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Abstract

Absolute absorption rates of pure water vapor and mixtures of water vapor and nitrogen have been measured
in the laboratory at 350 GHz. The dependence on pressure and temperature has been obtained. Additionally,
a water vapor continuum parameter estimation, taking even the previous laboratory measurements from 150
to 350 GHz into account, is performed. ? 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In the Earth’s atmosphere, water vapor is the main absorbing species in many wavelength regions,
and plays an important role in its physics and chemistry. For example, the sensitivity study of Harries
[1] estimates that an approximately 12–25% increase in the amount of water vapor leads to a similar
radiative forcing as a doubling of the CO2 concentration.
The strong rotational transitions of water vapor and molecular oxygen characterize lower atmo-

spheric spectra of the millimeter wave (mmw) region. In the spectral windows of these strong lines,
additionally a wealth of spectral features from other climate-relevant trace gases, in particular ozone,
are valuable for remote-sensing of the Earth’s atmosphere [2–4].
As several laboratory and Eeld measurements have demonstrated, the absolute level of absorption

in the mmw spectral windows is higher than model calculations of pure resonant line absorption
predicted by using a standard Van Vleck–Weisskopf (VVW) line shape function. This diGerence,
usually called continuum absorption, can be divided into a term which is related to dry air and two
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terms which depend linearly and quadratically on water vapor partial pressure, respectively. The last
two terms are summed up in the so-called water vapor continuum absorption. SpeciEc for the water
vapor continuum absorption is its strong decrease with increasing temperature and an approximately
quadratic frequency dependency in the mmw range.
At present, the physical mechanisms of the water vapor continuum absorption are still a matter of

discussion. Two main roads of arguments are followed (see also Ref. [5] for an overview): Erstly,
correction of the line shape function in the far wing region and, secondly, absorption contributions
due to weakly bound complexes, mainly of H2O–H2O, H2O–N2, and H2O–O2.
The standard line shape functions, such as the Van Vleck–Weisskopf or Voigt functions, which are

usually used to calculate the spectral line absorption, are deduced from the impact approximation [6]
and are therefore only representative in an interval of approximately 1 THz around the line centers at
atmospheric conditions. On the other hand, absorption models which deduce their spectral line shape
function from the quasistatic approximation show generally a good agreement with measurements in
the window regions of the mmw and infrared [7–9].
The postulation that hydrogen-bonded water complexes could contribute signiEcantly to the total

amount of absorption in the Earth’s atmosphere is supported by several enhanced theoretical cal-
culations (see Refs. [10–12] and references therein). The possible role of weakly bound H2O–N2
and H2O–O2 complexes with respect to the total amount of absorption in the far infrared region
is discussed by Svishchev and Boyd [13]. They estimate comparatively high concentrations of ap-
proximately 5 ppm for such complexes, which is of the same order as the predicted H2O–H2O
concentration. However, the presence of such complexes explaining the atmospheric continuum ab-
sorption could not yet be conErmed by the measurements in the free atmosphere [14,15].
The number of absorption measurements in the mmw atmospheric windows remains limited, both,

in the laboratory and in the Eeld. The laboratory measurements have the advantage of a better
control of the relevant parameters like mixture, pressure and temperature. Therefore, systematic
investigations of water vapor absorption in the mmw region are best performed under laboratory
conditions. Consequently, the spectroscopy group at the University of Lille carried out several studies
to determine the total amount of absorption as well as some spectral line broadening parameters of
water vapor for H2O–N2 mixtures at various pressures and temperatures [16–22].
Water vapor absorption measurements were also carried out using other collisional partners than

N2, such as CO2, Ar; CH4, C2H4, and C2H6 [23–26]. The comparison of the H2O–X absorption at
the same frequency brought forth a correlation with the collision-induced absorption (CIA) values
of the X –X pairs, suggesting a third mechanism for the continuum, that of CIA, which could be
linked to both the mechanisms quoted above.
New absorption measurements at a frequency of around 350 GHz of pure water vapor and

H2O–N2 mixtures were performed and are reported in Section 2. In Section 3, a comparison of
model calculations with the above-referenced data for pure H2O and H2O–N2 mixtures, concerning
diGerent water vapor line catalogs and diGerent H2O continuum models, is presented.

2. Measurements at 350 GHz

The absorption coePcient, �, of the absorbing gas is determined with a Fabry–Perot interferometer,
resonating at the working frequency �. Comparison of the resonator’s quality factors without and
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with the absorbing gas, Q0 and Q1, respectively, leads to the determination of � according to the
relation

�= 2��=cQ0(Q0=Q1 − 1): (1)

The value of Q0 obtained at the working frequency of 350:3 GHz is about 1:2× 106, which corre-
sponds to a path length of about 160 m. Details concerning the resonator, the cell, its pressure and
temperature control and measurement, and the treatment of the resonator walls have been given in
Ref. [17]. The 350:30 GHz frequency is delivered by a Thomson CSF carcinotron; the phase-locking
of that source is performed using a reference source (a 12–18 GHz oscillator) whose frequency is
doubled through an active multiplier. The output signal is obtained through a Schottky diode detector.
The transmission mode of the resonator is displayed through a narrow sweep of the intermediate fre-
quency. A new procedure for the processing and analysis of the obtained series of modes, employing
a time-dependent averaging, leads to a better accuracy for a given series of measurements. However,
the spread of the data covering various series does not seem to be notably reduced, which would
indicate that the main source of error remains the coupling conditions at the resonator, which are de-
liberately modiEed from one series to another. Also, concentration variations due to wall adsorption
and complex formation may be involved, especially for the lowest temperatures [17].

2.1. Results of the measurements

The present measurements have been performed at the Exed frequency of 350:3 GHz. This fre-
quency, in the atmospheric window between the 325 and 380 GHz H2O lines, has been chosen in
the region of high performances of the source. The temperature range was 306–356 K. At a given
temperature, measurements were carried out using decreasing pressures. The water vapor pressures
were chosen in the 0–40 hPa range, consistent with the vapor pressure at the working temperature.
In the case of H2O–N2 measurements, the partial pressure of molecular nitrogen was held constant
at 1000 hPa, while it was mixed with water vapor of varying partial pressures.

2.1.1. H2O–H2O
Fig. 1 displays for a given temperature of 306 K the experimental water vapor pressure dependency

of the absorption. A simple quadratic relation (�=b′P2H2O), as predicted by the assumption of binary
collisions, is observed from the least-squares Et of � versus P2H2O. The temperature dependency of
the absorption coePcient in the mmw range is usually described by the expression

�(T ) = �(T0)(T0=T )n: (2)

This relationship, which can be checked theoretically in the near wing of a Van Vleck–Weisskopf
proEle, 2 has been shown to be valid even in the mmw spectral windows, where the total absorption
coePcient includes a relatively large continuum part. Expression (2) is included in most of the mmw
atmospheric transmission models, whereas in the infrared range the temperature dependency of the
continuum absorption has often been described by

�˙ T−m exp(D[1=T − 1=T0]); (3)

2 See, for example, Chapter 4 of Ref. [27].
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Fig. 1. A plot of pure water vapor absorption measurements at 306 K for PH2O between 0 and 29:4 hPa. The solid line
represents the Et � = b′P2H2O.

Table 1
Experimentally determined absorptions of pure water vapor for PH2O = 1:33 hPa, at various temperatures

T (K) 296 300 306 326 346

� (10−8 cm−1) 5.66 5.18 4.54 2.98 2.00

leading to a dimer interpretation of the continuum [28]. It seems that in a limited temperature range
a good agreement may be obtained with both Eqs. (2) and (3) [29]. The experimentally deter-
mined absorption coePcients of the pure water vapor measurements for a series of temperatures
are presented in Table 1. The Et of the temperature exponent according to Eq. (2) is shown in
Fig. 2 for a water vapor pressure of 1:33 hPa and a reference temperature, T0, of 300 K. The
Etted temperature exponent is n = −6:61, which is much larger than the predicted value of
n = −3:7 by conventional line proEles. A previous laboratory experiment at 343 GHz [30] yields
at 300 K � = 4:61 × 10−8 cm−1, with two combined temperature dependencies of the form of
Eq. (3).

2.1.2. H2O–N2
The total absorption, as displayed in Fig. 3, shows a small quadratic PH2O relationship of the form

�= a(T )PH2O + b(T )P
2
H2O: (4)
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Fig. 2. Pure water vapor absorption measurements at PH2O = 1:33 hPa for diGerent temperatures. The solid line represents
the Et ln(�(T )=�(300 K)) = n ln (T=300 K) of the data. The slope of the line is −6:61± 0:16.

Fig. 3. A plot of absorption measurements for a mixture of water vapor and nitrogen (PN2 = 1000 hPa) at 306 K. The
solid line represents the Et � = aPH2O + bP

2
H2O.
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Fig. 4. Absorption measurements at PH2O=13:3 hPa and PN2=1000 hPa for diGerent temperatures. The solid line represents
the Et ln(�(T )=�(300 K)) = n ln (T=300 K) of the data. The slope of the line is −3:70± 0:15.

A combination of H2O–N2, H2O–H2O and N2–N2 collisions is actually expected to lead—for mod-
erate N2 pressures—to a pressure dependence of the form

�= a′(T )PH2OPN2 + b(T )P
2
H2O + c(T )P

2
N2 : (5)

However, the P2N2 term in Eq. (5) is always cancelled in our laboratory experiments because the
zero pressure is obtained with the cell Elled with 1000 hPa of nitrogen. This small term, which can
be determined from the laboratory high-pressure experiments [31–35], has nevertheless to be taken
into account in Eeld observations.
The linear terms a(T ) and a′(T ) as well as the quadratic term b(T ) can be determined separately

together with their temperature dependence from the measurements. A least squares determination
of a(T ) and b(T ) yields the following with �= 300 K=T:

a(T ) = 1:925× 10−6�3:55 (cm hPa)−1 = 2:566× 10−6�3:55 (cm Torr)−1;

a′(T ) = 1:925× 10−9�3:55 (cm hPa2)−1 = 3:422× 10−9�3:55(cm Torr2)−1;

b(T ) = 1:800× 10−8�5:34 (cm hPa2)−1 = 3:199× 10−8�5:34 (cm Torr2)−1:

It can be noticed that b(T )—which should be compatible with the absorption obtained from
H2O–H2O experiments—is actually 38% smaller than the value at 300 K obtained from Table 1.
We assume that such a discrepancy cannot be explained merely by the poorer accuracy of the de-
termination of the quadratic term in the present experiments, where the linear a(T ) coePcient is
comparatively much larger and easier to determine. Our previous measurements at 239 GHz [20]



T. Kuhn et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 74 (2002) 545–562 551

Table 2
Experimentally determined absorptions of a H2O–N2 mixture, for Exed PN2 = 1000 hPa and two partial pressures of H2O,
at various temperatures

T (K) 296 300 306 326 346 356
� (10−6 cm−1)

PH2O = 1:33 hPa 2.97 2.83 2.64 2.10 1.70 1.54
PH2O = 13:3 hPa 32.7 31.1 28.9 22.8 18.3 16.1

Table 3
Summary of attenuation measurements in the 340 GHz atmospheric window for H2O–N2 or H2O–air mixtures

References Experimental conditions Attenuation
(type of meas.) per path length

� T Pair;N2 PH2O �H2O (10−6 cm−1)
(GHz) (K) (hPa) (hPa) (g=m3)

Bastin [38] 340 300 7.5 18.4
(emission)
Emery et al. [39] 348 284.6 7.7 30
(emission)
Furashov et al. [40] 340 281.5 8.5 25.6
(horiz. path) 350 281.5 8.5 27.4
Furashov et al. [40] 340 298.5 19 54.4
(laboratory) 350 298.5 19 63.6
Furashov et al. [41] 340 306 980 1:91�+ 0:030�2

(laboratory)
Galm [42] 337 294.5 27.2 55.3
(≈ horiz. path)
Present work 350.3 306 1000 13.3 28.9
(laboratory) 300 1000 2:79p+ 0:030p2

have also yielded a smaller H2O–H2O contribution in H2O–X mixture experiments; the decrease was
about 25% for most of the X mixing partners, in particular for N2. At 213 GHz this discrepancy
is reduced to about 10% for the same mixture [18]. Selective wall adsorption may be involved, as
observed by other authors in infrared experiments [36]. A similar discrepancy at 340 GHz has been
observed by another group [37] in the Eeld measurements and is ascribed to dimer formations.
Fig. 3 shows a plot of data and Et at 306 K of the absorption coePcient as a function of the water

vapor partial pressure, whereas Fig. 4 is a plot of � as a function of temperature for 13:3 hPa of H2O
mixed with 1000 hPa of N2. The absorption at various temperatures obtained from a least-squares
Et for PH2O = 1:33 and 13:33 hPa is given in Table 2.
Data from the measurements carried out by diGerent authors in the same atmospheric window

are given in Table 3. Quantitative comparisons are diPcult because of the various experimental
conditions.
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3. Model calculations

The continuum absorption coePcient, 3 �c, is generally deEned as the diGerence of the total
measured absorption coePcient, �datatot , and the calculated resonant line absorption coePcient, �l:

�c = �datatot − �l: (6)

Associated to speciEc line absorption models, empirical and semi-empirical models have been de-
rived for �c, whose parameters were adjusted to Et previous measurements. Also, a self-consistent
theoretical model has been developed in the mmw range for pure water vapor [8]. An analysis of
remotely sensed data from the Earth’s atmosphere requires fast radiative transfer calculations, which
therefore, mostly rely on empirical models.
In this study, the total measured absorption coePcients of pure water vapor and H2O–N2 mix-

tures are taken from laboratory measurements at various frequencies from Refs. [16–20] and the
present measurements at 350:3 GHz. The resonant line contribution to the total absorption coef-
Ecient is modeled according to various spectral line catalogs and two diGerent line shape func-
tions. This will lead, following the parameterization of Rosenkranz [29], to the determination of
new sets of continuum parameters, each associated to a speciEc resonant line absorption
model.

3.1. Spectral line absorption of water vapor

The spectral line absorption of water vapor is calculated according to

�l = NH2O
∑
k

[Sk(T )F(�; �k)] (7)

with NH2O as the number density, Sk(T ) the line intensity, and F(�; �k) representing the line shape
function. The sum is taken over all water vapor spectral lines in the speciEed line catalog with a
central frequency below 1:5 THz.
As demonstrated by Hill [43], the VVW line shape function describes the line center region more

accurately than the full Lorentz or kinetic line shape in the pressure-broadening regime of the mmw
range. The present line absorption calculations are therefore based on the VVW line shape function
and its modiEcation, where a cut-oG is applied (VVWc). The cut-oG ensures that the unphysical
far-wings of the VVW line shape are neglected in the calculations. To conform with the Rosenkranz
and CKD models [29,44], the cut-oG frequency is set to �c = 750 GHz. Eqs. (8) and (9) give the
mathematical expressions of the employed VVW and VVWc line shape functions, FVVW(�; �k) and
FcutVVW(�; �k), respectively,

FVVW(�; �k) =
1
�
�
�k

[
S�k

(�− �k)2 + S�2k
+

S�k
(�+ �k)2 + S�2k

]
; (8)

3 In this investigation, all the absorption coePcients are in units of dB=km (1 cm−1 = 4:343× 105 dB=km).
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FcutVVW(�; �k) =
1
�
�
�k
[FcutL (�; �k) + F

cut
L (�;−�k)];

FcutL (�;±�k) =



S�k
(�± �k)2 + S�2k

− S�k
�2c + S�

2
k

if |�± �k |¡�c;

0 if |�± �k |¿ �c:
(9)

In the temperature–pressure regime of the considered data, the line width, S�k , is to a large extent
determined by the pressure broadening, which is parameterized as

S�k = G
H2O
H2O;kPH2O[Tref =T ]

n
H2O
H2O; k + GN2H2O;kPN2[Tref =T ]

n
N2
H2O; k (10)

with the species-speciEc self-broadening parameters GH2OH2O;k and nH2OH2O;k and foreign broadening
parameters GN2H2O;k and n

N2
H2O;k .

To get an estimate of the variability of �l, Eve diGerent water vapor line catalogs were considered.
Since the foreign line-broadening parameters are usually given for air, the respective values have to
be changed for molecular nitrogen. What follows is a short description of the Eve water vapor line
catalogs.

R98L. The smallest line catalog with respect to its size is that of Rosenkranz [29], which contains
only the 15 strongest water vapor lines below 1 THz. The line intensities are thereby taken from
HITRAN92 [45], while the line-broadening parameters are from diGerent laboratory measurements.
Rosenkranz used a constant ratio of RN2air = G

N2
H2O;k =G

air
H2O;k = 1:12, which is based on measurements

[46]. This scaling factor is also used here in connection with the R98L line catalog.
MPM93L. The second source is the internal line catalog of the MPM93 model of Liebe et al.

[47]. It covers 34 lines, with the information about the line center frequency and intensity from
the JPL catalog [48] and the line-broadening parameters from several measurements. The foreign
line-broadening parameters for H2O–N2 are taken from the associated theoretical values of Table 3
from Ref. [21].

HITRAN00. The third source is the HITRAN00 line catalog [49]. In the case where the self-
broadening line parameters are not stated, they were set to the foreign line-broadening parameters.
An empirical value of 1:11± 0:09 for the ratio GN2H2O;k =GairH2O;k , as given in Ref. [50], is assumed for
all lines.

MMHIT00-A. This catalog is derived from HITRAN00 and incorporates additionally measured
line-broadening parameters as stated in Ref. [51] and theoretically predicted values from Table 3 of
Ref. [21].

MMHIT00-B. This line Ele is based on MMHIT00-A and further uses the empirical formulas
stated in Ref. [50] for all the remaining unchanged line-broadening parameters.
As an example, Figs. 5 and 6 show the spectral line absorption coePcients of a H2O–N2 mixture

(PH2O = 13:3 hPa; PN2 = 1000 hPa) and of pure water vapor (PH2O = 1:33 hPa) for a temperature of
306 K.

3.2. Water vapor continuum models

Pure water vapor continuum models for the mmw region, such as the semi-empirical model of
Rosenkranz [29] (R98) and that obtained from a detailed theoretical far-wing calculation by Ma and
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Fig. 5. Comparison of measured absorption (dots) of a mixture of water vapor (PH2O = 13:3 hPa) and molecular nitrogen
(PN2 = 1000 hPa) with the calculated spectral line absorption, using a Van Vleck–Weisskopf line shape function for the
line catalogs MMHIT00-A, MMHIT00-B, HITRAN00, and MPM93L, while a Van Vleck–Weisskopf function with a
cutoG is used in the case of R98L. The measurement data is taken from this work and Refs. [18–20]. The temperature is
equal to 306 K.

Tipping [8], are in good qualitative agreement with the simple expression 4

�c = �2�3P2H2OC
0
H2O�

ns (11)

with � = 300 K=T, the water vapor partial pressure PH2O, the frequency �, and the continuum
parameters C0H2O and ns. The value of C

0
H2O�

ns gives an estimate of the binary collision strength of
an absorbing water molecule in a thermal bath of water molecules at a temperature T . Extending
Eq. (11) to a mixture of water vapor and molecular nitrogen then gives

�c = �2�3[P2H2OC
0
H2O�

ns + PH2OPN2C
0
N2�

nf ]; (12)

where C0N2 , and nf are the foreign parameters which describe the far-wing absorption of water vapor
due to H2O–N2 collisions.
In contrast to MPM89 [52] and earlier versions of the MPM model, where the water vapor

continuum is described with Eq. (12), the updated version MPM93 [47] tries to parameterize the
continuum as the wing of a conventional spectral line with a center frequency around 1:8 THz.
Although this allows fast radiative transfer calculations in the mmw range, this approach seems not
be superior compared with Eq. (12).
Until now the only continuum model which covers the entire frequency range from the mmw up to

the visible is the CKD model [44,53]. This model has been established on a theoretical ground, but

4 We follow the formulation of Rosenkranz [29] and separate �3 from the temperature dependence of �c since this
term occurs due to the conversion of number density to pressure and due to the induced emission and is therefore not
speciEcally related to the continuum absorption.
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Fig. 6. Comparison of measured pure water vapor absorption (dots) with the calculated spectral line absorption (lines),
using a Van Vleck–Weisskopf line shape function for the line catalogs MMHIT00-A, MMHIT00-B, HITRAN00, and
MPM93L, while a Van Vleck–Weisskopf function with a cutoG is used in the case of R98L. The measurement data is
taken from this work and Refs. [18–21]. The pressure is PH2O = 1:33 hPa and the temperature is equal to 306 K.

through its parameterized form it is also usable for fast atmospheric radiative transfer calculations.
Its relatively complicated internal structure does not allow an easy Et of its parameters to the data
used in this study.
The continuum parameterization of Vigasin [12] is developed from a very diGerent point of view.

It is based on the existence of weakly bound complexes (WBC) of water and buGer gas molecules.
This model describes the temperature dependence of mmw data quite well, using some adjustable
sets of parameters. The main uncertainty of this model lies in the frequency-dependent absorption
cross sections of such complexes, which are not well known at present. Therefore, the frequency
dependence is an adjustable parameter of this model, whereas the expression in Eq. (12) has a Exed
frequency relation of �2. Another diPculty of this WBC model is that the thermochemical constants
of the complexes were not precisely determined until now, which introduces an additional uncertainty
in the temperature dependence.
Therefore expression (12) seems to be a convenient model for fast and accurate calculations of the

water vapor continuum absorption coePcient and is thus employed in this study for the comparison
with the laboratory measurements. Its four parameters C0H2O, ns; C

0
N2 , and nf can be estimated from

the data according to Eq. (6).

4. Continuum parameter estimation

The four continuum model parameters which have to be determined from H2O–H2O and H2O–N2
measurements are according to Eq. (12) C0H2O; ns, C

0
N2 , and nf . Therefore, combining Eqs. (6) and
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Table 4
Values of the Etted parameters C0H2O, ns; C

0
N2 , and nf (see Eq. (12) for a description). Only the data at 153, 213, 239,

350 GHz were considered for the Et. The stated errors are only the statistical errors from the Et

Line C0;EtH2O
nEts C0;EtN2

nEtf

catalog
[
10−8 dB=km
hPa2 GHz2

]
[1]

[
10−9 dB=km
hPa2 GHz2

]
[1]

�l with Van Vleck–Weisskopf line shape function

MMHIT00-A 8:987+1:85%−1:82% 5:182± 0:193 2:517+3:64%−3:51% 1:542± 0:372

MMHIT00-B 8:885+1:86%−1:83% 5:289± 0:194 2:516+3:64%−3:51% 1:551± 0:372

HITRAN00 9:550+2:30%−2:25% 4:808± 0:240 2:551+3:78%−3:64% 1:630± 0:386

MPM93L 8:964+1:90%−1:86% 5:194± 0:198 2:767+3:23%−3:13% 1:489± 0:331

�l with Van Vleck–Weisskopf line shape function with cutoE, �c = 750 GHz

MMHIT00-A 9:117+1:82%−1:79% 5:098± 0:190 3:047+2:97%−2:88% 1:366± 0:304

MMHIT00-B 9:109+1:81%−1:78% 5:105± 0:189 3:048+2:96%−2:88% 1:366± 0:304

HITRAN00 9:596+2:29%−2:24% 4:780± 0:239 3:079+3:08%−2:99% 1:434± 0:316

MPM93L 9:074+1:87%−1:84% 5:126± 0:195 3:049+2:90%−2:82% 1:417± 0:297

R98L 9:111+1:82%−1:79% 5:102± 0:190 3:002+2:78%−2:71% 1:343± 0:285

(12) the following expressions for pure water vapor, Eq. (13), and water vapor mixed with nitrogen,
Eq. (14), can be formulated:

CEtH2O = C
0;Et
H2O�

nEts =
�datatot − �l
�2�3P2H2O

; (13)

CEtN2 = C
0;Et
N2 �

nEtf =
�datatot − �l

�2�3PN2PH2O
− CEtH2O

PH2O
PN2

: (14)

The contribution from H2O–H2O interactions in the case of CEtN2 is subtracted, using the previously
Etted values of CEtH2O and n

Et
s . This procedure allows a simple linear Et of both, ln(C

Et
H2O) and ln(C

Et
N2).

However, for the purpose of atmospheric radiative transfer modeling, where only the absolute amount
of continuum absorption is relevant, this procedure seems to be appropriate, although it might hide
the discrepancy found in Section 2.1.2, where the absorption term proportional to P2H2O in a H2O–N2
mixture was found to be quite diGerent compared to the respective term for pure water vapor.
The obtained values from a least-squares Et applied to the logarithmic expressions of Eqs. (13)

and (14) are listed in Table 4. The only measurements considered for the Ets are those taken at
the frequencies of 153, 213, 239, and 350 GHz. Since the calculated statistical errors are related
to the logarithm of C0;EtH2O and C

0;Et
N2 , respectively, the uncertainty of these parameters are stated in

percentages in Table 4.
Figs. 7 and 8 show the Et results together with the data for the case where the MMHIT00-B line

catalog in connection with a VVW line shape function was used for the calculation of �l.
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Fig. 7. Comparison of measured Cdatas (dots) and Etted CEtH2O values for pure water vapor (PN2= 1:33 hPa). The spectral line
catalog MMHIT00-B is used together with the FVVW(�; �k) line shape function for the calculation of the line absorption.
The data around the strong water vapor line at 183 GHz (marked by plus signs and triangles) are not considered for the
Et. The diGerent lines indicate the Ets to the data at diGerent frequencies and the bold solid line indicates the simultaneous
Et to all the considered data.

4.1. Results

A comparison of the estimated continuum parameters in terms of employed line catalog and line
shape for the spectral line absorption calculation is presented below.
Using the HITRAN00 line catalog for the determination of the continuum parameters yields some

deviations when compared to the results obtained with the other four line catalogs. The values for
C0;EtH2O, C

0;Et
N2 , and n

Et
f tend to be increased while nEts is decreased. Since the self-broadening param-

eters used in this study in connection with the HITRAN00 catalog are mostly underestimated (see
Section 3.1), the high continuum absorption has to compensate for the low line absorption.
DiGerences between the continuum parameters using MMHIT00-A and MMHIT00-B for the de-

termination of �l are only remarkable when no cutoG is applied to the line shape. In this case, the
additionally modiEed line-broadening parameters in MMHIT00-B are remarkable, which lead to a
decrease of C0;EtH2O for MMHIT00-B and an increase of nEts . The values of C

0;Et
N2 and nEtf are very

similar for both catalogs.
Applying a cutoG in the line shape function tends to lower nEts and n

Et
f by 0.5–3.5% and 5–14%,

respectively, whereas C0;EtH2O and C0;EtN2 are systematically increased. The increase of C0;EtH2O is low-
est for HITRAN00 (0.5%) and largest for MMHIT00-B (2.5%), while for C0;EtN2 the increase is of
the order of 20% for HITRAN00 and its modiEed catalogs and approximately 10% in the case of
MPM93L.
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Fig. 8. Comparison of measured Cdataf (dots) and Etted CEtN2 values for the H2O–N2 mixture. The spectral line catalog
MMHIT00-B is used together with the FVVW(�; �k) line shape function for the calculation of the line absorption. The data
around the strong water vapor line at 183 GHz are not considered for the Et. The diGerent lines indicate the Ets to the
data at diGerent frequencies and the bold solid line indicates the simultaneous Et to all the considered data.

Figs. 7 and 8 display in a log-scale the temperature dependence of CEtH2O and C
Et
N2 , respectively,

for each experimental frequency. An overall Et considering all frequencies yields common values for
each of those parameters. The continuum parameters nEts and nEtf determined at a single frequency
show some signiEcant variations compared to the overall Et. Because these variations are similar
for all line catalogs, the discussion will be focused on the results obtained with MMHIT00-B. The
range of nEts is from 6.18 (153 GHz) to 4.62 (239 GHz), while nEtf varies from 2.33 (153 GHz) to
0.23 (350 GHz). At 350 GHz the CN2 does not show any signiEcant temperature dependency.
For a comparison of the continuum parameter sets obtained from the stated laboratory measure-

ments with other results, the conversion from a water vapor nitrogen to a water vapor air mixture,
in principal, requires to be performed for both, C0;EtN2 and nEtf . A simple Erst approach could be to
assume the same ratio for C0N2=C

0
air as for the spectral line-broadening parameters. As stated above,

Gamache and co-workers [50] found from their empirical investigations a value of 1:11± 0:09. The
theoretically calculated line-broadening parameters of the strongest water lines below 1 THz (see
Table 3 of [21]) indicate a value of 1.08 for this ratio with a bandwidth of 1.07–1.11. We will
use the value of 1.08 because of its focus on the mmw range. The temperature dependence is only
slightly aGected by this change of buGer gas and therefore no modiEcation is performed for the
comparison.
A summary of published continuum parameters for Eq. (12) is given in Table 5. The quoted

values are from the R98 [29] and MPM89 [52] models, and from two atmospheric measurements
which were performed in a band from 350–1100 GHz (CSO) [54] and near the 22 GHz water
vapor line (L87R93) [55], respectively. Since the line absorption of MPM89, CSO, and L87R93
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Table 5
List of MPM and Rosenkranz water vapor continuum coePcients for pure water vapor and water vapor–air mixture. In
the case of the temperature exponents (ns; nf ), the overall power of three is subtracted from the reported values to be
consistent with Eq. (12) and the values stated in Table 4

Version C0H2O ns C0air nr Reference[
10−8 dB=km
hPa2 GHz2

]
[1]

[
10−9 dB=km
hPa2 GHz2

]
[1]

R98 7.80 4.5 2.36 0.0 [29]
MPM89 6.496 7.5 2.06 0.0 [46,52]
CSO — — 2.59 0.0 [54]
L87R93 8.035 7.5 2.543 0.0 [55]

is calculated with the VVW line shape, their continuum parameter sets should only be compared
with the upper half of Table 4. On the other side, R98 employs a cutoG to the VVW function and
its continuum parameter set should therefore only be compared with the lower half of Table 4. In
general, the continuum parameters obtained in this work are higher than those of these models. The
only exception is nEts in case of MPM89. The most important point is the temperature dependence
of the foreign term. MPM89 and R98 assume a constant foreign term while the data suggest a value
of 1.3–1.6 for nEtf .
The comparison with the measurements listed in Table 5 is only useful for C0H2O and C

0
N2 , since

the temperature dependence was not determined from the measurement. Both, CSO and L87R93
use the VVW line shape but diGerent line catalogs for �l. Although the measured values for C0H2O
and C0N2 are higher than the model values of MPM89 and R98, they are lower compared with the
corresponding values in Table 4.
Fig. 7 shows the pure water vapor data in the window regions also besides some data near the

center of the 183 GHz water line from Ref. [16]. Clear discrepancies appear with respect to the data
from the window regions. They are probably due to the small values of �datatot − �l, undergoing the
same experimental error on �datatot as further in the windows, where the continuum part is much larger
in the total absorption. Also in Ref. [16], the reported data are not given after Et, which explains
their scatter.

5. Conclusions

New absorption measurements of pure water vapor and H2O–N2 mixtures were carried out at a
frequency of 350:3 GHz, using a Fabry–Perot interferometer. The absorption in the spectral window
between the strong water vapor lines at 325 and 380 GHz is to a large extent determined by the
continuum absorption. As was already reported in the previous measurements at lower window fre-
quencies, the absorption term proportional to the square of the water vapor pressure shows in the
new measurements remarkable diGerences when determined in pure water vapor compared with re-
spective measurements in H2O–N2 mixtures. We assume that such a discrepancy cannot be explained
merely by the poorer accuracy of its determination. Selective wall adsorption may be involved, as
well as the formation of H2O dimers and H2O–N2 complexes.
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The new absorption measurements, together with the previous ones at lower spectral window fre-
quencies (153, 213 and 239 GHz), can serve as a data basis for the determination of free parameters
of water vapor continuum absorption models. Among the diGerent models for the mmw range, the
parameterization proposed by Rosenkranz, devoted to atmospheric applications in the mmw range,
was used in this study. Although this parameterization involves only four free parameters (two for
the absolute magnitude of the absorption and two for its temperature dependence), it is Texible
enough to describe suPciently well the diGerence between the total absorption, taken from the data,
and the calculated resonant line absorption, for which Eve diGerent line catalogs and two diGerent
line shape functions were used (resulting in eight parameter sets). The diGerences between these pa-
rameters conErm that each line absorption model is associated to a corresponding set of continuum
parameters. Appropriate combinations of both are necessary for an accurate modeling of total water
vapor absorption.
The method described here for the determination of a set of continuum parameters—consistent

with the speciEc line absorption in use—will be a part of the atmospheric radiative transfer model
ARTS, which is publicly available. 5
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