absorption by water vapour, so the line shape configuration

of ARTS/Qpack does not come into play. Furthermore the oxygen, nitro-

gen, and carbon dioxide continua are considered according to ARTS for-

mulations O2-PWR98 (Rosenkranz), N2-Self-Standard, CO2-Self-PWR93

(Rosenkranz), and CO2-Foreign-PWR93 (Rosenkranz). The carbon dioxide

continua hardly contribute to the model spectra at all in the present environ-

ment.





5 Results and Comparisons

WaRAM2 has been recommissioned for atmospheric measurements at Mé-

rida Atmospheric Research Station in December 2006. All measurements

presented herein originate from this location. This chapter is concerned with

instrument characteristics derived from these data, and sensor sensitivity. It

also discusses the results from water vapour retrieval, and gives a compari-

son with correlative data.

5.1 Instrument Characterisation
WaRAM2 operation in 2007 has seen the recurrence of some earlier fre-

quency stability issues. The frequency calibration procedure has been re-

fined, but no major flaws could be identified. Therefore a degradation of the

local oscillator is suspected to cause the instability. In addition, total-power

calibrated spectra exhibit regions of seemingly enhanced noise at the line

centre and towards higher frequencies, which turns out to result from dis-

agreements between the odd and even spectrometer channel readings. This

has motivated an investigation of the degree of non-linearity in the receiver.

Since no direct linearity measurements can be carried out from remote, a

novel measurement sequence is presented that depends on atmospheric sig-

nals and different settings of the programmable step attenuator instead.

This section also deals with the progress that has been made in base-

line characterisation, which has already been considered a key problem in

WaRAM2 retrieval by QUACK (2004). The surface of liquid nitrogen in the

cold calibration load could be identified to be the dominating source of vari-

ability in standing waves on the spectra. Some numerical analyses of stand-

ing wave contamination are outlined, together with a discussion of how they

are accounted for by the retrieval.

77
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5.1.1 Frequency Stability

Spectrometer

Fluctuations in the way the input frequencies are mapped to the AOS chan-

nels predominantly depend on mode hopping of the laser diode, which may

be introduced by temperature or length variations in the laser resonator. Also

the deflection angle of the BRAGG cell depends on temperature, albeit to a

lower degree. A careful temperature stabilisation of the delicate parts leads

to excellent frequency stability of the present spectrometer1, as reported in

figure 5.1. In the complete ensemble of WaRAM2 measurements in 2007,

the locations of the comb generator peaks vary by 0.2 channels at most,

which is roughly equivalent to (139±5)kHz. Over the course of a few days,

the stability is of the order of 0.05 channels, or (35±2)kHz.

Local Oscillator

Despite the excellent stability of the spectrometer, the frequency calibrated

data do not well match the line centre. Offsets occasionally amount to as

1 The benefit of temperature stabilisation can most clearly be seen in comparison to data

taken without, like during a WaRAM2 campaign to Schneefernerhaus, Zugspitze, Germany

(QUACK, 2004).

Figure 5.1: (Upper panel) The detected

positions of comb spectra peaks deviate

only little from the mean of all mea-

surements in 2007. Data for individual

comb peaks are distinguished by colour.

A comb spectrum comprises 13 such

peaks, corresponding to signals at 1.5−
2.7GHz in 0.1GHz intervals. Since the

frequency grid for AOS spectra depends

on calibration against comb spectra, data

are plotted against AOS channel numbers

here. See section 4.4 regarding derivation

of fractions of channels. (Lower panel)

Expanded view of a 48-hour portion of

the measurements.
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much as 2channels. While Qpack allows retrieving for a frequency shift in

the measured data, this has not so far been successfully set up for WaRAM2

data. The offset is instead matched by minimising the residuum between

measured and synthesised spectra near the line centre, when introducing a

manual shift to the ARTS/Qpack backend frequency grid. The time series of

frequency offsets derived by this method is given in figure 5.2. The observed

frequency shifts are roughly 100 times larger than expected when consider-

ing the inherent frequency stability for the local oscillator, which is specified

as 1ppm (∼ 20kHz). Given the large spread of the shifts about their mean,

0.85MHz, this even holds true for assuming the mean to be a fixed offset

from the specified local oscillator signal frequency. No clear indication can

be obtained from the data to explain the cause of these offsets. To iden-

tify potential sources of this error, the calibration scheme for WaRAM2 raw

data has been carefully reviewed and improved in the scope of this work

(cf. section 4.4.1). The frequency is calibrated at higher accuracy now, yet

no systematic flaws could be uncovered. In absence of other possible expla-

nations, the frequency drifts must be attributed to malfunction of the local

oscillator.

The local oscillator makes use of a phase-locked loop to maintain the sta-

bility of the output signal. Locking status can be queried from the device by

use of a dedicated TTL line. In summer 2007, the sensor has been upgraded

to monitor the locking status during operation, but the recorded data give no

evidence for malfunction.

QUACK (2004) reports that unstable local oscillator operation also man-

ifests in a significant increase in receiver noise temperature, and such has

indeed occurred for measurements taken during six days in October 2007.

Some of these data appear so distorted that the centre of the water vapour

signature or even the overall line shape cannot unambiguously be identi-
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Figure 5.2: Frequency shifts that must be

added to the individual frequency calibra-

tions to achieve best match between mod-

elled and measured spectra at the line cen-

tre. The red line indicates the spacing of

two adjacent channels.
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fied. The same conditions are observed for all nine days of measurement in

2008, with the exception of a couple of hours on January 20th. This might

indicate some kind of degradation in the local oscillator. For the time being,

the remaining data will be processed with a manual frequency adjustment if

needed.

5.1.2 Spectrometer Resolution

The resolution bandwidth of the spectrometer is reported as 1.1MHz (SCHIE-

DER et al., 1989). The passband is modelled by a GAUSS distribution with

1.1MHz FWHM. Figure 5.3 compares this to the intensity recorded at the

comb spectra peaks. Since the line width of the comb generator signal is

small compared to the spectrometer resolution bandwidth, the recorded sig-

nals allow approximating the spectrometer response function. The data con-

firm that the spectrometer resolution complies with the specification.

5.1.3 Linearity

Linear operation of the receiver is a crucial requirement to perform accu-

rate measurements. To carry out linearity measurements on the WaRAM2

front-end, all components except for the horn antenna and the waveguide

input isolator have been taken to our Bremen laboratory in November 2005.

These measurements, of both individual components and the complete set-

up, have been performed on a scalar network analyser2. Unfortunately the

attached synthesised sweeper3 only reaches up to 20GHz, so the WaRAM2

front-end could not be characterised in its nominal input frequency range

2 Hewlett Packard 8757C

3 Hewlett Packard 83620A

Figure 5.3: To verify that the spectrome-

ter resolution is adequately represented in

the sensor model, the resolution function is

compared to individual delta-like peaks, as

recorded in the comb spectra. Intensity is

normalised by the area below the curve. �� �� �� �� � � � � �
�
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(21.5− 23.0GHz). Yet to get a hint about front-end fidelity, the band pass

filters on both the input line and the local oscillator line have been re-

moved and the local oscillator replaced with a signal generator4 tuned to

17.6GHz,10dBm. Measurements could then be performed at 19− 20GHz

input frequency, covering a considerable fraction of the designed IF range.

Results could be read to a precision of ∼ 0.5% of the input signal. Within

these error limits, and keeping in mind the restrictions of the test set-up,

only limited information on linear operation of the front-end is available

from these tests. A more sensitive method has thus been devised in this

work based on measurements with the sensor in its regular laboratory set-up

(cf. below).
Receiver linearity is put into question by the observation of some dis-

tortions in integrated atmospheric spectra. It is found that the noise is not

adequately reduced in certain regions, including the line centre, as is demon-

strated in figure 5.4. More thorough inspection of these spectra uncovers a

systematic deviation of the power levels indicated in the odd and even spec-

trometer channels, shown in figure 5.5. The relation to spectrometer chan-

nels excludes the front-end from causing this particular type of effect, as

it has no component that could generate such an effect. The spectrometer,

on the other hand, features two distinct amplifier circuits to readout the odd

and even CCD pixels (G HOCHSCHILD, IMK, FZ Karlsruhe, pers. corr.).

This is design is found frequently in AOS units and typically results in a

small "ripple" offset being present in the dark current ("zero") readouts of

adjacent channels. Yet the deviations reported here cannot arise from these

offsets, since if they did, they would necessarily cancel out in a total-power

calibration. Their presence hence indicates some type of non-linearity in the

even or odd channels, or both, and indeed calls into question the linearity of

the spectrometer as a whole.

However the overall magnitude of these artefacts is small. They have gone

unnoticed over years of observations of the much stronger ozone signature

at 273GHz, which is observed at a higher noise level with MIRA-2. To alle-

viate the ambiguity in WaRAM2 measurements, only the odd spectrometer

channel readings shall be used when retrieving water vapour profiles. It has

4 Rohde & Schwarz SMR 20
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Figure 5.4: WaRAM2

power calibrated spectra ex-

hibit regions of seemingly

enhanced noise at the line

centre and right wing.
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Figure 5.5: (Upper panel) A

separated plot of odd and

even spectrometer channels

shows that the fluctuations

displayed in figure 5.4 are

in fact caused by systematic

deviations between these

ensembles. (Lower panel)

An example of the residuum

when taking the spectrum

of even channels minus

the spectrum of odd chan-

nels. Data are plotted at

the frequencies of the odd

channels.
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nevertheless been attempted to gather more information about this issue us-

ing signals provided by the WaRAM2 front-end.

A basic investigation of receiver linearity involves observing a repro-

ducible relative change in input signal at different power levels, regardless of

the total power level. A linear sensor should always record the same relative

change in input signal. Now given a suitably rapid measurement sequence,

the sky qualifies as input signal when observed under two distinct elevation

angles. This is based on the assumption that the sensor characteristics do not

change when observing the sky at different elevation angles, which is indeed

required for proper sensor operation, but may not be tested by the procedure
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proposed here.5 By help of a programmable step attenuator that is part of

the spectrometer, the total power level may be varied.

Figure 5.6 illustrates a measurement sequence that has been obtained to

test this idea. The programmable step attenuator is configured to consecutive

values ∈ {3dB . . .9dB}6, and for each setting, a 1s observation of the sky

at 8◦ and 46◦ is performed. The zero-corrected7 raw spectra are henceforth

denoted by C8 and C46. They are functions of frequency ν , time t, and IF

attenuation ϒ, without explicitly considering this in their notation here.

The relative change in input signal is adequately represented by the channel-

wise ratios C8/C46 at fixed t and ϒ. In case of negligible atmospheric vari-

ation when collecting the data, two consecutive such ratios would be iden-

tical in a linear receiver. Example ratio spectra are given in the lower panel

of figure 5.6. They show some resemblance to the 22GHz water vapour

signature, which is indeed expected due to the different intersection of the

antenna beam with the atmosphere at different elevation angles. Yet the ra-

tios differ in overall magnitude and exhibit significant deviations from the

expected shape. Different magnitudes may result from atmospheric variabil-

ity, which can be ruled out as discussed below. Deviations from expected

line shape may readily be attributed to the variation of receiver noise tem-

perature with observation frequency, since the contribution from receiver

noise is still present in the data analysed here. It may however also indicate

a receiver non-linearity, though its origin (front-end, spectrometer, or both)

cannot be deduced from the present measurements.

The deviations in shape roughly correspond to gradients in the raw spec-

tra, which on their part indicate bad impedance matching on the transmis-

sion line from the antenna to the spectrometer. No such problems have been

present in the scalar network analyser measurements discussed at the begin-

ning of this subsection, and they are suspected to originate in the link from

the front-end to the spectrometer. It catches the eye that almost the same

gradients in spectral power apply to the comb spectra (cf. figure 4.3), but

no further analysis is possible from remote. The problems can only be over-

5 Antennas that do not operate to specification, as brought up in section 4.3.1, form an obvious

scenario for the sensor characteristics to change with the position of the revolvable mirror, if

part of the main lobe is spilling out of the optical guidance.

6 Part of the spectrum is saturated at attenuation less than 3dB.

7 cf. section 4.3.4.
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Figure 5.6: (Upper panel)

Zero-corrected raw spectra

taken at different elevation

angles into the sky. Colour

denotes different settings of

the programmable step at-

tenuator. Individual spectra

are recorded in 1s. The

plotted spectra each corre-

spond to the mean of 681

such measurements. (Lower

panel) Ratios of the zero-

corrected spectra at 8◦ and

46◦ elevation angle. Colour

again denotes setting of

the programmable attenua-

tor. Individual ratios com-

prise two 1s measurements,

and again the mean of 681

such ratios is presented in

one spectrum. See body text

for discussion.
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come by proper tuning of the IF chain, but again lack of access to the sensor

prohibited such action in the scope of this work.

The mismatch between odd and even channels is also clearly visible in

the C8/C46 ratio spectra. Recalling figure 5.5 (lower panel), the total-power

calibrated spectrum shows a small region around 22.4GHz where deviations

between odd and even channels effectively cancel out. Quite surprisingly,
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this is not the case for the ratio spectra C8/C46 given here. This will be

considered in short at the end of this subsection.

To check if the measurement sequence is rapid enough to allow the as-

sumption of atmospheric stability, the evolution of the input signal over

time must be inspected. To this end, the individual mean ratios are plotted

against time in figure 5.7 (upper panel). The data indicate some variability,
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Figure 5.7: (Upper panel)

For each single pair of mea-

surements at 8◦ and 46◦ el-
evation (cf. figure 5.6), the

mean of C8/C46 is plot-

ted. (Lower panel) For ev-

ery consecutive pair of ra-

tio data (cf. above) the quo-
tient is computed. Absence

of a trend in these data indi-

cates that measurements are

taken rapidly enough to not

be affected by atmospheric

variability. See body text for

discussion.
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the largest being observed between 12:30 and 13:00 UTC with mean ratios

rising by∼ 2.5% (ratio 1.34→ 1.375 at 3dB attenuation). Nevertheless, the

data appear stably stacked, which suggests adequacy of the measurement

sequence timing to not be affected by atmospheric variability. The picture

becomes clearer when plotting the quotients of consecutive ratios (lower

panel), whose variability is less than 0.5� up to 16:00 UTC. After this

time, considerably more variability is found. This is due to convection of

moist air from lower altitudes, which is driven by solar heating (the local

time zone is UTC− 4h, apparent solar time is 4.7h behind UTC on av-

erage). It effects a characteristic diurnal cycle of tropospheric background

temperature, as illustrated by figure 4.6 (left panel) with respect to averaging

over atmospheric spectra. Around noon, the associated variations become

more rapid than the measurement sequence described here, and our initial

assumption about atmospheric stability breaks down. Hence later data are

exempted from further analysis. All data before 16:00 UTC lie above unity,

their individual means amounting to ∼ 1.008. This clearly excludes to ex-

plain the effect by changes in the atmospheric signal.8 Suitability of the data

for linearity assessment has thus been established, at least up to 16:00 UTC.

To investigate if the data allow quantitatively inferring the degree of non-

linearity, the results are displayed with respect to frequency in figure 5.8

(upper panel). Large variability between adjacent channels illustrates the

deviation between odd and even spectrometer channels. Despite accounting

for this effect, the variability appears too large and the data too discontinuous

with respect to incident power to allow deriving exactly the non-linearity in

the receiver. The lower panel correlates the observed non-linearity to colour-

coded saturation degree, expressed as C8−C46, of the spectrometer channel.

It presents weak support for the statement that a lower saturation introduces

larger non-linearity, which is due to larger contribution of differential non-

linearity in the analogue/digital converters (KRUPA, 1998). The lower satu-

ration also exhibits considerably larger variability, as is expected from the

loss in precision.

Eventually a look can be taken at the deviation between odd and even

channels in the quotient data. To this end, the odd channel quotients are di-

8 If the ratio of atmospheric signal from 8◦ and 46◦ elevation really lowered by 0.8� every

2s, both signals would have to be the same at the end of the day.
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Figure 5.8: (Upper panel)

Channel-wise quotients of

the ratio data presented in

figure 5.6 (lower panel).

See the legend for pro-

grammable attenuator

setting in each quotient

calculation. Deviation to

larger values means that at

lower power levels, the ratio

C8/C46 becomes smaller.

In a linear receiver, all data

should be unity, except for

measurement noise. (Lower

panel) Same as above, but

colour instead indicates

saturation degree, expressed

as C8 − C46, of the cor-

responding spectrometer

channel.

vided by their even channel counterparts. After taking the mean over time

of the resulting spectra, noise is further reduced by collecting the data into

10 channel wide bins. The complete analysis is displayed in figure 5.9. As is

expected from the initial observations presented in this subsection, the de-

viation attains some of its largest values at the centre of the observed water

vapour signature. From the line centre to higher frequencies, the deviations

attain larger magnitude, both with respect to frequency and attenuator set-

ting. The largest deviations amount to about 0.4�; below 22.0GHz, data
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Figure 5.9: Quotient data

(cf. figure 5.8) from odd

spectrometer channels di-

vided by data from even

spectrometer channels. In-

dividual spectra are aver-

aged over time, and the re-

sult collected into 10 chan-

nel wide bins. See body text

for discussion.
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for individual attenuator settings range within 0.1� of the mean. The plot

does not indicate a preferential attenuator setting to alleviate the odd/even

channel mismatch at the line centre, which is partly due to the large gradient

in spectral power recorded around the line centre. It is possible for the mis-

match effects to cancel out, as has accidentally been found in the vicinity

of 22.4GHz. This region appears free of the artefacts discussed here when

total-power calibrated (cf. figure 5.4), but exhibits considerable artefacts in
relative "calibration" (cf. figure 5.6).
Mapping of observation frequencies to spectrometer channels is done in

hardware, so it neither was possible from remote to alleviate the issues at

the line centre by assigning it to supposedly better spectrometer channels.

This option may only be checked by an operator who has direct access to

the instrument. It involves to replace the LO with a signal generator, to mix

the atmospheric signal at other frequencies.

5.1.4 Baseline

The term "baseline" denotes how the power spectra measured by a mi-

crowave radiometer deviate from the actual atmospheric signal. Such de-

viations arise from a variety of instrumental effects, e.g. from non-linearity
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like discussed above. One can significantly reduce the error introduced by

non-linearity by operating the receiver in a reference beam mode (KLEIN,

1993). Yet in case of the water vapour signature at 22GHz, this approach

is hampered by the large spectral width of the water vapour signal (cf. sec-
tion 4.5). Still all receivers presented in table 3.2, with the exception of

MIRA-5, WASPAM and the two WaRAMs, are operated in reference beam

calibration, a design choice taken because the signal from the middle atmo-

sphere is rarely larger than a few tenths of a degree. LANGER (1995) has

thoroughly investigated how the baseline is affected by the receiver’s sensi-

tivity to the mirror sideband and sidebands of higher order9. Further base-

line effects are introduced by the presence of undesired weak resonators in

the quasi-optical set-up (cf. section 4.3.1). Some of the standing waves in

WaRAM2 spectra, which arise from these resonators, adversely affect re-

trieval, as will be discussed below.

Figure 5.10 demonstrates some typical 4.5s total-power calibrated mea-

surement by WaRAM2, and the result of a 3h integration. The presence of

standing waves is clearly visible in both spectra, as is the benefit of the PLM

averaging out the modulation. Yet the eye is immediately caught by the elim-

ination of standing waves in the integrated spectra (right panel), regardless

of PLM operation. This is due to the strongest resonator in the receiver be-

ing formed between the antenna and the liquid nitrogen surface in the cold

calibration load. The optical path between the antenna and the liquid sur-

face extends as nitrogen evaporates, which introduces an effect similar to a

PLM. The extension in resonator length induces variations in the observed

modulation, cf. equation (4.2), like

ΔItr(ν , t) ∝ cos

(
2π

2 [d0 +Δd(t)] ν
c

)
. (5.1)

d0,Δd(t) denote initial distance between reflective elements and extension

after time t. Since Δd(t)� d0 and Δd(t)Δν/c� 1 for the frequency range

discussed here, the cosine argument in equation (5.1) may be approximated

as

2 [d0 +Δd(t)] ν
c

≈ 2ν d0
c

+
2νH2O Δd(t)

c
≈ 2ν d0

c
+

Δd(t)
6.75 ·10−3m .

9 A sideband of higher order denotes heterodyne conversion at multiples of the local oscillator

frequency.
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Figure 5.10: (Left panels) Two 4.5s total-power calibrated measurement cycles by WaRAM2

present how standing wave modulations may be averaged out by proper configuration of the

PLM. The residuum (original minus less distorted spectrum) is given in black below. (Right

panels) Same as before, but demonstrated for the result of a 3h integration. Standing waves in

the measurement without path length modulation are reduced, because the strongest resonator

includes the liquid nitrogen surface, so it grows in extent as nitrogen evaporates.

Thus it becomes clear that the extension in resonator length essentially in-

troduces a “phase shift” in the associated standing wave. When the cold

calibration load is refilled with liquid nitrogen, the level initially amounts

to (3.0± 0.2) · 10−1m, and the nitrogen completely boils off in (75± 3)h.
This yields a resonator expansion rate of (4.0± 0.4) · 10−3mh−1, and the

“phase shift” introduced by this expansion covers an entire period in about

(6.75/4.0)h = 1.7h. In other words, spectra must be averaged over sev-

eral hours to observe PLM-like elimination of standing waves. A PLM of

course operates at a much higher frequency. Since it is intended to average

out standing waves on individual spectra, the associated “phase shift” must

cover an entire period multiple times during the capture time for an individ-

ual raw spectrum.

A closer inspection of figure 5.10 indicates that the residual modulation

in the integrated spectra still is of the same order of magnitude as the strato-

spheric signal. Before attempting a retrieval, further steps are taken to re-

duce the standing waves. A common approach is to reduce the quality of

the undesired resonators by tilting the involved reflectors. A similar effect
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may be attained in WaRAM2 by observing the cold calibration load at an

oblique angle, which is feasible because of the large opening of the DEWAR

vessel, and the beam waist being located inside the DEWAR. Best results

have experimentally been obtained for tilting the beam by 6◦. Figures 5.11–
5.14 present some comparisons of either configuration. The figure captions
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Figure 5.11: (Left panels) Two 4.5s total-power calibrated measurement cycles by WaRAM2,

with the PLM turned on, are plotted, observing the cold calibration load at different angles. The

residuum (original minus less distorted spectrum) is given in black below. (Right panels) Same

as before, but for a 3h integration.

�	�5 �	�6 �� ���	 ���� ���� ���� ��� ���% ����
�

�

�

%

5

	�

	�

	�

	%

	5

��

7������������Z�

�
	�


��
�

���
��
��
��
��

��
��

��
��
��
��

���
� ������������������ ������!���"#�$"���%���&���'�(�)��*�+

�

�
��,-�,��-���������,�
��,-�,��-�.�-��������//

0'�- 0'�� 00 00�' 00�0 00�1 00�2 00�3 00�4 00�5
"'�

"3

�

3

'�

��-��-�.	��67��


-�
12
��
�

���
�

�	�5 �	�6 �� ���	 ���� ���� ���� ���* ���. ���%
%�*

5

5�*

6

6�*

	�

#������������Z�

�
	�


��
�

���
��
��
��
��

��
��

��
��
��
��

���
� ������������������ ������!���"#�$"���%���&���'�(�)��.��+

�

�
��,-�,��-���������,�
��,-�,��-�.�-��������//

0'�- 0'�� 00 00�' 00�0 00�1 00�2 00�3 00�4 00�5
"'

"��3

�

��3

'

��-��-�.	��67��


-�
12
��
�

���
�

Figure 5.12: See figure 5.11 for general description. The PLM is off.
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Figure 5.13: See figure 5.11 for general description. The PLM is on.
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Figure 5.14: See figure 5.11 for general description. The PLM is off. The difference in magnitude

of the standing waves results from the atmospheric signal being closer to the cold calibration load

signal.

tell whether the PLM was turned on or off in the individual measurements.

The data exhibit a striking degree of variability in the magnitude of standing

waves, which is associated to the tropospheric background: For a smaller

background, the atmospheric signal is further away from the two calibration

points in total power calibration, equation (4.5), which causes all deviations

of the cold load signal in particular to be amplified. This is a severe concern
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since a small tropospheric background is a favourable condition for obser-

vations of the weak stratospheric signal.

The residuals presented in figures 5.11–5.14 indicate that atmospheric

brightness temperatures derived from calibration against 6◦ tilted view of

the cold load are systematically lower than at right angle. This is because

a higher radiance is received from the cold load in the tilted configuration.

Recalling the intensity transmitted by a FABRY-PÉROT type resonator, equa-

tion (4.2),

Itr
I0

= 1− r12− r22 +2r1 r2 cos(2δ )+ · · · ,
there is not only a modulation of the transmitted intensity with frequency,

but also intensity removed from the original signal according to terms −r12
and−r22. Regarding reflections at the antenna, these apply to all signal paths
in the same way. However the reflectance of the liquid nitrogen surface in-

troduces a systematic offset, because it only occurs in the cold load signal

path. Yet at the same time it injects a signal from outside the cold load,

presumably at room temperature, increasing the radiance received from the

cold load. The result of these opposing effects has not been numerically

established so far. Instead the systematic error in radiance received from the

cold calibration load is approximated by a method described in section 5.2.1

below.

The difficulties in eliminating standing waves from WaRAM2 spectra

have initially been attributed to the most pronounced modulation not be-

ing fixed in frequency space. The data have not allowed deciding if this

variability resulted from phase shifts in standing waves or changes in peri-

odicity (QUACK, 2004). The discussion of equation (5.1) above establishes

how both notions relate to each other. Since phase shifts in standing waves

can not be explained by the physical models discussed here, the case has

been hardened for a variable length resonator being present in the system,

which has eventually been identified between the antenna and the liquid ni-

trogen surface. HOFFMANN (2008) has verified this finding by help of a ba-

sic numerical experiment. He also discusses a long-periodic standing wave,

which only shows up in WaRAM measurements at Ny-Ålesund, where it

has blocked hitherto efforts to establish a proper retrieval of stratospheric

information.

The evolution of variable standing waves is hard to track in the data, as
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they average out when averaging the individual spectra. Figure 5.15 illus-

trates a method that has been conceived as part of the present work to extract

such information from the data. It involves relating the cold load spectra,

which contain the standing wave of interest, to a reference signal, in this

case provided by the hot calibration load. The instrumental Y-factor spectra,

obtained from channel-wise evaluation of CHOT/CCOLD, present such a re-
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Figure 5.15: (Upper left) The spectral characteristic of the instrumental Y-factors

hampers direct discussion of standing wave evolution over time based on individ-

ual spectra. However, if integrating long enough, the standing wave contribution

averages out. (Upper right) The spectral characteristic is removed from the individ-

ual spectrum presented on the left by dividing it, channel-by-channel, by the mean

Y-factor spectrum. This result is herein referred to as "Y-factor anomaly". The mag-

nitude is coded in the same colours as in the bottom panels. (Bottom left) With

the magnitude of the Y-factor anomaly coded in colour, the spectra are now plot-

ted versus time. This allows to readily assess the evolution of standing waves in

the measurements. (Bottom right) The Y-factor anomaly evolution on the left has

been approximated by three individual resonators, d0,1 = 1.738m, d0,2 = 1.878m,

Δd1 = Δd2 = 3.9 ·10−3mh−1, and d0,3 = 1.900m (fixed). The intensity of the mod-

ulation from the first resonator is 35% compared to the second resonator, from the

third resonator it is 10%.



5.1 INSTRUMENT CHARACTERISATION 95

lation, but their spectral characteristic still limits their value. This effect can

be reduced by dividing with the mean Y-factor spectrum over time, which

takes advantage of the fact that the liquid nitrogen standing wave tends to

average out. The resultant "Y-factor anomaly" is now mostly carrying in-

formation about standing wave variations with time, which can readily be

visualised.

The beats in figure 5.15 (lower left panel) uncover that more than one

resonator varying with time must be present in the system. The lower right

panel presents an attempt to emulate this by a superposition of standing

waves from three individual resonators. Numerical input for the emulation

has been obtained from analysis of equation (5.1),

ΔItr(ν , t) ∝ cos

(
2π

2 [d0 +Δd(t)] ν
c

)
.

The resonator expansion rate, m = ∂Δd/∂ t, is constant10, so we can write

Δd(t) =mt. The second summand of the cosine argument thus yields a rela-

tion between m and the number of standing wave periods Nν per time T that

are observed at a given frequency, ν , corresponding to a single spectrometer

channel,

2πNν = 2π · 2ν
c
·mT =⇒ m=

cNν

2ν T
.

Nν may be obtained by a discrete FOURIER analysis of data from any sin-

gle channel.mmay be evaluated at higher accuracy by combining the results

for all individual channels. The FOURIER analysis can further be exploited,

since the phase angles obtained must be equal to the first summand of the

cosine argument modulo 2π ,

ϕ(ν) =
(
2π · ν

c
·2d0

)
mod 2π.

The discontinuities in ϕ(ν) can be overcome by seeking locations νl where
|ϕ(νl)−ϕ(νl+1)| > 2π , and accordingly adding or subtracting 2π to ϕ(ν)
at νl+1 and all following locations. Solving for d0 then yields a multitude of

individual solutions like

d0 =
ϕ(ν2)−ϕ(ν1)

4π
· c

ν2−ν1
,

10 Nitrogen evaporates at a constant rate, when temperature inside the DEWAR has stabilised,

and the DEWAR is of cylinder shape.
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or alternatively allows a least squares fit of d0 as the slope of ϕ(ν) with

respect to ν .
The data used in the emulated standing wave superposition in figure 5.15

(lower right panel) correspond to three resonators, two of variable length

and one of fixed length. The variable resonators span between the liquid

nitrogen surface on one side and different parts of the antenna on the other.

The resonator expansion rate matches what is expected from the evaporation

rate of liquid nitrogen. The third resonator forms between the antenna aper-

ture and the liquid nitrogen DEWAR bottom. This analysis provides valu-

able qualitative insight about the front-end elements involved in standing

wave generation. It has been attempted to numerically correct for standing

waves described by these parameters in total-power calibration, yet unsuc-

cessful. Hence standing wave modulations remaining on integrated atmos-

pheric spectra must numerically be accounted for in the retrieval.

With respect to WaRAM(2) data, QUACK (2004) has already described

that the quality of results depends critically on proper treatment of stand-

ing waves. In his approach, the presence of long-periodic modulations in

the spectra has prevented the use of the full 1GHz bandwidth data in the

retrieval. An 0.1GHz interval around the line centre is considered instead.

The spectra are pre-processed according to a two-layer model of the atmo-

sphere, cf. section 4.5, which involves subtracting tropospheric background

and a slope, followed by scaling to correct for tropospheric signal attenua-

tion. After pre-processing, the spectra correspond to a measurement taken

at tropopause level.

Standing waves are iteratively eliminated from these data by taking the

following steps: A first retrieval is performed. The periodicity of the strongest

wave is then identified by a FOURIER analysis of the residuum. A synthe-

sised wave of the same periodicity is manually fitted to the residuum, and

subtracted from the spectrum that is input to the next iteration of the re-

trieval. After four repetitions, the iteration is stopped. It would in principle

be possible to replace this iteration by having the retrieval fit amplitudes

and phases of fixed-periodicity standing waves, following an extension to

the optimal estimation method by KUNTZ et al. (1997). However QUACK

(2004) reports that use of this extension results in a loss of information from

the measurement, as expressed by the retrieval effectively being constrained

to a priori values. On the other hand the results obtained from an iterative
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retrieval, as described above, exhibit oscillations when compared to FAS-

COD tropical water vapour and a mean profile from UARS/HALOE. These

can most likely be explained by inadequately constrained retrieval, as intro-

duced by an incomplete correction for standing waves.

In the context of the present work, considerable additional effort has

been expended in finding an adequate representation of standing wave arte-

facts. Since no long-periodic standing waves could be detected in WaRAM2

data since December 2006, the retrieval is now carried out using the data

over the full 1GHz bandwidth. This also benefits the lower altitude limit

of WaRAM2. Regarding elimination of standing waves, the KUNTZ et al.

(1997) method is adopted, which is by default provided for in ARTS/Qpack.

Standing waves are identified in a similar manner to the iterative approach

taken above. The method is presented in more detail by KOPP (2000). It

comprises a strongly regularised retrieval11 from the uncorrected spectrum,

followed by iterative discrete FOURIER transforms of the residuum and sub-

traction of the strongest wave from the residuum. As stated by KOPP (2000),

it is not feasible to instantaneously deduce all periodicities from a single

FOURIER spectrum: Due to the finite bandwidth of the original spectrum,

the FOURIER spectrum maxima are spread out similar to sinc2(x). This may

affect the locations in particular of the smaller maxima in the FOURIER

spectrum, hence they are extracted one-by-one. To limit the loss of informa-

tion due to the standing wave fit, as described above, the number of standing

waves considered in this approach has initially been limited to four. How-

ever it turns out that the kind of oscillations on the retrieved H2O profiles

observed above persist under this condition. A major breakthrough has been

obtained when attempting to more completely capture the standing waves

on the spectra, by increasing their number to 20 in the final retrieval.

Figure 5.16 demonstrates this method for a measurement carried out on

February 2, 2007. The corrected spectrum indicates that despite minor mod-

ulations still present, a considerable improvement in detecting the water

vapour line is obtained. The total correction from the fit, plotted in the lower

left panel, does not appear as if a signal from the line centre were captured by

11 A strongly regularised retrieval forces the result to the a priori information while extracting

less information from the measurement. Without this, the retrieval rarely converges for the

uncorrected spectra.
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Figure 5.16: (Left column) The upper panel displays an example of an uncorrected atmospheric

spectrum and the result after fitting 20 standing waves, according to the approach taken in the

present work. The lower panel plots the total correction from the fit. (Right column) Individual

plots of the residua (blue) after fitting 0, 1, 2, and 3 waves, complemented by a synthesised wave

(red) corresponding to the strongest signal in the FOURIER spectrum of the respective residuum.

the linear combination of standing waves. Concluding remarks about mea-

surement information being cancelled out by the fit of standing waves will

be given in the discussion of averaging kernels in the next section. Note

that corrected spectra as given in figure 5.16 are by-products of the search

for standing wave periodicities. Only the resulting periodicities are used in

actual retrievals of geophysical parameters, along with the uncorrected at-

mospheric spectra. The retrieval may assign different amplitudes and phases

to the fixed periodicities, so standing wave corrections in the final results

may differ from the one presented here.



5.1 INSTRUMENT CHARACTERISATION 99

5.1.5 Synthetic Retrieval

In order to explore the sensitivity attainable with the WaRAM2 sensor, a

numerical experiment is carried out. Recalling the discussion in section 2.3

about current challenges in (stratospheric) water vapour observations, this

experiment is chosen to shed first light on the sensor’s fundamental capa-

bility to capture the atmospheric tape-recorder signal. figure 5.17 presents

lower stratospheric H2O abundance as derived from HALOEmeasurements,

zonal average over the latitude band 12◦N–12◦S, based on MOTE et al.

(1995). These data give a representative idea about the magnitude of the tape

recorder signal, but since they are originally given as H2O+2CH4, methane

levels had to be subtracted, which has been done according to methane de-

rived from HALOE (BRASSEUR et al., 1999). In a nutshell, the numeri-

cal experiment comprises calculating artificial spectra at 22GHz from these

data, retrieving H2O profiles from the artificial spectra, and comparing re-

sults to input.

Artificial spectra are calculated from HALOE water vapour results using

the WaRAM2 forward and sensor models. The forward calculation stretches

across a larger atmospheric region than covered by the HALOE data used

here, they are therefore blended with the WaRAM2 a priori water vapour
profile12. White GAUSSIAN noise is added to the artificial spectra, with a

12 Blending in this case means that to each end of the HALOE profile, the difference is taken

with a priori VMR four pressure levels further up or down. At the three intermediate pres-

sure levels, VMR in the blended profile is configured to cover 25%, 50%, and 75% of this

difference, respectively.
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Figure 5.17: Tropical lower

stratospheric H2O abundance

from HALOE data, zonal

average 12◦N–12◦S.
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standard deviation corresponding to a 24 hours of atmospheric observations

with WaRAM2. This is the maximum time that can be obtained with a single

refill of the cold calibration load with liquid nitrogen.13

Water vapour abundance is retrieved from the artificial spectra using a ba-

sic WaRAM2 sensor model, and the results are given in figure 5.18. Baseline

artefacts are not considered, like offset, slope, or periodical signals, since no

such effects have been included when calculating the artificial spectra. The

results thus give an indication about the ultimate sensitivity in absence of

detrimental effects, or provided complete knowledge of all baseline effects.

They appear much less detailed than the HALOE data, which comes as no

surprise given the coarse vertical resolution of ground-based microwave re-

trieval. At upper altitude levels, H2O abundance is over-estimated compared

to original HALOE levels. This is consistent with forcing by the WaRAM2

a priori, which is about 1ppmv larger than the HALOE data at the upper

altitude limit used here.

At first sight, the retrieval from the artificial spectra does not seem to re-

produce the tape-recorder signal. Yet taking into account vertical resolution,

a more adequate representation of the data must be chosen— the six altitude

levels given by the checkerboard plot above correspond to the pressure grid

for retrieval, but yield little more than one independent piece of information

(cf. RODGERS, 2000). Hence figure 5.19 chooses a single altitude level to

compare HALOE data with the retrieval from artificial spectra. This compar-

13 The nitrogen takes about 2 days to evaporate, but about half of the measurement time is

required for calibration.

Figure 5.18: Water vapour

abundance retrieved from arti-

ficial spectra based on HALOE

data. A basic WaRAM2 set-

up is used for the retrieval,

excluding baseline artefacts,

since no such have been

considered when calculating

the artificial spectra.
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Figure 5.19: (Upper panel) Blue markers denote water vapour VMR at ∼ 24km as

retrieved from artificial spectra based on HALOE results. Error bars indicate total

retrieval error. Measurement noise on the artificial spectra corresponds to a 24-hour

integration of atmospheric signal with WaRAM2. Red crosses give water vapour

VMR at the same altitude from the original HALOE results. (Lower panel) The plot

presents the same data as above, but expressed as relative deviation of the retrieved

VMR from the corresponding HALOE value.

ison is carried out at the lowest altitude accessible by WaRAM2, ∼ 24km,

that is commonly found in ground-based observations at 22GHz.

The new representation bears much more evidence for a signal akin to

the seasonal cycle in water vapour entering the stratosphere, and retrieved

data match HALOE mostly well within the error bounds. This gives an ini-

tial indication of the general suitability of WaRAM2 retrieval to observe the

tape-recorder signal. To obtain further significant information, a consider-

able refinement of the numerical experiment would be desirable, but is set

aside in favour of dealing with real data. In particular, no comparisons at

higher altitude levels are carried out, where the retrieval is unreliable due to

enhanced contribution from a priori information.

5.2 Results
This section treats the results of the atmospheric observations withWaRAM2

in 2007. Measurements depend on liquid nitrogen being refilled to the cold

calibration load. This is taken care of by our cooperation partners at Univer-
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sidad de Los Andes, Mérida. Unfortunately, nitrogen could only be provided

at irregular intervals. Table 5.1 sums up the days of operation referred to in

the following.

5.2.1 Cold Load Radiance

With respect to the discussion of systematic calibration errors in section 5.1.4,

experimental insight ought to be gained about the radiance actually seen at

the cold calibration load. Dropping frequency dependence in the notation,

the simplest expression to describe the received radiance is given by

IN2(aq)(ν) ∝ [1− r] · IPl(TN2(aq),ν)+ r · IPl(Tlab,ν), (5.2)

where r stands for the reflectance of the liquid nitrogen surface, IPl(T,ν)
for PLANCK’s law, and TN2(aq), Tlab for the temperatures of liquid nitrogen

and the laboratory, respectively. The laboratory is conceived as a black body

in this formulation. In the frequency range under consideration, the black

body radiance at two distinct temperatures T1,T2 > 70K differs predomi-

nantly by a frequency-independent factor C, i.e. IPl(T1,ν) =C · IPl(T2,ν).14

The resulting error is less than 1�. Hence equation (5.2) can be rearranged

to express the radiance from the cold load as PLANCK radiance at some

14 This is not the well-known RAYLEIGH-JEANS approximation of PLANCK’s law, because

the formulation with a frequency-independent factorC does not imply linearity in T .

Table 5.1: The list reports start times of mea-

surements by WaRAM2 in 2007 for which

results are presented. Operation usually be-

gins on Fridays, except for weeks 11 (Thu),

23 (Wed), and 28 (Sun). The various atmos-

pheric integration times are due to different

atmospheric conditions (cf. section 4.5).

Week Day

of 2007 Time started Int. time

2 12 12 Jan 2007, 4:45 UTC 3.7 h

5 33 2 Feb 2007, 5:45 UTC 5.4 h

11 74 15 Mar 2007, 7:00 UTC 3.2 h

12 82 23 Mar 2007, 5:15 UTC 2.4 h

15 103 13 Apr 2007, 6:05 UTC 3.7 h

16 110 20 Apr 2007, 5:10 UTC 3.5 h

23 157 6 Jun 2007, 5:15 UTC 1.4 h

25 173 22 Jun 2007, 5:25 UTC 1.5 h

27 182 1 Jul 2007, 4:55 UTC 4.3 h

28 194 13 Jul 2007, 6:15 UTC 3.8 h
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apparent temperature TX , which is warmer then liquid nitrogen,

IN2(aq) ∝ IPl(TX ), where TX = TN2(aq) +ΔT.

The use of a wrong temperature/radiance in total-power calibration in-

troduces a systematic error to the retrieval. When calculating spectra from

the profiles, x̂, retrieved under these conditions, it turns out they match the

measured spectra, y, less well. This allows finding the correct ΔT by carry-

ing out total-power calibrations of atmospheric spectra for an ensemble of

assumed cold load temperatures {TX ,i} and identifying the value that yields

the best match between measured spectra and spectra calculated from re-

trieved profiles, F(x̂). This requires a dedicated retrieval set-up and some

kind of measure for spectra mismatch, δi. With respect to the retrieval, the

focus is to reproduce the spectra with radiative transfer calculations alone.

Hence baseline consideration is only provided for standing waves, and re-

trieval convergence is instead ensured by stronger regularisation and a large

start value for LEVENBERG-MARQUARDT iteration (γ0 = 5 ·107, c0 = 1.2,

c∞ = 1.5, cf. section 4.6). The spectral fit thus attained often is poor, but for

the approach discussed here it suffices to detect the change in δi with TX ,i. A

suitable expression for the mismatch, δi, may be derived from the residuum

Δy = F(x̂)− y, by summing the squares of its spectral elements Δy j, i.e.
δi = ∑ j(Δy j)2 for a given TX ,i.

Figure 5.20 displays the results of this analysis on the WaRAM2 data-set.

Retrievals from the dry atmosphere data of February 2nd and 3rd, as well as

April 14th, converge particularly poorly, so these data have been exempted

from the plot. Values given for each TX ,i comprise the average mismatch

of the retrieval from the remaining 17 days of measurement. The resultant

curve is quite smooth and allows to determine the apparent temperature of

the cold calibration load as TX = (75.8±0.5)K, which is significantly higher
than its physical temperature, TN2(aq) = 73.3K at 4765m a.s.l. or ∼ 575hPa
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Figure 5.20: Retrieval mismatch, as defined in

body text, plotted against different physical

cold load temperatures assumed in the total-

power calibration of the atmospheric spectra.
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ambient pressure. TX is used for total-power calibration throughout the re-

maining analysis.

5.2.2 Retrieval Characteristics

To gain some knowledge about the overall retrieval performance, the general

expressions for retrieval characteristics given in section 4.6 can be numer-

ically inspected for linearisation of the forward model about the a priori
profile. Qpack provides a standard routine to obtain these results in form of

the qpcls_invchar.m script. In addition, centre altitudes are computed for

the individual averaging kernels as described by PALM (2006). The associ-

ated data are given in figure 5.21.

The upper left panel displays averaging kernels and the total measurement

response of the retrieval in the altitude range where the measurements are

most accurate. An ideal inverse method would yield Ai,i = 1 at the individual

retrieval grid levels i and Ai, j = 0 at all other levels i �= j. In practise, the av-
eraging kernels are peaked functions, and their full width at half-maximum

gives an indication about the vertical resolution of the observing system

(cf. upper right panel). The individual maxima of the averaging kernels are

considerably less than 1, which is caused by the retrieval process, sampling

the profile at two or more times the actual resolution. Sensitivity must in-

stead be read from the total measurement response ηi = ∑ j Ai, j, i.e. the area
under the averaging kernel, which is also given in the same panel.

Below 25km and above 50km, η exhibits some marked deviations to val-

ues larger than 1. These correspond to information from other grid levels

being overly carried over to the result at the respective level. Information

content of the retrieval is considered satisfactory within the two levels in-

dicated. This is also supported by the vertical resolution, as read from av-

eraging kernels FWHM in the upper right panel. It starts at about 8km for

lower altitudes and significantly increases when approaching 50km altitude.

An upper altitude limit of 50km is consistent with a spectrometer resolution

bandwidth of 1.1MHz. Also the averaging kernels peak appropriately as

seen from the centre altitudes plotted in the same panel.

The bottom panel shows the total statistical error of the retrieved param-

eters. It comprises the observational error, which is related to the measure-
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Figure 5.21: Characteristics of WaRAM2 retrieval

when linearised about a priori state. Data correspond
to rows of the averaging kernel matrix, which denote

the spread of information that contributes to the re-

trieval at a particular altitude grid point. See body text

for discussion.

ment noise, and the smoothing error, describing the a priori contribution.
The observational error is rather large at 20%, which is due to omitting the

even spectrometer channels, i.e. it lacks the correlation previously found in

recorded spectral intensities. Still the smoothing error by far prevails over

observation error. It is dominated by the uncertainty from how the tropo-

spheric contribution is accounted for in the retrieval. Systematic errors may

be introduced e.g. by calibration, antenna pointing error, and errors in the

spectroscopic database. These are called parameter errors and require vari-

ational analysis to study. The magnitude of WaRAM2 parameter errors dis-

cussed by QUACK (2004) is more than an order of magnitude smaller than
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the statistical error reported above, and may thus be neglected in the analysis

here.

5.2.3 Retrieved Stratospheric Water Vapour

Retrieval results from the observations in 2007 are outlined in figure 5.22.

To allow some analysis of retrieval stability, two separate retrievals are car-

ried out for data from day 1 and 2 in each period of operation. All results re-

produce the general characteristics of water vapour distribution in the strato-

sphere. They exhibit no oscillations, which marks a major improvement over

earlier WaRAM2 results. Water vapour anomaly, defined as the absolute de-

viance from the mean over all results, is constrained to ±0.5ppmv. This

corresponds well with the correlative data given above. Yet day-to-day vari-

ability appears unrealistically large for some of the results (weeks 2, 16 and

28). READ et al. (2007) estimate water vapour day-to-day variability in the

tropical lower stratosphere water vapour to be no larger than 5%. On the
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Figure 5.22: WaRAM2 retrieved water vapour from the measurements reported in

table 5.1.
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other hand, DEUBER (2005) has identified enhancements in mid-latitude

stratospheric water vapour in excess of 20% over the course of two days,

which have been traced back to pronounced mixing with subtropical air-

masses. If large day-to-day variability persists in refined WaRAM2 results,

it might eventually be possible to decide their being of instrumental or at-

mospheric origin.

A first look at how these results compare to correlative data is taken by

recalling figure 5.19, which has indicated good sensitivity to seasonal vari-

ations in WaRAM2 retrievals from artificial data. This comparison is now

carried out using real data in figure 5.23. One must keep in mind that the

data-sets differ by 14 years in time, so no quantitative analysis is intended.

However the plot is quite instructive with respect to the limitations implied

in the analysis by the limited coverage of WaRAM2 data, only stretching

across half a year. The significant seasonal signal that can be read from

HALOE data in figure 5.19 is much less apparent in the data presented here.

For the time being, the magnitude of the error in WaRAM2 results pro-
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Figure 5.23: The comparison in figure 5.19 is recalled to give a qualitative impression

of retrieval performance when using real data. The two data-sets are 14 years apart,

thus no quantitative analysis is intended. (Upper panel) Blue markers denote water

vapour VMR at ∼ 24km as retrieved from WaRAM2 measurements in 2007. Error

bars indicate the total retrieval error. Red crosses give water vapour VMR at the same

altitude from HALOE results in 1993, zonal averages, 12◦N–12◦S. (Lower panel)
presents relative deviation of the retrieved VMR from the corresponding HALOE

value.
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hibits definitive conclusions about the seasonal signal present in the data. It

should be taken into account that the comparison is carried out below the

lower altitude limit derived in section 5.2.2. Retrieval from WaRAM2 could

be substantially improved if the tropospheric background contribution could

be estimated more accurately. The total error would improve by reducing the

smoothing error and by introducing more observations to the analysis.

5.2.4 Discussion

It is advisable to have a more detailed look at the averaging kernels for

individual retrievals when discussing the quality of WaRAM2 results. Fig-

ure 5.24 picks results for three different days, with markedly different sensi-

tivity to lower stratospheric water vapour. Closer analysis of this variability

uncovers that it is associated by different sensitivity to contributions from

the troposphere. In other words, a variable part of the retrieval response at

lower stratospheric levels is due to signal from the upper troposphere. This

is a severe concern, because water vapour abundance rises exponentially

when descending into the troposphere, so it must be expected that these

mismatched responses majorly contribute to the water vapour abundance re-

trieved at lower stratospheric levels. Figure 5.25 takes a look at how peak re-

sponses and centre altitudes of lower stratospheric averaging kernels evolve

for all retrievals presented here. The data indicate that satisfactory stability

is attained for retrieval levels 30km upwards. The variability at lower levels

could not be attributed to different integration times of the underlying spec-

tra, despite these account for differences in the noise by more than a factor

of two across the data-set.

A special effort has been made to refine the retrieval pressure grid and the

regularisation to better separate tropospheric from stratospheric contribu-

tions in the retrieval, however no significant improvement could be achieved.

It occurs as if such artefacts must be lived with when attempting to cover

both regimes in a continuous state vector. Relief from this problem may be

conceived by splitting the state vector into two components, which sepa-

rately address tropospheric and stratospheric contributions. This approach

is supported by the observation that the tropopause essentially poses a blind

spot in water vapour retrieval, which is caused by the profile characteris-
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Figure 5.24: The plates display averaging

kernels for three individual measurement

days (cf. top of plate). Note the large vari-
ability in contribution from lower altitude

levels to the result.

tic being exponential below the tropopause and almost constant above. Yet

splitting the state vector also introduces new difficulty in providing an accu-

rate model of atmospheric emission and the a priori ensemble in particular.

For this reason it has so far been abstained from this set-up, but its realisation

is currently being studied.

Given the past experience with relating the retrieval sensitivity to stand-

ing waves, it has been reckoned the observed variability in sensitivity could

be connected to modifications in the baseline retrieval set-up. Presently, a

new set of standing wave periods is fitted for each measurement day, which
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Figure 5.25: (Left panel) Magnitude of peak responses in WaRAM2 lower stratospheric averag-

ing kernels, plotted versus time of measurement (discontinuous axis). Constant values indicate

retrieval stability against various atmospheric scenarios. This is sufficiently attained only for the

two uppermost retrieval grid levels plotted here, highlighted by crosses. (Right panel) Averag-

ing kernel centre altitudes, plotted in the same manner. Retrieval stability is best when values

are constant with time, and take their respective nominal value. The two uppermost grid levels,

highlighted by crosses, again yield the most favourable results. Note how sensitivity at lower grid

levels is increasingly pushed away from its nominal level, supporting the notion of a blind spot

around the tropopause.

may potentially render significant differences to the instrument, the combi-

nation of sensor and retrieval. It would be preferable to have a uniform set

of standing wave periods applied in all retrievals in the same way. How-

ever, no such set could be extracted from the spectra so far, very probably

due to the different magnitude the standing waves attain for different tropo-

spheric backgrounds, as well as distortions which could be introduced by a

non-linear front-end or spectrometer.

Inspection of the baseline contributions to retrievals, as presented in fig-

ure 5.26, reveals that the retrievals might not be too sensitive to standing

waves in the end. Instead some impact results from the offset that is fitted

to atmospheric spectra. The plot shows that at certain levels, a 1K offset

fitted to the atmospheric spectrum contributes to the estimated profile like

a 0.3ppmv change in true atmospheric state. Figure 5.27 summarises the
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Figure 5.26: (Left panel) Sensitivity of the atmospheric part of the state vector to

retrieved baseline offsets (solid lines, crosses) and slopes (dotted lines, discs). All

data have been plotted in the same figure to indicate the general magnitude of the

effect. While the fitted offset has some effect, the slope is uncritical. (Right panel)

Sensitivity of atmospheric state to retrieved standing waves. Only the contribution of

the wave with the largest amplitude is plotted for any single day. Note the difference

in scale compared to the left panel. The plot suggests that retrieving standing waves

does not effect noticeable distortions to the water vapour profile.

offsets actually retrieved from the measurements, ranging from −1.2K to

0.5K. Hence at lower stratospheric levels, a systematic error of up to 10%

must be assumed in individual results.

Consideration of offsets in atmospheric spectra is standard practise for

retrievals from the much stronger ozone signature at 142GHz, taken by

IUP, U Bremen, with their OzoRAM sensor at Ny-Ålesund. (M PALM, IUP,

U Bremen, pers. corr.). It has been implemented for WaRAM2 to have a

uniform set-up that needs no manual tuning to individual atmospheric spec-

tra for retrievals to converge. Despite the fact that this goal has been suc-

cessfully achieved, the error introduced in stratospheric retrieval during this

process presents a strong case to abandon offset consideration in favour of

more accurately addressing instrumental and observational effects that could

possibly have triggered the need for offset consideration.

From the experience gained so far, a number of potential issues come

to mind that will be studied in future work. The spill-over between tropo-

spheric and stratospheric information has already been mentioned above. It
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Figure 5.27: (Upper panel) The magnitude of the baseline offset fitted by the retrieval

for each individual measurement (discontinuous time axis). (Lower panel) Approx-

imate background brightness of the respective atmospheric spectra. The retrieved

baseline offset appears to be uncorrelated with the background brightness.

will supposedly be overcome by separating the retrieval for these two parts

of the state vector. Another point of concern is how extinction of radiation

by clouds is represented in the retrieval. ARTS-1-0 provides the LIEBE et al.

(1993) models for a crude quantification of extinction (absorption and scat-

tering) by suspended liquid and ice droplets. These have not been deployed

in the retrieval so far, in order to limit the number of free parameters and

also because clear-sky conditions may be expected as a result of the spectra

integration procedure discussed in section 4.5. They might play an impor-

tant role when dealing with the spectra that show larger tropospheric back-

ground. As part of the required studies, an alternative route will be explored

where the tropospheric absorption is described in terms of a polynomial con-

tinuum. This approach appeals for the reduction of free parameters, but may

impose new limits on the bottom range for retrieval.

5.3 Comparison
Results from different sensors ought not be compared in terms of direct dif-

ferences, because this introduces excess variance to the analysis. This can

be avoided by simulating one retrieval with the other (PALM, 2006, accord-

ing to RODGERS and CONNOR (2003)). Given the averaging kernel matrix,



5.3 COMPARISON 113

A, and a priori state, xa, corresponding to an estimate, x̂, for which a com-

parison is desired, the simulated state, x̂sim, is obtained from the original

correlative data, x̂cor, as

x̂sim = xa−A(x̂cor−xa). (5.3)

When comparing coarsely resolved data, like those from WaRAM2, with

better resolved correlative results, this simulation will also provide for “reso-

lution matching”. This means that the simulated retrieval x̂sim will be smoothed

to what could be seen with the lower resolved retrieval. To give a better im-

pression of the comparison results, the data are also presented in relative

units,

Δx̂ =
x̂WaRAM2− x̂sim

x̂sim
. (5.4)

Given the premature state of WaRAM2 results, comparison has been re-

stricted to a single correlative data-set. To this end, Aura/MLS has been

selected from the available pool of correlative data. This choice has been

motivated by the wealth of characterisation MLS data has undergone and its

matching well in space and time with WaRAM2 measurements.

5.3.1 Aura/MLS

Water vapour results from the Aura/MLS 183GHz receiver (cf. section 3.2.1)
are obtained online15 from Giovanni16. This is a web service that queries

the user about the desired location and time, and provides profiles for up to

three MLS measurements that match most closely. Data are requested for

9◦N, 71◦W, which intersects with the WaRAM2 field of view at∼ 30km al-

titude. They could be obtained for all but two days in the WaRAM2 data-set

with distances ranging between 100km− 1500km. Distances for individ-

ual matches are reported below, alongside the comparison plots for single

altitudes. WaRAM2 data are daily means, whereas MLS reports individual

snapshots around 6:40 or 18:20 UTC, depending on day of comparison.

15 http://disc.sci.gsfc.nasa.gov/giovanni/

16 GES DISC DAAC Interactive Online Visualization and Analysis Infrastructure; Goddard

Earth Sciences, Data and Information Services Center, Distributed Active Archive Center
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An overview of the MLS results is given in figure 5.28. The same re-

sults when simulated with WaRAM2 retrieval, according to equation (5.3),

are displayed in figure 5.29. At altitudes below 30km, the simulation in-

troduces considerable deviation from the original MLS data. This coincides

with the bottom end of reliable altitude range in WaRAM2, as identified for

the current set-up in section 5.2.4. These deviations result from tropospheric

signal being carried over to higher altitudes by WaRAM2 averaging kernels.

Figure 5.30 presents an overview of WaRAM2 results compared to the

simulated MLS results above. Data are expressed in relative amounts ac-

cording to equation (5.4). Best agreement is attained at about 35km altitude,

with WaRAM2 reporting lower values than simulated MLS both below and

above this altitude. Regarding lower altitudes, this disagreement is attributed

to numerical artefact, which is brought about by tropospheric water vapour

being injected to simulated MLS data. The disagreement in upper strato-

spheric results is smaller and remains almost constant at about−10%. More

detailed discussion is given below.

A more detailed comparison for 24km altitude, including error bars for

Figure 5.28: MLS water

vapour profiles which best

match WaRAM2 measurement

time and location as obtained

from Giovanni. Data are

provided on a pressure grid,

transformation to altitude is

based on ECMWF operational

analyses.
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Figure 5.29: Data from fig-

ure 5.28 as would be seen by

WaRAM2, according to equa-

tion (5.3). The simulation in-

troduces considerable devia-

tion at altitudes lower than

30km, which is the bottom end

of reliable altitude range in the

current WaRAM2 set-up.
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Figure 5.30: WaRAM2 results

compared to simulated MLS,

expressed in relative amounts

according to equation (5.4).

WaRAM2 retrieval, is given in figure 5.31. Simulated MLS data spread

over unrealistically large range, 3.5−6.0ppmv, and in general appear over-

estimated, as has already been attributed to tropospheric signal. WaRAM2

results range between 3.0−4.0ppmv, which is well within expectation, de-

spite the same averaging kernels applying for this retrieval. Yet in WaRAM2

retrieval, the misplaced tropospheric signal is corrected for by regularisation

through a priori information. This is not possible for the simulated MLS
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Figure 5.31: (Upper panel) Absolute water vapour abundance from WaRAM2 (blue

circles, with error bars) at ∼ 24km, compared to simulated MLS (red crosses). This

altitude level is below the reliable range of current WaRAM2 retrieval. Variability

in simulated MLS likely results from tropospheric signal carried over by WaRAM2

averaging kernels. (Middle panel) Distance of MLS measurement from WaRAM2.

(Lower panel) Same as upper panel, but data are given in relative units.
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data, since the original data are merely convolved with WaRAM2 averag-

ing kernels. This analysis supports the conclusion drawn earlier that below

30km, WaRAM2 data must currently be classified unreliable.

Comparison at 33km is illustrated in more detail in figure 5.32. This level

is within the reliable range of WaRAM2, and its results match simulated

MLS within 10% (∼ 0.4ppmv), most even better, except for days 82 (16%)

and 112 (13%). In all cases the results agree well within WaRAM2 error

bars. This indicates the instrument operates to expectation at this altitude.

However, apart from the large magnitude of error that would be allowed, the

data-set is yet too short to draw first conclusions about seasonal variation

being detectable from the results.

Eventually a look at the 44km data is taken in figure 5.33. AgainWaRAM2

matches simulated MLS well within error bars, but in mutual comparison

WaRAM2 data appear biased to lower water vapour VMRs, μV. The mean

difference amounts to 11% (∼ 0.7ppmv). At the same time WaRAM2 re-

sults exhibit considerably less variability at this altitude than at 34km (stan-

dard deviation σμV,W = 0.11 at 44km, compared to σμV,W = 0.24 at 34km).

This is not found in simulatedMLS data (σμV,M = 0.23 at 34km and σμV,M =
0.20 at 44km), so excess regularisation may have forced the retrieval to stick
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Figure 5.32: Same as figure 5.31, but data are taken at ∼ 33km, within the reliable

range of WaRAM2 retrieval.
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Figure 5.33: Same as figure 5.31, but data are taken at ∼ 44km, within the reliable

range of WaRAM2 retrieval.

too close to a priori. This observation is left to further study in a more ma-

ture revision of WaRAM2 results.





6 Conclusions

This work deals with the abundance and distribution of tropical stratospheric

water vapour. Tropical latitudes are of particular concern since large-scale

diabatic ascent through the cold tropical tropopause forms an important

mechanism how water vapour enters the stratosphere. It is complemented

by localised convective injections of ice into the extratropical stratosphere

during summer. These two mechanisms behave differently from a climate

change point of view. While in the former, stratospheric water vapour should

decrease in response to lowering temperatures at the tropopause, the latter

gives rise to an increase in stratospheric water vapour due to warming at

Earth’s surface, causing stronger convection.

Given the large disagreement, in particular at low volume mixing ratios,

between observations of water vapour, considerable effort is devoted to dis-

cuss various observation techniques. The discrepancies found between sen-

sors are far in excess of the expected accuracies, and in some cases the in-

terpretation of atmospheric processes may change when using data from

different instruments. No significant progress could so far be achieved as to

resolve the underlying issues. With this in mind, the discussion of observing

methods given here is intended as an initial point of reference to rate the

capabilities and shortcomings of the different sensors in use.

The main focus of this work is the analysis of tropical stratospheric wa-

ter vapour observations, which have been carried out with the ground-based

microwave radiometer WaRAM2 at the high-altitude Mérida Atmospheric

Research Station. It is the only sensor of this kind to operate in the tropics.

A numerical experiment is presented, which supports the general suitability

of such measurements to study seasonal variability in tropical stratospheric

water vapour. Several problems are identified in the raw data with respect to

frequency stability and linearity of the receiver, and baseline artefacts are in-

vestigated in detail. The instrument is characterised well enough to present

119
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a time series of water vapour from the aforementioned observations. It is

based on an updated retrieval set-up, which utilises the entire spectral band-

width recorded by the sensor, and eliminates undesired oscillations found in

earlier results obtained from WaRAM2 measurements. Reliable data range

from 30− 50km altitude at roughly 10km vertical resolution. Comparison

against correlative data from Aura/MLS yields good agreement at 33km. At

44km, WaRAM2 derived water vapour on average is 0.7ppmv (10%) lower

than MLS.

The analysis indicates that the most critical retrieval issue is how the tro-

pospheric background is considered when processing the spectra. Consid-

eration of a baseline offset aids retrieval convergence, but at the same time

introduces an error that limits the lower altitude for retrievals to 30km. This

may be overcome by separating the retrievals for the tropospheric back-

ground and the stratosphere, a modification which is currently being inves-

tigated. Such an improvement holds promise to extend the retrieval into the

lower stratosphere, which is of utmost importance to utilise the sensor’s ca-

pability for observations of the tape recorder signal. To the other end of the

range, WaRAM2 sensitivity could be pushed into the mesosphere by use of a

better resolving spectrometer. This could form a valuable asset for the study

of upper stratospheric and mesospheric dynamical aspects.
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A Humidity Expressions

Depending on context, different formulations are used to express the water

vapour content of air, or humidity. An overview of some of these is given

here for reference.

Water Saturation Vapour Pressure

Saturation (vapour) pressure denotes the partial pressure of a vapour in equi-

librium with its liquid and solid phases. If partial pressure is higher than sat-

uration pressure of the considered species, it tends to condense or deposit,

depending on nucleation being possible. In other words, saturation pressure

governs the maximum possible concentration of a gas, but supersaturation

may be of major importance, and is in fact with respect to water vapour.

Saturation pressure is fundamentally obtained from integration of the

CLAPEYRON equation, which however relies on temperature-dependant pa-

rameters that must be obtained empirically. VÖMEL (2006) has assembled

several scientifically relevant formulations of water saturation pressure,

which are too lengthy to sensibly be reproduced here. Some of them are

discussed by MILOSHEVICH et al. (2006), along with implications of their

use in analysis of radiosonde data, which are commonly reported as relative

humidity with respect to water. As a first impression, the relatively simple

(and inaccurate) SONNTAG revision of the MAGNUS formulae is given here

(according to HÄCKEL, 2005):

eaq(ϑ) = 6.11213hPa · exp
(

17.5043ϑ
241.2 ◦C+ϑ

)
, and

eice(ϑ) = 6.11153hPa · exp
(

22.4433ϑ
272.186 ◦C+ϑ

)
,

where eaq and eice are saturation pressure over water and ice respectively, at
temperature ϑ [ ◦C].

123
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Absolute Humidity

Absolute humidity, ρw, denotes the mass of water vapour, mw, per volume

V . Using the ideal gas law, it may be rearranged for water vapour partial

pressure, ew, and temperature, T ,

ρw =
mw

V
=
ewMw

RT
,

where R is the universal gas constant andMw molar mass of water.

Relative Humidity

Relative humidity, RH(aq) or RHi(ce), is the ratio of water vapour partial pres-
sure and saturation pressure with respect to water or ice at a given tempera-

ture,

RH(aq) =
ew

eaq(T )
,

RHi(ce) =
ew

eice(T )
.

RH is commonly expressed as percentage. Supersaturation is common in

the atmosphere, so RH may be larger than 100%.

Mixing Ratio

The mixing ratio is given by the mass of water vapour per mass of dry air in

a particular volume,

μ =
Mw

Mair

ew
p− ew ,

where p denotes ambient pressure.

Specific Humidity

Specific humidity instead denotes the mass of water vapour per mass of

moist air in a particular volume,

s=
Mw

Mair
· ew

p−
[
1− Mw

Mair

]
ew

.
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It is connected to mixing ratio like

s=
μ

1+ μ
⇐⇒ μ =

s
1− s .

Volume Mixing Ratio (VMR)

VMR is the ratio of the number of water molecules and the total number of

molecules in a particular volume,

μV =
ew
p

.

Integrated Water Vapour (IWV)

IWV denotes the integral of absolute humidity in a vertical column starting

from ground,

IWV =
∫ z∞

z0
dz ρw(z),

where z is altitude. This is equivalent to the total mass of water vapour in

the vertical column, divided by it base area.

Precipitable Water Vapour (PWV)

PWV is the liquid water level that would be obtained in a vertical column if

all water vapour in the column were condensed and gathered at the ground,

PWV =
IWV
ρaq

,

where ρaq stands for the density of liquid water at sea level pressure. Since

ρaq ≈ 1000kgm−3 (originally identity by definition), PWV can be obtained

from IWV by replacing the canonical unit of IWV, [kgm−2], with [mm].
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