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Satellite Techniques
for Observing Water Vapor-Height Profiles")

By H.-J. BoLLE, Miinchen?)

Eingegangen am 11. Mirz 1968

(In iiberarbeiteter Form am 18. Juni 1969)

Summary: Water vapor-height profiles can be derived from two different types of satellite
measurements: firstly by analysing the spectrum of the outgoing thermal radiation, and
secondly by measuring the absorption of solar radiation in the atmosphere.

The first method uses the remotely measured absolute intensities in the emission spectrum
of the atmosphere. The vertical distribution of the emitting gas is inferred from these measure-
ments with the aid of a mathematical inversion method. In a more direct approach this problem
was first attacked by MOLLER for TIROS II data. Because of the limited spectral resolution it
is only possible to determine the humidity of one broad atmospheric layer in the upper tropo-
sphere from measurements obtained with filter radiometers of the MRIR (medium resolution
infrared radiometer) type. More sophisticated procedures have been developed since then in
order to infer vertical constituent distributions from measurements of high spectral resolution.

The second method uses the occultation technique, and is limited to sunset and sunrise
conditions. The main absorption in an optical path tangential to the earth occurs in a layer
of about 6 km thickness near the minimum distance between this optical path and the ground.
Spectral regions for this experiment must carefully be selected, and very high spectral resolu-
tion is necessary to detect small amounts of water vapor. However, this technique is promising
to give water vapor concentration even in mesospheric levels which are inaccessible by the
emission method.

Zusammenfassung: Wasserdampf-Hohenprofile kénnen durch Messungen von Satelliten aus
auf zwei verschiedene Weisen gewonnen werden: Erstens durch Analyse des Spektrums der
den Planeten verlassenden thermischen Strahlung und zweitens durch Bestimmung der
Absorption von Sonnenstrahlung beim Durchgang durch die Atmosphire.

Die erste Methode verwendet die am Orte des Satelliten gem.essenen absoluten Intensititen
im Emissionsspektrum der Atmosphire. Daraus erhilt man die vertikale Verteilung des
emittierenden Gases mit Hilfe mathematischer Inversionsmethoden. Durch Anwendung eines
direkteren Verfahrens hatte MOGLLER diese Moglichkeit zuerst am Beispiel von Daten auf-
gezeigt, die mit dem Satelliten TIROS II gewonnen worden waren. Wegen der begrenzten

1) Vom Vorstand der DGG erbatener Ubersichtsartikel.
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2 H.-J. BoLLE

spektralen Auflosung 148t sich aus Messungen mit Infrarot-Radiometern mittlerer Auflésung
(MRIR) nur die Feuchtigkeit in einer ausgedehnten Schicht der oberen Troposphire bs-
stimmen. Inzwischen sind jedoch verfeinerte Methoden ausgearbeitet worden, die es auch er-
lauben, die vertikale Verteilung atmosphérischer Gase aus Messungen mit hoher spektraler
Auflosung abzuleiten.

Die zweite Methode benutzt die Okkultationstechnik und ist dadurch nur bei Sonnenauf-
gang und Sonnenuntergang anwendbar. In einem tangential zur Erde verlaufenden optischen
Weg wird der iiberwiegende Teil der Sonnenstrahlung in einer etwa 6 km hohen Schicht nahe
dem Minimalabstand vom Boden absorbiert. Die in einem solchen Experiment zu verwenden-
den Spektralbereiche miissen sorgfiltig ausgewihlt werden und eine hohe spektrale Auflosung
ist notwendig, um noch kleine Wasserdampfmengen nachweisen zu konnen. Mit Hilfe dieser
Technik sollte jedoch der Wasserdampfgehalt bis in die Mesosphire hinein meBbar sein.

1. Introduction

The continuous sensing of the water vapor concentration in the atmosphere and its
variations in space as well as in time is one of the principal tasks of meteorology in the
age of satellite exploration. The reasons for this desire are easily recalled.

Water vapor is the most variable of all minor constituents of the atmosphere and is
thus involved in many of the meteorological processes (see Table 1):

1. The water vapor is regulating the heat budget of the lower atmosphere by ab-
sorbing and emitting infrared radiation, and by condensation as well as evaporation
processes. The inclusion of these effects in the mathematical model of the atmosphere
promises improvements of numerical forcast capabilities.

2. Changes of tropospheric and lower stratospheric moisture are indicators for air
mass boundaries, and for vertical convection.

3. The humidity of the stratosphere and mesosphere affects the radiation balance of
these levels, and plays a réle in the photochemistry of the upper atmosphere.

The humidity of the lower atmosphere up to the tropopause is relatively well known
by routine soundings. However, there exist large gaps over the oceans. Much more
difficult is the determination of stratospheric and mesospheric moisture by direct
methods. In the application of hygrometers, mass spectrometers, and spectroscopic
methods from balloons or rockets always contamination, radiation errors as well as
effects of the individual instruments have carefully to be considered, and only sporadic
measurements from a small number of fixed sites are possible. Satellite observations
have the great advantage to give global observations with one and the same instrument,
and much more geographical fine structure, when the problem of remote sensing is
solved satisfactorily.

Satellite observations of water vapor are only possible by radiometric measurements
in the infrared or in the microwave region. Performance and interpretation of such
measurements require a detailed quantity of knowledge about water vapor and its
infrared spectrum. The activity in this field was to a good deal pushed forward by
GATEs who made the first attempt to measure the spectrum of the stratosphere from a
balloon [GATES, MURCRAY, SHAW and HERBOLD 1958].
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This experimental work was continued by MURCRAY [MURCRAY, WILLIAMS, and
LesLie 1960], and was supported by extensive laboratory studies of the water vapor
absorption spectrum [HowarD, BURCH, and WiLLIAMS 1956; PALMER 1957, 1960;
BURCH, GRYVNAK, SINGLETON, FRANCE, and WILLIAMS 1962; BURCH, GRYVNAK and
PATTY 1965 ; BURCH and GRYVNAK 1966; SAKAI 1964 ; OPPENHEIM and GOLDMAN 1966;
PrINZ 1968]. At the same time most essential progress was made in the theoretical
understanding of the spectrum [ANDERSON 1949; YAMAMOTO and ONisHI 1949, 1951 ;
HERZBERG 1962; Tsao and CURNUTTE 1962; BENEDICT and KAPLAN 1959, 1964;
GATES, CALFEE, HAUSER, and BENEDICT 1964 ; BENEDICT and CALFEE 1967], and in the
theory of radiative transfer [CUuRTIs and Goopy 1956, Goopy 1964].

In this survey we will discuss the state of the art of two different experimental
approaches: The first utilizing the emission, the second the transmission technique.

2. Emission Measurements

If a spectral radiometer looks down from a satellite into the atmosphere within
spectral intervals where water vapor absorbs and emits infrared radiation, e.g. in the
6.3 micron band or the pure rotational spectrum beyond 16 micron, it will receive more
or less radiation energy depending on whether the source—in our case the water
vapor—is concentrated in warmer or colder levels of the atmosphere. Let us first
consider a detector which is sensitive in a broad spectral band. In this case only the
emission of the troposphere is of importance. A dry atmosphere is then associated
with strong emission because lower and warmer levels of the atmosphere near the
ground contribute strongly. A large amount of humidity in higher and colder levels
create small radiation signals, because the emission of the lower levels is screened by
these higher layers. With the MRIR (Medium Resolution Infrared Radiometer) there
are observed patterns like those shown in Figures 1 and 2 from NIMBUS III. The
picture of the 6.5—7.0 micron channel (the center of one of the »2 HeO branches)
differs in some details from the simultaneous measurement in the 10— 11 micron region
which shows the bright cloud structure against the strong emitting dark ground.
Though most of the structure to be seen in the 6.7 micron channel is due to high clouds
(> 6 km), some of the brighter spots lead to the conclusion that the clouds are
accompanied by clusters of water vapor at higher levels, and that the dark areas be-
tween these spots show dry spaces of subsiding air. This was especially obvious during
orbit 391 of NIMBUS II. Here the hurricane Alma (1966) was already in the decaying
stage with lower and warmer clouds (to be recognized in the 10—11 micron channel)
but still high humidity at higher levels indicated by the bright picture in the water
vapor channel. The spiral of the vortex was clearly to be seen with a dry band wound
up several times in the storm [NORDBERG, McCuLLOCH, FOSHEE and BANDEEN 1966].
A similar example is given in Fig. 2. The gray scale of the pictures can directly be
calibrated into equivalent black body temperatures and from these temperatures the
height of the emitting water vapor layer can be deduced if the temperature profile of
the atmosphere is known.
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45°N—

60°S —
Fig. 1. Section of MRIR-picture from NIMBUS III, 7. 7. 1969, 18.10.—18.42 GMT (local
night). Left part 10—11 w channel, right part 6.5—7 . channel. The strip ranges from
approximately 60°E to 90°E at the equator. It shows an area with broken clouds and
mostly high water vapor concentration at elevated levels (bright areas in the right
picture) but marked subsidence zones (dark bands) of dry air in between. Courtesy

A. W. McCuLLocH, GSFC.,

79°N—

30°0S5—
Fig. 2. Section of MRIR-picture from NIMBUS III, 18. 7. 1969, 16.05—16.37 GMT (local
night). Left part 10—11 p. channel, right part 6.5—7 | channel. The strip ranges from
approximately 90°E to 120°E at the equator. A decaying vortex with humid air at
elevated levels can clearly be distinguished between 30°N and 60°N. A band of dry
air is wound up into the cyclone. Another area of subsiding air can be distinguished at
10°S, 95°E to 115° south of Sumatra and Java. Courtesy A. W. McCuLLocH, GSFC.

Let us now assume a cloud-free atmosphere with an uniform relative humidity and
a known lapse rate. For this case MGLLER [1961] could show, by computing various
models, that the equivalent emission temperature in the 6.5 micron channel is mainly
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a function of relative humidity and surface temperature, but depends only slightly on
the actual atmospheric temperatures. Based on this simple model MOLLER [1962]
worked out a method to infer the relative humidity from measured radiances. The
principle of this method is demonstrated in Figure 3 where the emission function is
plotted against height for 1009 and 5% humidity. The area under these curves gives
the emitted radiance, which is regarded as a function of the mean relative humidity in
the 5—15 km layers only. No radiation of the earth’s surface penetrates through the
atmosphere in the considered spectral region of the 6.3 micron water vapor band. This
situation can be different if high clouds are present. One and the same measured
radiance may then suit a dry atmosphere with a cold cloud top as well as a humid
atmosphere with a warm cloud top. To make a decision between these possibilities a
second independent measurement is necessary which MOLLER found in the 8—12micron
channel that gives the nearly genuine surface temperature. The method has further
been developed by RascHKE [1965] for TIROS 1II observations. The work culminated
in quasi-global representations of mean relative humidity in the upper troposphere,

25
1 30

{1 40
20 { 60

TROPICAL 1 80
TEMPERATURE| 100
PROFILE

mb

in km

——N=0°

15
---- N =40°

150
200

in

HEIGHT

10

w

o

)
PRESSURE

' - A I

0 L
0 2 4L 6 8 200 300
10-6wem=-2 km-! T in °K

Fig. 3: Emission function for channel 1 (6.340.5 micron) of TIROS IV in a tropical model
atmosphere with constant relative humidity (100% and 5%). After RASCHKE and
BANDEEN [1966].
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and the determination of the water vapor mass above 500 mb for six months from
TIROS IV measurements by RASCHKE and BANDEEN [1966]. Figures 4 and 5 show
examples of this serie.

On principle it is not possible to derive from measurements in one spectral channel
only a more detailed picture of the vertical water vapor distribution than one mean
value for the upper troposphere. Spectral measurements with high resolution as
firstly proposed by HANEL [1965] and presently obtained from NIMBUS III give a
much more detailed picture of the water vapor emission spectrum, and offer therefore
the possibility to apply more sophisticated mathematical inversion methods to water
vapor distribution. The problem has recently been formulated by CoNRATH [1966,
1967, 1968]. The spectral radiance N, reaching the satellite is given by

° 3B, [T (h)]
oh

where B is the PLANCK function, T the temperature, 7 the transmission function, » the
wavenumber, 4 the height, and m (h, ) the water vapor mass between the height 4
and the top of the atmosphere, which has to be inferred. Ground contribution has
been neglected in equation (1) for simplicity. With m (h, h,,) = u (x) it follows

N,= I t,[m(h, hy,)] dh )

7, [m (h, h )] =1, [u ()] =1, [4,(x)] +< x ) Lo @

where ug (x) is a “first guess” at the solution. With x; being the value of x at the
surface, equation (1) can be written:

aB (X) [uo( )]d + IaB x(x)(g:‘ )u - ou (x)dx. (3)

N,= I

x is the pressure P, log P or another single valued function of P. The problem reduces
to the solution of

8o,v= | Ko,,(x)du(x)dx )
0
if the following abbreviations are used:

X 6B

gO. v= Nv_ (x) [uO (X)] dx (5)
0

_0B,(x)( o1,
Ko =" < ou )uo &) ©

From the first approximation ug (x) an initial weighting function can be derived.
By an iterative process of setting

U, (X) =,y (%) +,u (x) )
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Fig. 4: Mean relative humidity of the upper troposphere in percent from TIROS IV measure-
ments. February 1962. After RASCHKE and BANDEEN [1966].
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Fig. 5: Mean water vapor mass above 500 mb in gcm? from TIROS IV measurements.
February 1962, After RAscHKE and BANDEEN [1966).
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Satellite Techniques for Observing Water Vapor-Height Profiles 11

equation (4) can in principle be solved for as many parameters (e.g. mixing ratio in
different levels or gradients) as measurements in spectral regions with different weight-
ing functions are available. However, the precision of the measurements sets severe
limits to the number of available informations. The solution becomes more and more
instable with increasing numbers of inferred parameters if the experimental error is not
infinitly small.

Figure 7 shows the water vapor mixing ratio which was inferred from balloon-
borne interferometer-spectrometer measurements, using a very simple two-parameter
model (Fig. 6) of the water vapor distribution:

q (P)= qs <£_)’ B (3

where g (P) is the mixing ratio at pressure P, g5 the mixing ratio at surface pressure Ps,
and r the pressure exponent of the mixing ratio. This notation is equivalent to

u(x)=u(P)=uzexp[—2.303(r+n+1)log(P/P)] )

with us = qsPs/g (r + n + 1). n is the pressure exponent for the reduced absorber
mass, this reduction being necessary because of the dependency of linewidth on pressure.
gs and r are the parameters to be determined.

There are different other mathematical constituent inversion methods proposed
(see e. g. KiNG [1963], SmiTH [1967, 1968], KuHN and MCFADDEN [1967]), but the
discussion of these methods lies beyond the scope of this review. It shall be sufficient
to state here that constituent inversion is possible, and has already been applied to the
tropospheric water vapor. A difficulty exists for the isothermal region in the lower
stratosphere, because here a change in humidity does not have much influence in the
effective radiation temperature. Only the total amount of water vapor can be derived
for isothermal layers, if channels with weighting functions below and above this layer
are provided.

The stratospheric water vapor can only be considered if measurements are made in
very narrow spectral intervals of high absorption as occur in the center of the pure
rotation band. It is therefore highly recommended to extend spectral measurements to
wavenumbers down to 200 cm™! or less. These longer wavelengths may also be favour-
ed because of the following reasons: (i) the influence of atmospheric dust decreases
Wwith increasing wavelength, and (ii) the longer wavelengths are less affected by the
emission of other atmospheric constituents. The 6.3 micron water vapour band is
Superimposed by CHj4, N2O, and Os bands, and an emission of still unknown origin
(Pick and HouGHTON [1968]). Figure 9 shows the emission spectrum to be expected
from different model atmospheres as shown in Figure 8, around 202 cm~! wavenumber
With a magnification of the part around the very strong lines near 202.67 cm™! in
Figure 10. Figure 11 gives the weighting function for different bandwidths. The varia-
tion of the weighting functions in different atmospheres is demonstrated in Figure 12.
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Satellite Techniques for Observing Water Vapor-Height Profiles 13

At higher levels than approximately 30 km, however, the emission is concentrated to
such narrow intervals in the cores of the strongest lines that its measurement is hopeless
with the techniques in practice. The selective filter method of HouGHTON [1961] and
SmiTH [SMITH and PIDGEON 1964] seems to be very difficult to apply for water vapor
because condensation and evaporation in the cell would probably cause severe trouble.

3. Transmission Measurements

In the stratosphere and perhaps also in the mesosphere another technique is promis-
ing for the future: the occultation experiment. The principle is demonstrated in
Figure 13. In this experiment the sun is taken as source for a measurement of the
atmospheric transmission in an optical path tangential to the earth. In the long optical
paths obtained in this way a small water vapor concentration still gives a measurable
absorption. The measurement, however, is restricted to sunrise and sunset. The method
was first proposed for Oz by FriTH [1962].

The inversion of the data is strongly facilitated if one can choose spectral regions
where the temperature has a negligible effect on the transmission functions [BoLLE
1965]. Such regions occur for lines of distinct rotational transitions. One of the most
prominent line groups which satisfies this condition consists of the three strongest

oLyl

ARKTIC ATMOSPHERE
STANDARD ATMOSPHERE

LARMRS Samr el

TROPICAL ATMOSPHERE

192.67 212,67
WAVENUMBER in cm=}

05

w o

n o

Fig. 9: Computed emission spectra of atmospheric water vapor in the 193—213 cm™1 region
for the three model atmospheres of Fig. 8 in the sequence arctic, standard and tropical
atmosphere. Water vapor mixing ratio is 10~5 g/gair for standard and tropical atmos-
phere, and 2 - 10-¢ g/gair for arctic atmosphere. Line data of BENEpICT and KAPLAN
[1963] have been used.
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Fig. 10: Computed emission of atmospheric water vapor near 202.67 cm~! from a standard
atmosphere into space. Data from Fig. 9 in extended wavenumber scale.

water vapor lines between 202.46 and 202.97 cm™1. The computed transmission of a
model atmosphere in this spectral interval for different minimum heights of the optical
path above ground (see Figure 13) is shown in Figure 14. The Figure also demonstrates
the height resolution obtainable without application of mathematical inversion
methods: the weighting functions are plotted at the right side of the transmission
spectra. They are concentrated around the point of minimum height and their half
widths reach from 0.5 to 6 km above this level. The equivalent widths of the strongest
lines and line groups in the pure rotational band, the »2 and the »3 band, are given in
Figures 15 and 16. From these figures it is obvious that the lines with the largest
intensity do not always give highest absorption at high levels, because in the upper
atmosphere not the LORENTZ-broadening but the DoppLER-broadening is the dominant
effect, and the DoppLER-half width increases with the wavenumber. However, the
transmission becomes nearly independent of absorbed mass in the transition region
between collision and DopPLER-broadening, and this transition occurs at lower levels
for higher frequencies. This effect favours the longer wavelengths for measurements in
the D-region.
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Fig. 11: Normalized weighting functions for emission of atmospheric water vapor in the

200 cm™! region for different bandwidths. Standard atmosphere (see Fig. 8) with
10-5 g/gair water vapor in the stratosphere.

-2

H,0, 202.67 10 cm~-!

LOG P, Pinmb

0 1 200 250 300
dT/d (LOG P) TEMPERATURE in°K
Fig. 12: Normalized weighting functions for emission of atmospheric water vapor in the

202.67 4- 10cm™! region in an arctic and a tropical atmosphere. Stratopheric
mixing ratio 2 - 1076 g/gair respectively 10-5 g/gair.
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Sun 1=0 =L

Satellite

Earth Surface

Fig. 13: Scheme of occultation experiment. Hop is the minimum distance of the optical path
from the earth surface.

The height limit for the application of the occultation technique is set by the spectral
resolution as well as the available solar energy. The solar radiation is approximately
that one of a black body of 6000 °K in the near and medium infrared but seems to drop
to 4500 °K beyond 200 cm™! [BEer 1966). From this point of view near infrared
wavelengths are superior to longer wavelengths, though the far infrared spectrum is
less affected by other absorbers and scattering due to possibly existing aerosol layers.
With the techniques in development it seems to be possible to measure equivalent line
widths of 0.5 cm~1 to an accuracy of 1—2 %, or to “detect” lines down to ~ 0.01 cm™1
equivalent width. This will be enough to measure stratospheric water vapor to + 109
if the mixing ratio lies between 108 g/gair and 10-5 g/gair. At 80 km the magnitude of
water vapor concentration can still be determined if larger than 108 g/ga;r. Table 2
summarizes some of the data on which this statement is based. A promising inversion
method for this type of data has recently be developed [LATKA 1969], and its capability
to invert simulated measurements has been demonstrated even with a strong inversion
in the vertical water vapor distribution—like case 3 in Fig.15. The instrument proposed
for the measurements is a SISAM-type interferometer [CONNES 1959, 1960; VOLKER
1969].

A problem exists in the proper alignment between the optical axis of a spectral
radiometer and the solar pointing control necessary for this experiment. While the sun
sensors are operating in absorption-free regions in the visible, the absorption measure-
ment has to be done in very narrow spectral intervals of high absorption where large
and rapid changes of the refractive index occur as demonstrated in Figure 17. This
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Fig. 14: Computed transmission spectra 202.29—203.04 cm™1 for occultation experiment
conditions in dependence of minimum distance between optical path and earth
surface. Water vapor mixing ratio 10~ g/gair, Standard Atmosphere. At the right side
of each spectrum are monochromatic weighting functions for different wavenumbers
in the central line. The weighting function at the extreme right corresponds always
to the line center. The solar radiation comes from the right side. The minimum heights
of the calculations are (from the upper left to the lower right): 80, 70.5, 61, 50.5, 42.69
and 37.42 km.
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effect leads to a deviation of the optical path near absorption lines which can affect
the transmission measurement: the radiometer *‘looks™ beside the sun around half-
width distance from the line center. It can be neglected at higher levels. On the other
hand proposals have been made to measure this refraction for lower lines of sight, and
to use it as an independent method of water vapor determination.

4. Resumé and outlook

From high spectral resolution experiments presently flown on NIMBUS III the
water vapor height profile can be inferred in a cloud-free atmosphere by at least a two
parameter method. This offers the possibility to adjust e.g. the total amount and the



WATER VAPOR MASS in g em-2

10-8 10-7 10-6 10-5 10-4 10-3 10-2
a0 : : ;
80 Lt z 2
g 704
5
c
. 60
k:; EQUIYALENT WIDTH HZD-MASS HZO - MASS
g verlical tangential
501 S, Y [
]
40
30 v - y -
0001 001 01 1 10 100 1000
EQUIVALENT WIDTH in cm-!
0
1100 mb, 217 °K /
a 2 10 mb, 228°K i 3 3 ,_ 5
31 mb, 271°K
_ 4 01 mb, 237°K
e 5  00Imb, 181 °K
& -2
£
= =34
a
F
-4 i
w LINIE &3 - 33 202.67cm"
g
2 s
w
[&]
S
=

2 om0 -9 -8B -1 -6 5 3 a2 -1 0
LOG WATER VAPOR MASS in g cm-2

Fig. 15: Upper part: Equivalent width of the line group around 202.67 cm™! in dependence
of minimum height above ground (full lines labelled I, II, and III).

The corresponding water vapor mass above of the minimum height (dotted lines)
as well as the total water vapor mass in the optical path (full lines) are given for the
following cases:

1 Standard atmosphere with mixing ratio 1075 g/gair

2 same as 1, but mixing ratio 104 g/gair between 82 and 90 km

3 same as 1, but mixing ratio 104 g/gair between 47.40 and 52.43 km

4 constant temperature 180°K, mixing ratio 10~% g/gasr

5 constant temperature 270°K, mixing ratio 1075 g/gair

1, II and III corresponds to the cases 1, 2 and 3.

Lower part: Curves of growth of the central line at 202.67 fiir different heights.
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Fig. 16: Upper part: Equivalent widths of line groups at 3837 cm™1, 3745 cm~! and 1684 cm—!

for the models 1—3 as in Fig. 15.
Lower part: Curves of growth for a very strong line from these groups as indicated in
the figure.

gradient for a given simple type of profile. Broad band radiometric measurements as
made from early NIMBUS and TIROS satellites in one water vapor channel with a
surface temperature reference give the relative humidity in the upper troposphere
under the assumption that this quantity is constant within these levels. From these
data the water vapor mass above the 500 mb level can be estimated.
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Fig. 17: Index of refraction in different heights for three lines around 202.67 cm~!. The given
numbers have to be multiplied with the actual density of the water vapor in gfcm™3
in order to be comparable with the standard definition of the index of refraction
for air.

Promising for the future is the application of the emission method to multichannel
narrow band measurements in the microwave region. Possible wavelength choices are
around 1.35 cm or 0.164 cm where water vapor has distinct absorption lines. Most
clouds will be transparent for these wavelengths. This technique will therefore also
provide water vapor data below clouds. The development of appropriate instrumenta-
tion has been initiated in different countries.

Experimental and theoretical work is also in progress to monitor the water vapor at
elevated levels above the tropopause at least at sunrise and sunset. However, this
experiment requires a satellite with sun stabilization of a quality so far only achieved
for the Orbiting Solar Observatory, and an instrument of high spectral resolution.
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