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Abstract. We retrieved the total content of the atmospheric1 Introduction

water vapor (or Integrated Water Vapor, IWV) from extensive

sets of photometric data obtained since 1995 at Lindenberg\tmospheric water vapor is the most important trace gas in
Meteorological Observatory with star and sun photometersthe atmosphere, since it plays the key role in its energy bud-
Different methods of determination of the empirical param- get, the water cycle, cloud formation, and precipitation, as
eters that are necessary for the retrieval are discussed. Theell as in the greenhouse properties of the atmosphere. Due
instruments were independently calibrated using laboratoryto its large temporal and spatial variability, its observation
measurements made at Pulkovo Observatory with the VKM-still poses great challenges to experimentalists.

100 multi-pass vacuum cell. The empirical parameters were The optical method for measurements of the atmospheric
also calculated by the simulation of the atmospheric absorpwater vapor content has already been used for almost a cen-
tion by water vapor, using the MODRAN-4 program packagetury (Fowle, 1912, 1913, 1915). In order to determine the
for different model atmospheres. The results are compared teotal column water vapor content (or Integrated Water Va-
those presented in the literature, obtained with different in-por, IWV), the absorption caused by the water molecules in
struments and methods of the retrieval. The reliability of thethe near-IR spectral region is measured by a radiometer, with
empirical parameters, used for the power approximation thathe use of the Sun or a star as a light source. The inverse
links the water vapor content with the observed absorption, issroblem, i.e. the retrieval of the water vapor content from
analyzed. Currently, the total (from measurements, calibrathe measured value of the absorption, requires careful cali-
tion, and calculations) errors yield the standard uncertaintybration. Although other methods for the observation of the
of about 10 % in the total column water vapor. We discussatmospheric water vapor content were also introduced later
the possibilities for improving the accuracy of calibration to (such as radiosondes microwave radiometry, and GPS delay),
~1% as indispensable condition in order to make it possiblethe optical method has not lost its value. Numerous sun pho-
to use data obtained by optical photometry as an independenbmeters designed for studying aerosol components of the at-
reference for other methods (GPS, MW-radiometers, lidarmosphere contain a channel aligned on water vapor absorp-
etc). tion bands, which makes it possible to observe quantitatively
the water column in the atmosphere (Michasky et al., 1995;
Halthore et al., 1997; Schmid et al., 1996; Ingold et al., 2000;
Leiterer and Weller, 1988; Leiterer et al., 1995, 1998; Alek-
seeva et al., 1995; Rollin, 2000; Morys et al., 2001; Camp-
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Meteorological Observatory has routinely been monitoringbetween the absorption for the given filter and the water va-
the aerosol optical thickness at standard wavelengths usingor content in the line of sight.

sun and star photometers, and the water vapor content has Therefore, our goal was to check the reliability of the cal-
also been retrieved from these measurements (Leiterer et aigration on the basis of laboratory modeling for the absorp-
1998, 2001; Alekseeva et al., 2001; Novikov et al., 2010).tion by atmospheric water vapor with the use of the VKM-
Analysis of the internal uncertainty of these data is presented 00 multipass vacuum cell. In this cell, a variation of the
in Galkin et al. (2010). absorption by water vapor can be accurately related to the
Previously, the water vapor content in the atmosphere wagariation of water vapor content along the line of sight which
observed at night-time by astronomical methods, in order tgs attained by varying the number of passages of the light
reveal and analyze variations in the atmospheric transparenafirough the cell. This makes it possible to study the form
in the regions of telluric water vapor bands during astronom-of the approximation for the relative calibration dependence
ical observations (Galkin and Arkharov, 1980, 1981; Alek- on the water vapor content (in relative units of the number of
seeva et al., 1983). When using a filter centered on a watepassages), for various values of the pressure and temperature,
vapor absorption band, the measured flux is affected by theyith the standard uncertainty1 %. To this end, numerous
absorption in the set of lines with different degrees of satu-measurements were made with the Pulkovo cell to calibrate
ration and values of the parameters describing the absorptiofhe Lindenberg’s ROBAS-30 sun photometer, star photome-
in the line. Therefore, the dependence of the absorption byer, and high-resolution ASP-12 spectrograph. It is possible
water vapor on the water vapor content should be determineg derive the absolute calibration from measurements of the
empirically. Generally, to describe the dependence of the ophumidity in the cell, which are currently made with polymer
tical thickness in the absorption band on the water vapor totakensors of a limited accuracy.
column and pressure, the power function is used (Golubitskyi |, aqdition, the calibration (i.e. the determination of the
and Moskalenko, 1968; Moskalenko, 1968, 1969). A simi- empjrical parameters) was made on the basis of the Pulkovo
lar approach was used at Pulkovo Observatory, in the progataiogue (Alekseeva et al., 1997), and also of calculated
cess of compilation of the Pulkovo Spectrophotometric Cat'spectra taken from the MODTRAN-4 database. Further on,
alog, to retrieve extraterrestrial brightnesses of stars in theye sed radiosonde data to calibrate our photometers. These
spectral regions affected by telluric contamination (Galkin methods are described in Sect. 3. The results obtained from
and Arkharov, 1980, 1981; Alekseeva et al.,, 1997). Theihese approaches are presented in Sect. 4 and discussed in

necessary empirical spectral parameters of the power funcgect 5. On the basis of these studies, we have developed
tion were obtained with the SF-68 spectrophotometer and thg e ideas to improve the reliability of the photometric

unique Pulkovo multipass vacuum cell VKM-100 within the ethod, in order to fully explore the potential of this tech-

interval of the water vapor content 0.3-5.0cmppw (cm of pigye as an independent reference for determination of the
pre precipitable water) (Alekseeva et al., 1994). On the bas'%tmospheric water vapour content.

of these data and individual spectral transmission curves for
filters used in star and sun photometers, the empirical param-
eters can be calculated and subsequently used to determine
the atmospheric water vapor content from observations with?  The optical method
a particular instrument.

In recent publications, water vapor absorption spectra2.1 The empirical approximation for the absorption in
were calculated on the basis of radiative transfer models the water vapor spectrum
(e.g., LOWTRAN or MODTRAN), in order to obtain the
empirical parameters of the power function (Michasky et al., Since more than 90 % of measurements made with photome-
1995; Halthore et al., 1997). Schmid et al. (1996) and In-ters are carried out when the amount of the water vapor along
gold et al. (2000) determined the empirical parameters fronthe line of sight is within the interval 0.5-5.0 cmppw, the ab-
the comparison of photometrical data (obtained with a sunsorption in this interval should be calculated or obtained ex-
photometer) with the measurements of the atmospheric waperimentally. At a certain moment, the effective pressure and
ter vapor made with microwave radiometers or radiosondestemperature for the atmospheric water vapor deviate from
These empirical parameters differ noticeably from those caltheir average values by no more than 5%. In the optical
culated within the models. method, the absorption in the certain interval of wavelengths

While the total standard uncertainty of the water va-is averaged by the filter or a slit of the spectrophotometer
por content obtained by the optical method is about 10 %over the spectral lines which lie within the given interval. In
(Schmid et al., 1996; Ingold et al., 2000), the error of oneaddition to the absorption in multiple lines within the wave-
photometric measurement itself is only about 0.5 %, (Galkinlength interval of the used filter, the observed signal value
et al., 2010). The loss of accuracy during of procedure of thes also influenced by Rayleigh scattering and aerosol absorp-
water vapor retrieval is first of all a problem of the theoretical tion. In the course of observations, all these factors are taken
or experimental way of defining the calibration dependenceinto account routinely; this procedure is described in detail in
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(Alekseeva et al., 2001; Novikov et al., 2010; Galkin et al., Schmid et al. (1996) and Ingold et al. (2000) used similar

2010). approximations for the dependence of the transmission on
According to the statistical model, the absorption in mul- the amount of the water vapor and calculated the empirical

tiple spectral lines is given by the expression (Goody, 1964) parameters using MODTRAN. In these cases, the empirical

A=1—T=1— exp{—(1/A}) = Wil. (1) Fo?{:\,?se-tera andb are related to our parametersind . as

where A is the absorption in multiple spectral lineg, the

transmissionW; the equivalent width of theth line, Ax the ¢ = ¢/2.51g(e) = 0.921c; b = p (4)

wavelength interval. The expression (Eq. 1) makes it pos- |, the literature, other approximations of the absorption
sible to calculate the absorption in multiple lines depending;, multiple spectral lines were also discussed, in the form
on the pressure, the temperature, and the amount of watf 5 combination of trigonometric functions or polynomials
vapor, provided the spectroscopic parameters of the individy¢ gifferent degrees. Some of them are reviewed in (Gol-
ual lines are known. The expression (Eq. 1) does not yield,pitskyi and Moskalenko, 1968; Moskalenko, 1968, 1969).
the analyycal dependence of the absorption on the numbeggwever, in practice the approximation by power function
of absorbing water vapor molecul&g, the pressuré®, and  (gq. 2) is preferred. This approximation successfully rep-
the temperature of the vapor. More promising is the empiri-resents the dependence of absorption on the concentration
cal approach 'Fo the determination of this dependence (at leagf the absorbent, pressure and temperature as a product of
from the physical parameteVg and P) based on the approx-  fynctions of these parameters. However, the disadvantage of
imation of the variations of the optical depthas a function power approximation is that it insufficiently accurately rep-
of the water vapor contertt’ and the pressurg by a power  yegents the calculated or experimental dependence of absorp-
law: tion on the amount of the absorbent. Therefore, the values
T = exp(—1) = exp{—B - W* . P"}, (2)  of the empirical parameters depend, in particular, on the in-
terval of the contents of the water vapor, within which the
whereg, u, n are empirical parameters. Note that (EQ. 2) approximation is carried out. Thus, further studies are nec-
contains separate dependencesiiorand P, with different  essary to obtain a more accurate form of the approximation
power indices. The temperature dependence of the opticgigq. 2); for example, different parameters may be used in the
depth can be included in the paramegerHowever, the in-  expression (Eq. 2) for different intervals of water vapor con-

fluence of the temperature on the transmission does not E){‘ents’ or another ana|ytica| form of the approxima’[ion may
ceed 1-2 % for the temperature interval in the atmospherepe searched.

and can therefore be neglected in the first approximation. In

operations with star and sun photometers, star magnitude8.2 The usage of the multipass vacuum cell for

m are commonly used, defined by the following relation: determination of the empirical parameters ¢ andu

m=-2.51g (I), where[ is the intensity of the optical star

radiation (in W nt2). Therefore, the absorption by water va- The water vapor absorption was studied with the use of the

por in terms of the star magnitudes is, according to Eq. (2): VKM-100 multipass vacuum cell, in which the system of
mirrors was placed according to White's scheme (Galkin et

[m — mo] (W) = —2.51g(T) () al, 2004: White, 1942).
— 251g(e) - B - WE . P" = ¢ . WH, flt:ri]gureula presents the general optical schematic diagram
of the cell.

where jn —mo](W) is the absorption in a water vapor band  The spherical mirrors A, B, and C with the radius of cur-
(m andm, are the star magnitudes with and without the ab-vature 96.5 m are mounted so that the mirrors A and B form
sorption, respectively);, and i are the empirical parameters a consecutive set of images of the entrance slit on the mir-
that describe the absorption at a given pressure. In particuror C. The mirror C reflects the mirror A onto the mirror B,
lar, ¢ is the absorption by water vapor in star magnitudes forand vice versa. The input objectiv#l, located in the plane
1cmppw, andu — the dimensionless parameter describing of the entrance slif, reflects the light source (restricted by
the variation of the absorption with the water vapor concen-the diaphragms) onto the mirror A. The diaphragrs re-
tration. The parameteris constant for a given pressure. In stricts the size of the light beam to the solid angle of the
real observations, in the first approximation it corresponds tamirror A, thereby eliminating superfluous light scattering in
the average effective pressure of the water vapor in the atthe cell. The number of light passages varies due to variation
mosphere Pefr (for Lindenberg,Pest = 0.845 atm =856 hPa).  of the relative position of the optical axes of the mirrors A
Estimates show thakes deviates from its average value by and B and, hence, to variation of the number of images on
less thant70 hPa, which corresponds to the expected max-the mirror C. We can see in Fig. 1a that the mirrors A and B
imum variation ofC + 4-5%. Therefore, the dependence of should be adjusted so that in the upper row of images formed
the parameter on Pess Should be taken into account only for on the mirror C, an odd number of images is formed; given
a small number of abnormal cases. that, the last (even) image will be placed on the exit slit. In
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contrast to White's scheme, instead of the exit slit, the mirror
D is introduced, which reflects the mirror B onto the output
objective 02. Thereby, the system of mirrors A, B, and C,

makes it possible to obtain multiple passages of light, start-
ing with the minimum number of passages equal to 4, anc
then increasing it by an integer factor. Thus, the images ol
the entrance slit appear in the exit window of the cell (behind
the objective02) after the number of passages equal to 5
(4+1),9(8+1),13(12+1),17 (16 +1) etc. The maximum
number of passages is restricted by the number of image
of the entrance slit which can be placed along the mirror C
(for the VKM-100 cell, this number reaches a hundred im-
ages, which corresponds to the length of the path of 40 km)
However, in practice, the maximum number of passages i

starphotometer

sensor

the reflection index 95-96 %), one may substantially increast
the maximum number of light passages and the corresponc
ing interval of contents of water vapor along the line of sight.

The length of the cell is 97.5 m; the minimum path length
used for our measurements was 500 m. The measuremen
were also made with the path length 900, 1300, 1700, 2100
2500, 2900, 3300, 3700, and 4100 m. Figure 1b presents th
general structure of the experiment.

The amount of water vapor along the line of sight de-
pends on the path length and the absolute humidity in the
cell. The latter was measured by four polymer sensors con
nected with the control unit; the data obtained from the sen-
sors were periodically logged in and averaged. A detailed
study of these sensors for various values of relative humidity,
temperature, and pressure was carried out at Lindenberg Me=ig. 1. (a) The general optical schematic diagram of the VKM-100
teorological Observatory. Our sensors were calibrated to theell. (b) The general scheme of the set for the calibration of pho-
standard humidity of saturated vapor above various salt sotometers, with the indication of the positions of the humidity sen-
lutions and also to the data obtained with TOROS referencesors. (c) General view of the absorption spectrum of water vapor
devices used for measurements of humidity at the frost pointn the vicinity of A =694 3803 nm, obtained with the ASP-12 spec-
and by Vaisala sensors that used the FN technique introducegegraph (with the light path length in the VKM-100 cell 1300 m,
at Lindenberg Observatory (Leiterer et al., 1997). A com- W =1.3cmppw, the slot width 0.01 nm).
parison between our sensors and reference instruments in a
climate chamber was carried out in Lindenberg by Galkin et
al. (2006) and showed that the uncertainty of the measureef the photometers with the VKM-100 cell were accompa-
ments of humidity in our cell was only 5-10 %. nied by measurements made with the high-resolution ASP-

For several years, the calibration of star and sun photome12 spectrograph. The equivalent width of the water vapor
ters with the VKM-100 cell was made in accordance with the absorption line at 694.3803 nm was determined (see Fig. 1c).
scheme in Fig. 1b. The water vapor content, as a rule, wa3he measurement of the equivalent width of this line makes
determined by the polymer sensors. Some of the calibration& possible to determine the water vapor content in the cell

substantially lower due to light losses on reflection, which 1 H H
vary asr, wherer is the reflection index, ant/ the num- i
ber of reflections. For the path length of 4100 m, the sig-| """ muliipass vacuum el HAR. o+—®
nal decreases by 6 star magnitudes (by the factor of 250) :r
which corresponds to the reflection index of mirres89 % L
(aluminum covering). Another reason limiting the maximum SpSte
distance that light can pass in the cell is the diffusion of the (b)
entrance slit image with the increase in the number of reflec-
tions. This is due to insufficient quality of the surfaces of the £ £ £
mirrors caused by difficulties with the testing of the curva- 5 E 5
ture radius for mirrors with such small curvature. Improving 8§ & e
the quality of mirror surfaces and using silver covering (with 3 3 p:d
©

1.00

— 065 (c)
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Fig. 2. The relative spectral transmission curves for filters of the Lindenberg’s star (blue solid curve) and sun (red and green curves)
photometers, and the spectral distributions of the parametergblue) andw (i) (magenta) in the region of 935 nm water vapor absorption
band.

at various pressure. These measurements made it possible path length of 2500 m through the air with=0.9 atm and
determine the water vapor content under conditions of lowthrough an evacuated celP0.001 atm). The ratio of in-
relative humidity £30-40%), when the measurements with tensities of the spectra observed with the filled and empty cell
polymeric sensors were unreliable (Galkin et al., 2006). yields the water vapor transmission for the given path length.
Later on, ASP-12 and the sun photometer ROBAS-30,The transmission obtained for another path length indicates
calibrated under the same conditions in the cell, were usedhe variation of the transmission with the increase of the wa-
for simultaneous determinations of atmospheric water vapoter vapor content along the line of sight (Fig. 4). In Fig. 4, the
content made from observations of the Sun. The purpose ofneasured transmission (in star magnitudes) is presented as a
these observations was to compare the experimental data oftdnction of the length of the light path in the cell (in the units
tained by two optical methods for identical light paths in the of the minimum path, 500 m). This illustrates the variation of
atmosphere. The first instrument used an isolated absorptiotie transmission in on-sky measurements with the increase of
line, with the intensity independent of the temperature, whilethe zenith distance of the observed object. The approxima-
the second analyzed a set of lines with different intensitiestion of the data in Fig. 4 by a power function (Eq. 3) yields
and temperature dependence. the values for the parameterandu with the standard devi-
The comparison between the two techniques of observaationsoc=0.004 andy, =0.014.
tions depends not only on specific features of the accepted The procedure of measurements of the parameters does not
methods, but also on imperfections of the used photometerdast longer than half an hour, which provides an opportunity
This is the reason why, to discriminate the sources of errorsto study the dependence of the empirical parameters on the
we carried out our observations simultaneously. The resultsonditions in the cell (the temperature, pressure, water vapor
of the comparison of the photometers will be considered incontent, and path length). The error of determination of the
detail in a separate study. parameter is caused primarily by the error of the sensors
Figure 2 presents the relative spectral transmission curvegsed for the measurements of the absolute humidity. On the
of the interference filters used in Lindenberg star and surpther hand, the given technique makes it possible to carry out
photometers, and the spectral distributions for the paramefurther experiments in order to increase our level of knowl-
tersc andu in the region of 935 nm water vapor absorption €dge about the absorption of water vapor and various forms
band (Alekseeva et al., 1994). Figure 2 displays a high de-of approximations for the absorption as a function of the wa-
gree of variability of the spectral parameterand .« within ter vapor content.
the broad wavelengths interval of the sun filters. Using the
data presented in Fig. 2, it is possible to calculate the param-
etersc andyu for any given filter. 3 The results of determination of the empirical
Measurements of the intensity of light that passed through  parameters with different methods
the cell were carried out with star and sun photometers
(Fig. 1b). Figure 3 presents an example of such measurethe study of absorption by water vapor under various phys-
ments made with the BAS-30 sun photometer, with theical conditions makes it possible to consider separately the
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Fig. 3. The spectra of the light source (lamp) observed with the BAS-30 sun photometer in the evacuated and filled cell.
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Fig. 4. Variation of transmission in the 935 nm water vapor absorption band with the increase of the path length.

dependence of absorption on the amount of absorbing sulparametet for 1 cmppw, we used the readings of the humid-
stance, pressure, and temperature. The dependence of alby sensors, which resulted in the increase of the determina-
sorption on the amount of the water vapor along the linetion error for the parameter Table 1 also contains standard
of sight for constant pressure and temperature is establishedeviations for the determined parameters. They are specified
easily (varying the number of passages of light in the cell);only by the accuracy of the photometric measurements, the
however, the variation of pressure or temperature for constarstability of the source of radiation, and the adjustment of the
humidity presents more serious experimental problems. optical scheme.

The measurements of the parameteasid . were carried Table 2 presents the results obtained for other water vapor-
out with the star photometer and sun photometer BAS-30 forcentered filters of the star photometer and the BAS-20 and
pressures ranging from 0.1 to 1 atm with the step of 0.1 atmBAS-30 sun photometers, and laboratory data for the SF-
Table 1 presents the results obtained for one of the filter$8 spectrophotometer (taken from Alekseeva et al., 1994).
(948.0 nm) with the star photometer for various pressure val-Columns 1 and 2 contain the central wavelengths of the wa-
ues. ter filters and their widths; columns 3 and 4 — parameters

It follows from Table 1 that the parametgronly weakly =~ and u obtained from direct measurements in the cell. All
depends on pressure. This justifies the assumption of sepaalues of the parameterwere recalculated for 1 cmppw and
rate dependences of the absorption on pressure and concetfte pressure 0.845 atm, corresponding to the effective pres-
tration. Parameter corresponds to the amount of water va- sure of the water vapor in the atmosphere at the sea level.
por in the minimum path length 500 m. To recalculate the
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Calibratien curve for Sunphotometer ROBAS 20 (04.2002 - 08.2003), Filter 25 (A = 945.51 nm), MOL {n = T154)
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Fig. 5. Calibration curve for the ROBAS 20 sunphotometer (April 2002—August 2003), Lindenbergl(4).

Table 1. The results obtained for one of the filters (948.0 nm) of the of sight (Alekseeva et al_" 1994). Then the paramﬁt@fol-
star photometer for various pressure. umn 6) was used to derive the extraterrestrial magnitugle

of the Sun in the water vapor band and the paramgtieom
radiosonde and observational photometrical data, for the time

P (@am) ¢ (500m o o . . . .

(atm) <l ) ¢ - " interval when the calibration of the photometers did not vary.
1.0 0.401 0011 0.594 0.019 Figure 5 presents the example for the calibration curve
8'2 ggg(l) 8'812 8'221 8'822 for the ROBAS-20 sun photometer, the 945.51 nm filter, and

' ' ' ' ' the observational period from April 2002 to August 2003.
0.7 0.340 0.009 0.632 0.020 :
06 0325 0007 0581 0015 The observationalifons — (¢ray+ aaen-M) are plotted as
0.4 0236 0.005 0615 0.017 the measured signal from the Sun (in star magnitudeg),
0.3 0.212 0.005 0.603 0.019 ager— Rayleigh and aerosol components of atmospheric ex-
0.2 0.167 0.006 0.591 0.027 tinction (in star magnitudes)yrsso— the water vapor con-
0.1 0.097 0.004 0.646 0.031 tent derived from radiosonde data (cmppw), — the air

mass. Figure 5 demonstrates that the obtained 7154 individ-
ual measurements are closely matched with a linear depen-
dence. For the other observational periods, the sun photome-
The columns 5 and 6 presentind . calculated from the  ters ROBAS-20 and ROBAS-30 were calibrated in a similar
spectral transmission functions (according to Alekseeva etvay. For the star photometer, the procedure of determination
al., 1994) and from the transmission curve of the water vapor-of the parametersandu was slightly different, however, the
centered filter of the photometers. The columns 7 and 8asic principle of the selection of the parameiewn the ba-
containc and p calculated with MODTRAN-4. The last sis of laboratory data and the recalibration of the parameter
columns (9 and 10) presentand i obtained from on-sky according to radiosonde data was maintained.
observations with sun and star photometers calibrated by ra- The total volume of observational data obtained with the
diosonde data. In practice, parameters for Lindenberg sustar and sun photometers from the year 1995 to 2008 was
photometers were determined as follows. For a given phoprocessed with the parameters determined as it was described
tometer and for a particular water vapor-centered filter, theabove and presented in Fig. 6. Ground-based GPS-receivers
empirical parameters and . were derived from the labora- deliver continuously data for climate and NWP (Numeri-
tory spectra obtained at Pulkovo with the VKM-100 vacuum cal Weather Prediction) applications. In order to ensure
multipass cell and the SF-68 spectrophotometer within thehe high quality of this products reference data for Inte-
range of water vapor contents 0.5-5.0 cmppw along the linggrated Water Vapor (IWV) from independent instruments are

www.atmos-meas-tech.net/4/843/2011/ Atmos. Meas. Tech., 488632011



850 V. D. Galkin et al.: Measurements of the water vapor content in the atmosphere — Part 1

Table 2. Empirical parameters and 1 obtained with filters centered on the 93 nm water vapor absorption band, with the star photometer,
sun photometers BAS-20 and BAS-30, and the SF-68 spectrophotometer (laboratory data Alekseeva et al., 1994).

1 2 3 4 5 6 7 8 9 10
A (nm) AX (nm) c " c " c " c "
measured data from spectrophotometric ~ data, = from MODRAN data empirical data
(Alekseeva et al., 1994)

spectrophotometer SF-68

945.0 25 0.7235 0.5885

945.0 5.0 0.7366 0.5920

945.0 10.0 0.6877 0.5940

945.0 15.0 0.6497 0.6230

starphotometer

948.0 7.0 0.615 0.6000 0.6541 0.5946 0.5862 0.5992 0.598 0.564
948.5 8.5 0.583 0.5747 0.6390 0.5944

946.5 7.0 0.634 0.6173 0.6529 0.5924

sunphotometer BAS-20

942.9 22.2 0.6229 0.5794 0.5724 0.5804 05718 0.5794
945.5 22.2 0.6128 0.5775 0.5478  0.5775

sunphotometer BAS-30

956.8 23.5 0.384 0.584 0.4588 0.5797 0.4431 0.5646  0.4211 0.5797

Water vapor content's measurements by sunphotometers
ROBAS and starphotometer at Lindenberg, 1995-2007.

fa
=)

o
=]

i
=]

W (cmppw)

W (cmppw)

uTC

Fig. 6. The measurements of water vapor content with the ROBAS sun photometers and the star photometer at Lindenberg, 1995-2007.

required for quality control and accuracy estimation. To meet(GCOS Reference Upper-Air Network) network station and
the general needs for high-quality water vapor informationalso hosts the GRUAN lead centre (Seidel et al., 2009; Imm-
the WCRP/Global Water Vapor Project (GVaP) was initi- ler etal., 2010). Lindenberg performs continuous monitoring
ated, which includes the establishment of reference observaand validation of IWV using GPS, radiosondes, microwave
tion stations. TheDeutscher Wetterdienss setting up the  profiler and 2-channel radiometers since more than 15 years
Meteorologisches Observatorium Lindenbexg validation  (see for example @dner, 2001). The results of the determi-
site. Also, since 2008 this observatory is the first GRUAN nation of the water vapor column contents (IWV) made by
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Table 3. The empirical parameters used for some sun photometers.

Author W (cmppw) AA a b Simulation Data for calib.
Halthore et al. (1997) 0.85-23.5 ~10nm 0.616 0.594 MODTRAN-3 HITRAN-92
broad 0.436 0.55
Michalsky et al. (1995) 0.5-6 10nm 0.344 0.578 MODTRAN-2
0.5-25 0.374 0.493
Schmid et al. (1996) 5nm 0.508 0.627 LOWTRAN-7 HITRAN-92
0.546 0.621 MODTRAN-3 HITRAN-92
0.549 0.629 FASCOD3P HITRAN-92
0.654 0.55 empirical RS
0.621 (0.022) 0.591 (0.017) empirical MW
Ingold et al. (2000) 0.3-15 5nm 0.5681 0.5956 MODTRAN-3.0 HITRAN-92
0.5719 0.5934 MODTRAN-3.5 HITRAN-96
0.556 0.5932 MODTRAN-3.7 HITRAN-96
0.5957 0.5984 LBLRTM 5.10 HITRAN-96
1-30 0.6034 (0.0445) 0.5648 (0.0378) empirical MW
0.70 §
065 7
0803 G, I . 4 i . . ’
055 7 8 £ " ‘
0.50 7
045 3
040
3035 ] = Tab. 2 (column 4)
0.30 J s Tab. 2 (column 6)
0.25 ] * Tab. 2 (column 8)
020 3 s Tab. 2 (column 10)
045 + Tab. 3 (calc)
0.10 3 ;
FicE g o Tab. 3 (emp_mw)
0.00 1 .
0 5 10 15 20 25

AX (nm)

Fig. 7. The dependence of the empirical paramet@n the half-width of the filter or on the slit width in photometric observations.

the optical method and their intercomparison with those ob-different studies can be compared directly. The parameter
tained with the use of other techniques will be discussed inb = essentially does not depend on the width and the shape
more detail in a separate publicatickn@lysis of the applica-  of the transmission curve of the filter; therefore, provided
tion of the optical method to the measurements of the watethe intervals of water vapor contents are close to each other,
vapor content in the atmosphere — Part 2: Intercomparisonthe direct comparison of different values for the parameter
with data obtained by other devices and techniques is possible. The parameter0.921. ¢ depends on the half-
width and shape of the filter transmission curve, and also on
the set of data used for the calibration. The height of the point
4 Discussion of observations above the sea level also affects the value of
parameter.

Table 3 presents the values for empirical parameters for some Figures 7 and 8 present the comparison between our deter-
sun photometers taken from literature. Since the wavelengtiminations for the parametersandu (Alekseeva et al., 1994

for the measurement of the atmospheric water vapor conterand Table 2) and the data taken from other studies (Table 3).
was established by WMO, and most photometers carry ouffaking into account that the parameters may be dependent
measurements in this wavelength, the parameters obtained on the used spectral resolution, the data in the Figures are
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Fig. 8. The dependence of the empirical parameten half-width of the filter or on the slit width in spectrophotometric observations.

presented as a function of the halfwidth of the transmissionat star observations. In our opinion the principal cause of
curve of the filter. Tables 2 and 3 contain the values of theaccuracy losses in both cases same is use for definition of ex-
parameter obtained using different techniques with the samératerrestrial star magnitudes and then for water vapor con-
photometers, with photometers of different type, and eventent definition of (Eq. 3): th —mg]=c-W#. For example,
with different light sources (the Sun and stars). We presenbn Fig. 5 straight line corresponds to the parameteasd

this comparison to demonstrate the consistency of these vay:+ obtained in laboratory for range of water vapor contents
ious types of data and, on the other hand, to find some trend8.5-5 cmppw. Points represent data of real measurings with
in the variation of the parameters as a function of the half-the sun photometer, obtained in Lindenberg during 1.5 years
width of the filter AA (nm). From the total volume of the (7154 values). One can see from this figure, that the pos-

data (Fig. 7), for the parametgrwe obtain: tulated function well enough features observed data for the
basic range of water vapor contents (1-9 cmppw along the
n = 0.0007- Ax (nm) + 0.5964 () line of sight, or 1-3 forW*), where overwhelming majority

of points (5857 values) are allocated, and it corresponds to an

op = 0013 forAx = 5nm error of definition of 5-10 %. In too time it is possible to note

o, = 0.026 forA\ = 20 nm some diyersions of points from a straight _Ii_ne for_smal! a_md
very major water vapor contents, that testifies to insufficient
For the parameter (Fig. 8): reliability of the accepted approximation. Therefopede-
pends on the interval of the water vapor contents, and tends
¢ = —0.0037- Ax (nm) + 0.6716 (6) to decrease with an increase of the latter. The paramaeter
depends on pressure. The height distribution of water vapor
oc = 0.023forAx = 5nm in the atmosphere varies within a wide range. The variations
in the water vapor distribution affect the effective pressure
oc = 0.044forA) = 20 nm of water vapor and thereby specify the value of parameter

To a larger extent, the parametedlepends on the interval of

Figures 7 and 8 indicate that, in spite of the differences "Nthe water vapor content for which the parameter was deter-

the techniques used for determination of the parameters, thel‘hined The weak dependence of parameten temperature
consistency is fairly satisfactory. The determination eITOrS ;o evists. All these factors should be studied and subse-

for the water vapor contents obtained with the calculated pa- uently included into the processing algorithm, to maintain

rameters correspond to the standard deviations of water vap e accuracy of 0.5 % (already reached in photometric obser-

contents measured in real observations, both in the prese%. D
. . ) ' tions) and to decrease the error of calibration of the water
study and in the studies (Michasky et al., 1995; Halthore e )

: r\/a or content closer to 1%. In order to ensure the metro-
al., 1997; Schmid et al., 1996; Ingold et al., 2000). The erro b 0

. ; logical traceability and to keep high initial accuracy during
of Eho'tt(;]metnc miafurer?e?rg(\)/\ilth a star ph(;)tcimet’e?(()r?[. | data processing, up to obtaining the final values of column
and with a sun photometer corresponas to potential -\ o0 vapor content, it is necessary to analyze carefully the
possibility to reach uncertainty of measuring of water vapor

tent up to-1%. Reall h tandard aint following factors: stability of instrumental photometric sys-
content up to~1 %. Really, we have a standard uncertain ytem, errors at definition of extraterrestrial star magnitudes,

of the water vapor content of 5-10 % only, both at sun, and
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determination of time-trend of atmospheric extinction dur- In the 70-ies of the last century, the water vapor line with
ing observations (especially of the aerosol absorption in thehe wavelength 694.38 nm (the parameters of which were re-
boards of water vapor band), etc. Partially (for old obser-peatedly determined at that time) was commonly used for
vations) it is made by us in paper (Galkin et al., 2010). We determination of the water vapor content in the Earth’s atmo-
plan to return to this problem in a separate publicatioma(]- sphere. The typical measurement uncertainty for the inten-
ysis of the application of the optical method to the measure-sity and half-width of the line was 10 %.

ments of the water vapor content in the atmosphere — Part In the last decade, extensive studies of absorption in water
2: Intercomparison with data obtained by other devices andvapor bands at optical and IR-wavelengths have been made
techniquep devoted to the analysis of the data, obtained in(see references in HITRAN 2008 database; Rothman et al.,
Lindenberg by various devices and methods in 1995-20072009). According to the database, currently there exist a
The recommendations in detail for optimization of the solar number of lines for which the line parameters have been de-
and stellar observations and data processing algorithms, itermined with the uncertainty of 1 %.

order to minimize the final errors in integrated atmospheric The method of determination of the water vapor con-
water vapor contents (IWP), will be made as Appendixes intent from the absorption in a separate narrow line was suc-
this future article too. cessfully used at Pulkovo for astrophysical purposes when

A detailed examination of humidity observed in the cell the Pulkovo spectrophotometric star catalog was being com-
with the use of calibrated sensors showed the impossibilityposed (Alekseeva et al., 1994, 1997). However, in that case it
to determine thintegratedvalues of the water vapor content was not necessary to know the real absolute water vapor con-
in the cell with the accuracy higher than 5 %, using the sen-ents in the cell with a very high accuracy. Only the relative
sors (Galkin et al., 2006). It is due to both the insufficient homogeneity of scale for the empirical parametevas re-
accuracy of the sensor readings and the inhomogeneities @lly important. As a result, when we tried to apply our previ-
water vapor content along the length of the cell, caused byous laboratory spectral tables for parameteand .« (Alek-
the temperature gradient and local peculiarities. Further onseeva et al., 1994) to geophysical instruments (Lindenberg’s
we plan to use the new thermohygrometer with 4 calibratedstar and sun photometers), it appeared that our scale of water
polymeric sensors for additional testing the homogeneity ofvapor contents differed systematically from the radiosonde
water vapor content along the length of the cell. The data ofscale (possibly, due to the incorrect zero-point of scale for the
this testing will make it possible to recalibrate the humidity parameter). Therefore, we had to correct our water vapor
scale obtained on the basis of Pulkovo spectroscopy by comeontents scale, recalculating the parametevith the use of
parison with the standard Lindenberg humidity scale, useda large volume of interpolated radiosonde data for every year
for calibration of radiosondes. of photometric observations (as it was described above).

In order to calibrate photometric measurements and de- In order to transform our optical method of star and sun
termine the zero-point of the scale for the empirical param-photometry into a independent reference method for determi-
eterc, the total (integrated) water vapor content along thenation of the atmospheric water vapor contents, it is neces-
total optical way in the cell in absolute units (cmppw) should sary to repeat at Pulkovo the series of spectral measurements
be known. To this end, we suggest using the ASP-12 vacfor the determination of parameterandu with the VKM-
uum high-resolution spectrograph, with which it is possible 100—ASP12 laboratory complex, with a substantially higher
to derive the water vapor content from absorption in a sep-accuracy. To this end, we are planning to introduce to this
arate narrow water vapor line (primarily, 694.3803 nm) with complex the new AvaSpec-3648TEC-USB2 laboratory fiber
its known half-width and intensity. spectrometer.

The absorption in anisolated spectral line is strictly related In order to achieve the desired accuraey %, the optical
to the parameters of the line: its intensity, half-width, and theconnection between the exit window of the cell and the en-
line shape, and to the physical conditions under which thetrance window of ASP-12 should be provided with the use
line is formed (the concentration of the absorbing substanceof a fiber optic cable (with the lengtk25 m). We are also
the pressure and temperature of the absorption mixture). Iplanning to use an improved detection system in ASP-12,
the physical conditions, under which the measurements arevith the signal-to-noise ratio of the order of310
obtained, are known, the line parameters can be determined. For more accurate determination of the relative humidity
And on the contrary, if the line parameters are known, thein the cell, a new mirror system should be mounted. Cur-
measurements of absorption in the isolated spectroscopic lineently, with the reflection factor of the aluminum-coated mir-
can be used for determination of the physical conditions un+ors less than 89 %, on the 4100 m length, the signal is dete-
der which the line is formed. The growth curve method (theriorated for about 6 star magnitudes (250 times). The optical
dependence of absorption on the line parameters and on thguality of the mirrors is also insufficient. With a new mirror
physical conditions under which the line is originated) is system (with silver coating), the number of light passes could
widely used in astrophysical studies of physical conditionsbe increased to extend the interval of the measured water va-
in atmospheres of the Earth, planets, and stars. por content.
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The extension of the interval of the measurements, both 2. study the influence of pressure and temperature on the
with the reference to line intensity and to the wavelength in- absorption by water vapor and take it into account in the
terval, will make it possible to involve more lines with vari- construction of the calibration curve;
ous parameters in the measurements of the water vapor con-

tentin the cell. 3. if necessary, select a more reliable approximation for

the experimental calibration curve.

We strongly believe that with the use of our integrated ap-
proach, i.e. the combination of laboratory modeling of the

Since 1995, at Lindenberg Meteorological Observatory (cur-2bsorption, numerical modeling of the atmospheric absorp-
renﬂy, Richard-ABmann-Observatory) sun and star photometion, and detailed analysis of measurements made with differ-
ters have been in operation; using these photometers, went type photometers, the needed accuracy may be attained.
have measured the aerosol optical thickness and atmospheric

water vapor content. As a result, a unique database has beeprg ndix A

formed. To retrieve the water vapor content in the atmo- Ppe
sphere from our measurements, we have developed an a&lossary
gorithm based on laboratory data obtained at Pulkovo Ob-
servatory with the VKM-100 multipass vacuum cell. Here,
we present the empirical parameters that characterize the ab-

sorption by water vapor; with these parameters, the amount — Uncertainty: Property of a measurement, characterizing
of water vapor can be retrieved from observations made with the dispersion of a set or distribution of quantity values
different photometers. The parameters obtained by different  for the measurand, obtained by available information.
techniques with these photometers have been compared with  Where possible, this should be derived from an experi-
data from the literature; it has been shown that the disper-  mental evaluation but can also be an estimate based on
sion of the parameter values is consistent with the standard  other information.

deviation of measurements of water vapor of approximately . )
10%. — Standard uncertainty: Measurement uncertainty ex-

pressed as a standard deviation.

5 Conclusions

— Measurand: Quantity intended to be measured.

The most efficient way to improve the accuracy is direct
calibratior_1 of the ins_trumer)t in the vacuum cell. The advan- _ Accuracy: Closeness of agreement between the result
tage of this method is that it does not depend on other meth- ¢ 5 measurement or calculation and a true value of the
ods of determination of the amount of the atmospheric water . aasurand.
vapor. The independent calibration would make it possible
for the photometric method to become a reference for other — Metrological Traceability: Property of a measurement
instruments. Measurements made with photometers can thus result whereby the result can be related to a reference
fill the gap in the current practice of atmospheric observa- through a documented unbroken chain of calibrations
tions. However, the accuracy of the independent calibration each contributing to the measurement uncertainty.
is currently limited by that of the humidity sensors in the
vacuum cell, which can be improved, and by the uncertainty
in the absolute zero point of our previously tabulated data
(Alekseeva et al., 1994). If the absolute humidity in the cell
were known with the standard uncertainty of 1% or less, we
would be able to provide the calibration for the integrated wa-
ter vapor content with the standard uncertainty of about 1 %
in absolute units (cmppw) too. It should be emphasized that
under identical conditions the calibration both for sun and For this physically the same term the lot of abbrevi-
star photometers can be obtained with identical accuracy. ations is used by different authors using GPS, MW-

The authors assume that in order to reach the accuracy radiometers, radiosondes (RS), or sun photom&w,
~19% in the calibration of the column water vapor content PWV, TPW (Total Precipitable Water), IWV (Integrated
(Integrated Water Vapor, IWV), it is necessary to: Water Vaporjand some more.

In a quantitative sense, most authors use units “cm” or
“mm” for PW until today. The National Oceanic and
Atmospheric Administration (NOAA) uses for PW the
unit “in.” (Inches) in its NCDC Radiosonde Database
of North America. Only some authors (for example at
University of Bern) use Sl unit “kg/&ifor PW.

— PW (Precipitable Water) — (or Precipitable Water Vapor,
PWV): The total atmospheric water vapor contained in
a vertical column of unit cross-sectional area extending
between any two specified levels, commonly expressed
in terms of the height to which that water substance
would stand if completely condensed and collected in
a vessel of the same unit cross section.

1. obtain more accurate experimental data for the absorp-
tion by water vapor within a broad interval of humid-
ity using the modernized VKM-100-ASP-12 measuring
complex at Pulkovo;
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— cmppw — centimeters pre precipitable water: Me- Fowle, F. E.: The determination of aqueous vapor above Mount
teorologisches Observatorium Lindenbetitjs abbre- Wilson, Astrophys J., 37, 359-372, 1913.
viation had been used as unit for column precipitable Fowle, F. E.: The transparency of aqueous vapor, Astrophys. J., 42,

water PW (or integrated water vapor, IWV) during _ 394-411,1915. -
long time (Leiterer et al., 1998). In Lindenberg’s PW- Gglk|n, V. and Arkharov, A.: Determintion of water vapor co_ntent
database (including data obtained by radiosondes, MW- '{'052”: a;trrigzpéhere by star spectra, Astronomicheskiy circular,
raqlqmeters’ GPS, and sun and star photometers) thl&alkin, V. and Arhkarov, A.: Determination of extraterrestrial
unit is used also. And at P_UIkOVO Observatory for lab- monochromatical star magnitudes for region of tellurical bands,
oratory measurements of integrated water vapor con- gqy Astron. (tr. Astr. Zhurn.), 25, 361, 1981.
tent along the line of sight this same unit was used t00.Galkin, V. D., Sal'nikov, I. B., Naebert, T., Nikanorova, I. N., Leit-
Therefore we keep this non-system unit in presented ar- erer, U., Alekseeva, G. A., Novikov, V. V,, llyin, G. N., and
ticle too. Pakhomov, V. P.: Laboratory complex for calibration of pho-
tometers using the optical method for atmospheric water va-
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