Journal of Quantitative Spectroscopy & Radiative Transfer 262 (2021) 107472

Journal of Quantitative Spectroscopy & Radiative Transfer | xue

Contents lists available at ScienceDirect =

ournal of
uantitative
pectroscopy &

journal homepage: www.elsevier.com/locate/jqsrt

Water vapor line profile at 183-GHz: Temperature dependence of n
broadening, shifting, and speed-dependent shape parameters

M.A. Koshelev®*, LN. Vilkov?¢, D.S. Makarov?, M.Yu. Tretyakov?, B. Vispoel <4,
R.R. GamacheP®, D. Cimini¢, F. Romano®¢, PW. Rosenkranz’

2 Institute of Applied Physics RAS, 46 Ul'yanov Street, Nizhny Novgorod 603950, Russia
b Department of Environmental, Earth, and Atmospheric Sciences, University of Massachusetts Lowell, Lowell, MA 01854, USA
¢Research Unit Lasers and Spectroscopies (LLS), Institute of Life, Earth and Environment (ILEE), University of Namur (UNamur), 61 rue de Bruxelles, Namur,

B-5000, Belgique

d Royal Belgian Institute for Space Aeronomy (BIRA-IASB), 3 Avenue Circulaire, Brussels 1180, Belgium
¢ National Research Council of Italy, Institute of Methodologies for Environmental Analysis, Potenza 85050, Italy
fMassachusetts Institute of Technology, Cambridge, MA 02139, USA

ARTICLE INFO

Article history:

Received 25 September 2020
Revised 4 December 2020
Accepted 7 December 2020
Available online 11 December 2020

Keywords:

Microwave laboratory spectroscopy
Modified complex Robert-Bonamy
calculations

Radiative transfer modeling
Speed-dependent profile

Water vapor

Line shape parameters

ABSTRACT

The water vapor line at 183 GHz was studied over the temperature range of 219-358 K using a spec-
trometer with radioacoustic detection of absorption, providing a signal-to-noise ratio of up to 8000. The
study includes the first measurement of speed-dependent collisional broadening and shifting of this line
for both self- and air-broadening, and their temperature dependences. The sign of self-shifting changes at
about 280 K. Line-shape parameters are obtained for Voigt and quadratic speed-dependent Voigt shape
factors. Temperature dependences of the line parameters are analyzed using empirical models from the
literature. Theoretical Modified Complex Robert-Bonamy calculations of the line shape parameters, their
temperature and speed-dependence are made over the temperature range of 200-3000 K. The measure-
ments and calculations show very good agreement, although with some discrepancies for line shift pa-
rameters. The impact of the newly-measured line parameters on atmospheric water-vapor estimation
from ground-based and satellite instruments is evaluated by simulation of downwelling and upwelling
brightness temperatures and retrieved water-vapor mixing ratio, for atmospheric conditions typical of
six climate zones. For the case of ground-based or limb-scanning radiometry with a background of cold
space, the impact of speed-dependence is comparable to or exceeds that of measurement error and will
introduce systematic errors if neglected. Therefore, consideration of speed-dependence is necessary for
accurate estimation of water vapor with this line. The impact on upwelling brightness temperature is
smaller.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Stratospheric and Tropospheric Radiometers (HAMSTRAD, Ri-
caud et al. [3]). Airborne sensors include the Conical Scanning

The 183-GHz water vapor line corresponding to the pure
rotational transition 1,<(;.1<g —Jkaxec =313 — 220 is one of the two
most important microwave atmospheric diagnostic lines used in
atmospheric water vapor remote sensing.

Microwave radiometry at 183 GHz is used for water-vapor sens-
ing from ground-based, airborne, and satellite sensors. Ground-
based sensors include the Ground-based Scanning Radiometer
(GSR, Cimini et al. [1]), the G-band Vapor Radiometer Profiler
(GVRP, Cadeddu et al. [2]), and the H,O Antarctica Microwave
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Millimeter-wave Imaging Radiometer (CoSMIR, Wang et al. [4]),
and the High Altitude LOng range research aircraft (HALO) with
Microwave Package (HAMP, Mech et al. [5]). Operational satellite
measurements at 183.31 GHz started in 1991 [6], and exhibit good
overlap and continuity since the early 1990’s to the present, both
from imager and sounder sensors. These include the Advanced
Microwave Sounding Unit-B (AMSU-B), the Microwave Humidity
Sounders (MHS), the Advanced Technology Microwave Sounder
(ATMS), the Special Sensor Microwave Imager Sounder (SSMIS),
the Global Precipitation Mission’s Microwave Imager (GMI),
the Sondeur Atmosphérique du Profil d’'Humidité Intertropicale
par Radiométrie (SAPHIR), the Microwave Limb Sounder (MLS),
the Micro-Wave Humidity Sounder (MWHS), and the advanced
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microwave imager/sounder (MTVZA-GY-MP). This record will con-
tinue with future sensors, such as the Microwave Imager (MWI),
the Microwave Sounder (MWS), and the Ice Cloud Imager (ICI)
instruments onboard the second generation of European polar
satellite mission (MetOp-SG), planned to measure until 2045.
The 183-GHz line is also exploited in recent missions demon-
strating microwave radiometer observations from centimeter-size
satellites [7,8]. All of the above radiometers measure radiation
intensity at selected frequencies around the center of the 183-GHz
line to infer atmospheric water vapor profiles. Observations at
183 GHz are also widely used to feed state-of-the-art numerical
weather prediction (NWP) models, showing significant impact [9].
As part of their quality control, radiometric observations are often
validated against simulated radiances obtained by processing
thermodynamic profiles from radiosondes or NWP models with a
radiative transfer (RT) model [10,11]. Such a validation is affected
by systematic uncertainty on both the observations and simula-
tions [12], with the RT model contribution estimated to be of the
same order as instrumental accuracy [13]. Reducing the RT uncer-
tainty would allow for better validation and thus use of 183-GHz
global observations. This calls for the continuous refinement of
spectroscopic parameters [14]| and absorption models [15], as well
as the rigorous characterisation of their uncertainties [16].

Thus a thorough individual approach to the study of the line
is required for accurate and comprehensive knowledge of the
line shape, its numerical parameters including intensity, pressure
broadening and shifting parameters, and their speed-dependence
and their temperature behavior. The most complete to date in-
formation on the line parameters is collected in the review pa-
per of Tretyakov [14]. It was noted in Tretyakov [14] that among
collisional parameters, only air-broadening of the line related to
the Voigt, Lorentz or Van Vleck-Weisskopf form factors is known
with uncertainty less than 1%. The less-studied parameters of
the line are pressure shifting and temperature dependence of the
line broadening and shifting parameters. The influence of the ef-
fect of speed-dependence of collisional relaxation rate on the line
shape has never been studied for the 183-GHz line and it is not
taken into account in the models of atmospheric absorption of mi-
crowave radiation. In the infrared, the line shape distortion due to
this effect can reach a few percent of the peak absorption, limiting
the line shape modeling accuracy [17,18].

In the present study, we revise the 183-GHz line shape pa-
rameters in a temperature range relevant to the atmosphere, from
219 to 358 K, using a spectrometer with radio-acoustic detection
of the absorption signal (RAD spectrometer [19]). The signal-to-
noise ratio (SNR) of the recorded spectra was up to 8000, which
allowed accurate measurement of the speed-dependent broaden-
ing and shifting coefficients and their temperature dependences. It
was shown for the first time that the self-shifting parameter of the
183-GHz line changes its sign from negative to positive as temper-
ature increases above 280 K. The experimental study of the line is
complemented by theoretical calculation of its collisional param-
eters by the Modified Complex Robert-Bonamy method [20], per-
formed over the temperature range of 200-3000 K and demon-
strating good agreement with the measured data. Expressions for
modeling of the temperature behavior of the 183-GHz water line-
shape parameters are discussed.

Experimental details are presented in Section 2. Section 3 con-
cerns line shape models used for the spectra analysis and corre-
sponding parameters retrieval. In Section 4 we discuss theoreti-
cal formalism and results of supporting calculations. Section 5 is
devoted to analysis of temperature dependences of obtained pa-
rameters. Evaluation of the impact of the new line parameters on
radiative transfer modeling and water vapor retrievals by use of
ground-based and satellite instruments is given in Section 6. Clos-
ing remarks are collected in Section 7.
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2. Experimental details

The spectrometer with a backward-wave oscillator and a radio-
acoustic detection of absorption was employed. The spectrome-
ter and measurement method is similar to that used in our ear-
lier study of the temperature dependence of line-shape parameters
of oxygen fine-structure lines in the millimeter-wave region [21].
More technical and methodological information can be found in
Refs. [22-24]. Some particular details follow. The compact copper
gas cell (~ 10 cm length, ~ 2 c¢cm diameter) with a sensitive mi-
crophone was permanently connected with the thermostat (model
LOIP FT-311-80, Russia) which provides temperature of a coolant
inside the thermostat in the range from 193 to 373 K, with sta-
bility of +0.1 K around the chosen value. The cell was addition-
ally isolated from the ambient atmosphere by a polyethylene-foam
case. Four copper temperature sensors of +0.5 K stated uncertainty
were mounted on the cell surface. Temperature gradients were es-
timated to be zero at room temperature, increasing up to 0.5 K
at the limits of the operating range. Gas pressure in the cell was
permanently monitored using two pressure gauges: 10-Torr range
(MKS Baratron type 626B) and 100-Torr range (Pfeiffer Baratron
model CCR-362), whose readings coincided within the declared in-
accuracies of 0.25% and 0.2% of reading, respectively. A sample of
natural double-distilled water, degased by freezing and pumping,
was used for the study. The dry air sample was preliminarily pre-
pared as a mixture of high purity (better than 99.99%) gases of ni-
trogen, oxygen and argon in natural abundance, constituting 78%,
21% and 1%, respectively. Temperature stability within +0.5 K of
the whole setup during each experimental day was provided by
the room air conditioning. A short summary of the experimental
conditions is given in Table 1.

The measurement procedure was as follows. The cell tempera-
ture was set and kept constant overnight before the experiment.
Prior to the experiment the cell was pumped down to 10~ Torr
or less by a turbomolecular pump. At a given temperature, spectra
were recorded at 8-10 pressures. In the case of self-broadening, we
started from 0.023 Torr. The maximum pressure value depended
on the water vapor saturation pressure and varied from 0.7 Torr at
358 K down to 0.15 Torr at 238 K. In the case of air-broadening,
the partial pressure of water in the mixture was set from 0.012 to
0.09 Torr. Then foreign gas was gradually added into the cell by
steps of 0.2-0.3 Torr, and the line recording started after achieving
equilibrium, which was controlled by monitoring the time varia-
tion of the line’s peak absorption. The corresponding time was ex-
perimentally estimated to be about 30-60 min depending on the
water content in a mixture. Each spectrum was recorded at 200
frequency points within an interval of about 30 line half-widths
around its center, which allowed accurate line shape analysis and
instrumental baseline determination. To get the “true” line shape,
modulation of radiation power at 80 Hz and synchronous detection
of the signal was used. A typical line recording is shown in Fig. 1.

To improve precision and estimate the statistical uncertainty of
the line shape parameters, several forward and backward spectra
recordings were obtained at each pressure and then analyzed sep-
arately. The line shape distortion due to standing waves in the

Table 1
Summary of the experimental conditions for the self- and air-pressure
broadening study.

Perturber ~ Parameter Parameter range ~ Number of spectra
H,0 Puater, Torr ~ 0.012-0.638 595

T, K 238-358
Air Puater, Torr  0.004-0.089 857

Py, Torr 0.038-1.583

T, K 219-358
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Fig. 1. Typical line recording of the 183-GHz water line at 298 K and 0.29 Torr of
pure water. Zoomed-in 50 times residuals (Exp.-Fit.) for VP and qSDVP models are
shown in the lower part of the figure. The difference between VP residuals (blue
and grey) corresponds to the baseline contribution. Ratio of collisional to Doppler
width I'/T"p is 20. Signal-to-noise ratio of the recording is about 8000 for qSDVP.

spectrometer waveguide path was reduced by averaging line pa-
rameters obtained from the spectra recorded at several different
positions of the cell relative to the radiation source (different in-
terference patterns). This method decreases the precision of the
data, but increases the accuracy due to the effective averaging of
the influence of the standing waves.

3. Line-shape models and spectra analysis

The experimental spectra analysis started with the conventional
Voigt profile (VP) taking into account both Doppler and collisional
broadening. The Doppler half-width at half maximum (HWHM) I'p
at a temperature T was calculated as I'p = 15.472+/T (in MHz, T in
Kelvin) and fixed in the model function. The spectrometer baseline
was modeled by a polynomial function of up to second order in
frequency, depending on pressure and linewidth [22]. The param-
eters of the baseline polynomial were determined together with
the line-shape parameters from the fit of the model function to
the experimental recording. An example of the fit residual for the
Voigt profile is given in Fig. 1. The contribution of the instrumental
baseline is shown in the VP residual, demonstrating its smallness.
The figure also demonstrates that the observed line cannot be re-
produced to within the noise level by the Voigt profile. However,
the Voigt parameters will be presented and discussed here because
they can be directly compared with previous data and used in radi-
ation propagation codes without any modification of the line-shape
function.

Two physical effects related to molecular collisions, namely, ve-
locity changing collisions (Dicke effect) and speed-dependence of
collisional relaxation (SD-effect) are considered to be responsible
for the observed discrepancy from the Voigt shape. However, it
has been shown in our earlier studies for different molecules, such
as OCS [25], CO [26], Hy0 [24], and O, [27], that under condi-
tions of our experiments collisional broadening prevails and the
SD-effect dominates the line shape deviation, while the Dicke ef-
fect makes no noticeable contribution to the shape of the ob-
served lines. Therefore, further data analysis was performed us-
ing the quadratic speed-dependent Voigt profile (qSDVP) in the
Hartmann-Tran implementation [28]. The model takes into account
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speed-dependence of collisional width I'(v) and shift A(v) using
the quadratic law proposed by Rohart et al. [29]:

TW) + iAW) = T +iAg + (T +iA) - [(Z)z_ ;] 1)

where v is the speed and ¥ = ,/2kgT/m is the most probable
speed of an absorbing (active) molecule of mass m. The fit resid-
ual shown in Fig. 1 demonstrates complete correspondence of the
model function to the experimental data.

A line-by-line approach was used for the data analysis, which
implied separate adjustment of each parameter of the line model
at each pressure and temperature. The slight manifestation of the
transition saturation effect by radiation intensity W was taken into
account. The effect causes increasing collisional line half-width
as '(W) = /T (0)2 + v,% (W), where vy is the Rabi frequency and
I'(0) is the half-width of the unsaturated line, linearly depending
on pressure [30]. The radiation intensity is known only approxi-
mately and constitutes about 5-6 mW/cm?2. Moreover, it depends
on the position of the gas cell relative to the radiation source and
slightly varies from day to day. For each series of line broaden-
ing measurements corresponding to some certain position of the
cell the Rabi frequency was used as an adjustable parameter. Typ-
ical values constituted about 0.25-0.3 MHz, which is in agree-
ment with the value 0.26-0.29 MHz calculated as vg =d - E/h [31],
where E is the amplitude of the electric field of the radiation, h
is the Planck constant, and d =0.265 D [32] is the matrix ele-
ment of the dipole moment of the transition. The contribution of
the saturation effect to the line width, retrieved in this way, was
subtracted for proper representation of the collisional broaden-
ing. Typical pressure-dependences of the line parameters obtained
from the fit of a line shape model at three temperatures within
the studied range are presented in Fig. 2. The pressure-normalized
broadening and shifting coefficients (y, § for VP and yy, ¥4, do,
8, for qSDVP) were retrieved by linear approximation of the ex-
perimental points. Their temperature dependence is analyzed in
Section 5.

Fig. 3 demonstrates the large amount of single line recordings
performed in the course of this work for the determination of line
parameters. Each point corresponds to the collisional half-width
I'g(296) of the line retrieved from a spectrum similar to the one
shown in Fig. 1 and plotted versus pressure of perturbing gas. All
data were recalculated to 296 K using the equations discussed in
Section 5. In the case of air broadening, the calculated contribu-
tion of the self-broadening was subtracted from the line width.
The larger spread of points in comparison with a single pressure
ramp experiment (Fig. 2) is due to the influence of the spectrom-
eter baseline (standing waves). For air-broadening additional un-
certainty can be caused by adsorption/desorption processes in the
gas cell. The slopes of the lines fitted to all these data yielded
20.027(12) and 4.033(4) MHz/Torr for the self- and air-broadening,
respectively, in good agreement with corresponding experimental
values reported for 296 K in Section 5.2.

4. Theoretical formalism and computations
4.1. Modified semi-classical Robert-Bonamy theory

The calculations of the half-width and line shift were made
using the complex implementation of the Modified semi-classical
Robert-Bonamy theory [20] and is designated MCRB. In this for-
malism the half-width, I" and line shift, A, for a ro-vibrational
transition f < i of active molecule can be written in terms of the
collisional cross-sections og, and oy;,:

(T (V) = 1A Vo) s = 5= Vret (O = i01m) 2)
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Fig. 2. Dependence of collisional half-width (upper panels), speed-dependence I', parameter (middle panels) and line center position (lower panels) on pressure of water
(left) and air (right) at three temperatures (shown near the corresponding lines). Error bars correspond to +3¢ uncertainty determined from the line-shape fitting. Dashed
lines in the upper panels correspond to the VP parameter I', solid lines to the qSDVP parameter I'y. The contribution of self-broadening and self-shifting was subtracted
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Fig. 3. Collisional half-width I'y(296) as a function of pressure of perturbing gas.
Points (crosses) are data obtained from all recorded spectra recalculated to 296 K
using the power law (8) and parameters from Table 5. Lines are the result of lin-
ear regression of experimental points. Uncertainties are not displayed for figure
clarity.

where p is the number density of the perturbers (collision partner
of active molecule), and v,,; is the mean relative thermal velocity.
The collisional cross-sections are given by

ORe — 101 = /OO 27Tb[1 — e KSiHIm(S2))y e‘<RE<52))fz]db (3)
0

where <>, is an average over the states of the perturber, and b
is the impact parameter. The first and second order terms in the
successive expansion of the Liouville scattering matrix, S; and S,,
depend on the ro-vibrational states of the transition, the associated
collisionally-induced jumps from these states, on the intermolecu-
lar potential, and the characteristics of the collision dynamics. The
formalism has been described in a number of publications [33-
35] and only a summary is presented here. Interested readers can
refer to the original articles.

The MCRB formalism is a semi-classical method to determine
the line shape parameters. Semi-classical designates that the inter-
nal structure of the colliding molecules is treated via quantum me-
chanics and the dynamics of the collision process are determined
via classical mechanics. Thus, in an optical transition from initial to
final state, the active molecule will undergo collisions with the per-
turbing (bath) molecules, for which the trajectories of motion are
determined using Hamilton’s equations. In these collisions, the ini-
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tial and final states of the active (radiating) molecule, i and f, and
perturbing molecule, J,, will undergo collisionally induced transi-
tions to states i’, f’, J; interrupting the radiation and causing col-
lisional broadening. The states i’ and f” are called the collisionally
connected states of the radiator and the states J, and J/, are called
the collisionally connected states of the perturber. These collision-
ally induced transitions are given by selection rules determined
by the wavefunctions and the intermolecular potential. Given the
large number of terms in the intermolecular potential used in this
work, there are many states, i’ or f’ or J;, that are possible. The
quantum mechanical components of the calculation are the ener-
gies of the states involved in the collisionally induced transitions
and the wavefunctions for these states, which are used to deter-
mine the probability of a collisionally induced transition for the
radiator and perturber molecules. This probability is given by a re-
duced matrix element [33,36,37].

In the MCRB formalism the intermolecular potential consists of
complex-valued electrostatic, atom-atom, induction, and London
dispersion terms [38]. The electrostatic and atom-atom compo-
nents are effective at intermediate and close internuclear sepa-
rations, respectively. The induction, and London dispersion terms
(the S; term) are important for determining the line shift but also
have a noticeable contribution to the half-width. The electrostatic,
induction, and dispersion terms are given by functional forms with
numerical scaling factors given in terms of molecular constants
such as dipole and quadrupole moments, polarizabilities, ionization
potentials, etc. The main uncertainties lie in the vibrational depen-
dence of the dipole moment (induction) and polarizability (disper-
sion) and in the parameters of the atom-atom potential. However,
for water vapor, the parameters for the vibrational dependence
of the dipole moment [39] and polarizability [40] are known and
used in this work. What remains is to determine a reasonable
set of atom-atom constants.

Gamache and Fischer [41] have shown that for some colli-
sion systems a relatively small adjustment in the atom-atom pa-
rameters can lead to much improved agreement with measure-
ment. There are a number of combination rule methods that have
been proposed to determine heteronuclear potential parameters
on the basis of homonuclear parameters of Lennard-Jones poten-
tial ([42,43] and references therein). Using the different combi-
nation rules leads to some differences in the derived ¢;; values
greater than 1900% with many values different by several hun-
dred percent and differences in the derived oj; values greater
than 35% (¢;; and oj; are the Lennard-Jones (6-12) parameters for
the atomic pairs, indices i and j here designate for atoms of ac-
tive and perturbing molecule respectively). It has been found that
a reliable, though time consuming, method to adjust the atom-
atom parameters is to choose extremely reliable measurements
for the collision system in question and adjust the intermolec-
ular potential to reproduce these values. Applying this method
has resulted in MCRB calculations showing agreement with mea-
surement to ~ 0.2% difference and ~ 2% standard deviation for
CO, [44-46] and ~ 0.2% difference and ~ 5% standard deviation
for H,0 [33,34].

The collision systems studied are H,0-H,0, H,0-N,, H,0-0,,
and from the H,O0-N, and H,0-0, results the data for H,O-air
are determined. For the calculations, the atom-atom expansion
is mapped from the atom-atom distances r;; to the center of
mass separation, R, using the expansion of Sack [47]. The ex-
pansion was carried out to 20th order and rank 4, 4 for the
H,0-N, and H,0-0, collision systems (see [44] for details on
this expansion) and to 8th order and rank 2, 2 for the H,0-
H,0 collision system. The parameters describing the electrostatic,
induction, and London dispersion potentials (dipole moment,
quadrupole moments, polarizabilities and ionization potentials) are
given in Table 2.
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Table 2
The molecular parameters used in the MCRB calculations.
Molecule Parameter Reference
H,0 u=185x 1078 esu [39]
Qu =—0.13 x 10726 esu [48]
Qyy = —2.50 x 1026 esu
Q, =2.63 x 10726 esu
Ip=12.6 eV [49]
N, Qz=-14x 10% esu [50]
a=17.4x 1072 cm3 [51]
Ip = 15.576 eV [52]
0, Qz=-14x 10°% esu [53]
o =188 x 107% cm? [51]
Ip = 12.063 eV [49]
Table 3

Measured parameters of the 183- and 380-GHz lines of the H,O molecule at 296 K
used for the potential adjustments.

Parameter, MHz/Torr 0, N,
183 380 183 380
y 2.610(11) 2.403(24) 4.288(16) 4.206(25)
$ —0.093(4) —0.081(1) —0.090(2) —0.104(1)
Table 4

MCRB Half-widths and line shifts in MHz/Torr for 183-GHz transition self- and air-
broadened at the 13 temperatures of the study.

T(K) H,0-H,0 H,0-air
Y 3 y 8

200 26.98 -3.210 5.453 -0.2104
225 24.39 —2.348 4.962 —0.1969
275 20.57 -1.221 4.240 —0.1465
296 19.34 —0.905 4.007 —0.1303
350 16.81 -0.3510 3.528 —0.0989
500 12.51 0.2481 2.704 —0.0554
700 9.509 0.3983 2.110 —0.0359
1000 7.144 0.3836 1.625 —0.0264
1250 5.986 0.3432 1.380 —0.0226
1500 5.181 0.3050 1.206 -0.0198
2000 4.126 0.2446 0.9734 —0.0155
2500 3.467 0.2017 0.8262 —0.0123
3000 3.021 0.1704 0.7253 —0.0099

In the calculations, the reduced matrix elements for the colli-
sionally induced transitions were determined using ab initio wave-
functions as described in Lamouroux et al. [36].

Generally, the atom-atom part of the intermolecular potential
needs to be adjusted to obtain very good agreement with mea-
surement. Beginning with the combination rules of Hirschfelder
et al. [54] the starting atom-atom parameters are determined
(called potential 0 or pot00) and the potential is adjusted to repro-
duce high quality measured values. For the H,0-N; collision sys-
tem the potential of Vispoel et al. [34] pot24 was taken for the
MCRB calculations. For the H,0-0, collision system, calculations
began using the pot00 potential and the atom-atom coefficients ad-
justed to reproduce results for the 183- and 380-GHz water lines
(Table 3) reported in Koshelev et al. [55], which are in a good
agreement with previous measurements [56,57] but have smaller
uncertainty.

The final potential was pot89. For the H,0-H,0 collision system
the effect of the atom-atom potential is weak (this collision system
has a strong electrostatic component that dominates) so the pot00
potential was chosen.

Once the potentials were chosen for each collision system, cal-
culations for the line under consideration can be made at any tem-
perature. The MCRB calculations were made for 13 temperatures
between 200 and 3000 K. These data are presented in Table 4.
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From these data the temperature dependence of the half-width
and line shift can be determined.

4.2. Calculated speed-dependence of the collisional parameters

The speed-dependence of the half-width and line shift
in the Hartman-Tran profile is given by quadratic speed-
dependence [28,29] model (Eq. (1)). The MCRB calculations can be
used to predict the speed-dependences of the collision parameters.

The collisional cross-sections were evaluated at 35 relative ve-
locity values approximately from 400 to 8000 m/s. The broadening
and shifting versus the speed of the active molecule were then ob-
tained from a Maxwell-Boltzmann average over the perturber ve-
locity [18,58-61]

n 12 [ d
J/(V)-H (U) - 5%/0 Urel[y(vrel)

202
. Vrel . [2Wre | - "t
+18(um,)]7$mh | 7

(4)

where ¥ is the most probable speed of perturber molecule. Ob-
tained values of y(v) and §(v) (recall that y(v) =T (v)/P and
8(v) = A(v)/P) are used for fits of Eq. (1) to determine yg, ¥5, 8o,
and §,. A least-squares fitting procedure was employed, weighted
by the Maxwell-Boltzmann distribution of speeds. Results for
296 K are shown in Fig. 4 as typical example. From these data,
the temperature dependence of SD parameters can be determined.
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5. Temperature dependence of line parameters
5.1. Modeling

A rigorous derivation of the temperature dependence of the
half-width and the line shift, even if the latter changes sign, was
suggested by Gamache and Vispoel [62]

KT +IAM) =Y oI +iy 4T (5)

where T is a unitless temperature given in terms of a reference
temperature, T = Tres/T, Ny and N; are the number of terms in the
power series used to fit the collisional cross-sections. In practice
it is found that only two terms are necessary to fit the half-width
and line shift over large temperature ranges (thousands of Kelvin)
yielding what has been termed the double power law (DPL) ex-
pressions

C(T) =, T™ + ¢, T™ (6)
and
A(T) = dT® + d, T (7)

This model has been adopted by the HITRAN database [63].
However, it will be some time before the entire database will be
populated with the DPL parameters.

What has been used to date is the standard power law (PL)

Ter \ ™
X(T) =X<T,ef><;if) , ®)

where X is the modeled parameter, T, is usually taken as the
HITRAN reference of 296 K, and ny is the temperature expo-
nent. Note that ny is the only one empirical parameter of the
model (8) to describe the temperature dependence. In case of
pressure-broadening, y for VP and y, for qSDVP, the power law
has been widely used in experimental and theoretical studies and
in spectroscopic databases. In most cases corresponding to narrow
temperature intervals (up to 50-100 K), the power law demon-
strates good agreement with the experimental data, but the value
of n, can depend on the temperature range used for the data
analysis and the extrapolation properties of the power law can be
rather poor (see [62] for details).

The situation is more ambiguous for the temperature depen-
dence of the pressure shift. Similar to pressure broadening, the
power law can be used for the line-shift parameter, § for VP or
8o for gSDVP, in narrow temperature intervals if the line shift does
not change sign. To estimate ng, Pickett [58] derived the follow-
ing relation between the shifting and broadening PL temperature
exponents:

ns = 1.5n, +0.25 (9)

The change of the sign of the pressure shift with tempera-
ture was predicted by theory [62,64] and observed in experi-
ments [65,66]. In such cases PL is not applicable. To solve this
problem, Frost [64] suggested the more complicated formula (two
empirical parameters):

/ Tref " T
8(T)=56 |:Ti| -(1+A-lrl(,rref)>, (10)

where §’ = 8(Tref), né and A are adjustable parameters. When A
= 0, Frost’s formula becomes the power law. Several experimental
studies, e.g., Smith et al. [67], Wilzewski et al. [68] demonstrated a
linear dependence:

8(T)=8’+8”~(T—Tref) (11)
and, rarely, a quadratic polynomial behavior [65]:
S(T) :8/""8//'(T_Tref)'i'(sw'(T_Tref)2 (12)
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Table 5
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Fitted empirical coefficients of model functions, describing temperature dependence of the line shape param-
eters of the 183-GHz water line relative to T,.; = 296 K for the regular Voigt profile. Errors in parenthesis are
the fit uncertainties. Parameters in bold are the ones recommended for their use in radiative transfer modeling.

Line shape parameter Fitted coefficients H,0 Air
Coeff.  Units Meas. Calc. Meas. Calc.
1% Eq. (8) y' MHz/Torr  19.746(22)  19.336 3.945(6) 4.007
n, unitless 0.831(9) 0.823 0.632(11) 0.750
Eq. (6) c MHz/Torr - 15.53 - 0.04578
n unitless - 0.7384 - 3.386
C MHz/Torr - 3.802 - 3.961
n, unitless - 1.260 - 0.7333
8 Eq. (10) 8 MHz/Torr  0.145(7) -1.272  -0.0965(10) -0.1352
A unitless 1.25(22) 1.219 1.850(73) 1.136
A unitless 17.26(96) -1458 0O 0
Eq. (7) d; MHz/Torr - -8533 - -0.1224
q1 unitless - 1.428 - 1.581
dy MHz/Torr - 84.44 - —6.062-103
qz unitless - 1.398 - —0.1669
* Coefficients were fixed to zero value in the fit.
Table 6
Same as Table 5 but for the speed-dependent Voigt profile.
Line shape parameter Fitted coefficients H,0 Air
Coeff.  Units Meas. Calc. Meas. Calc.
Yo Eq. (8) v MHz/Torr  20.013(19) 18.812 4.044(7) 3.880
My, unitless 0.821(8) 0.788 0.617(11) 0.714
Eq. (6) o MHz/Torr - 18.955 - 4113
n unitless - 0.800 - 0.6763
C MHz/Torr - —0.059 - —0.226
ny unitless - 5.18 - 0.1742
V2 Eq. (8) Vs MHz/Torr  1.946(23) 1.9216 0.543(4) 0.508
ny, unitless 0.571(95) 0.8241 0.412(55) 0.659
Eq. (6) c1 MHz/Torr - 1.923 - 0.5013
n unitless - 0.8251 - 0.6418
C MHz/Torr - -0.001 - 0.0033
n, unitless - 3.22 - 4.480
8o Eq. (10) 8 MHz/Torr  0.181(16) -0.785  —0.099(2) -0.133
ng, unitless 0.98(44) 1.368 1.82(12) 1.456
A unitless 12.57(121)  -3.035 0 0"
Eq. (7) dq MHz/Torr - -11.57 - -0.1314
a1 unitless - 1.48 - 1.509
d; MHz/Torr - 10.79 - —-0.00026
qz unitless - 1.26 - -2.21
8 Eq. (8) 8 MHz/Torr  0.21(11)** 0.130* —0.021(38)** —-0.0238
ng, unitless 0 0 0 1.752
Eq. (7) dq MHz[Torr - -0.190 - —-0.02528
Q1 unitless - 2.72 - 1.582
d; MHz/Torr - 0.335 - 0.00071
qQ2 unitless - 1.67 - —0.949

* Coefficients were fixed to zero value in the fit.

** Mean value within experimental temperature range.

of the pressure shift on temperature. Here 8’ = §(T,y), §” and
8" are two adjustable empirical parameters. Note that the double
power law (Eqgs. (6) and (7)) employs four adjustable (and strongly
correlated) parameters.

The HITRAN database [63] currently uses the power law (8) for
the line broadening and the linear law (11) for the line shifting,
although there are few values on the database using the linear law.

Concerning the temperature dependence of the SD param-
eters y, and §,, the power law was used in several studies
(e.g., Wilzewski et al. [68], Cich et al. [69], Goldenstein and Han-
son [70]) and it was found to be well suited within the experimen-
tal uncertainties to measured ), but not always to &, [69]. Recent
work [71] shows that the DPL gives a better representation of the
temperature dependence of the SD parameters.

The operating temperature range of our experimental data is
too narrow for unambiguous determination of the DPL parameters.
Moreover, the spread of experimental values for y, and §, makes
this task meaningless. So we use the DPL representation only for

the theoretical data. The latter allows us to demonstrate the ex-
pected temperature dependence of the line shape parameters in a
much wider range than is available for experimental studies.

5.2. Experimental and theoretical results

Tables 5 and 6 contain the coefficients of Eqs. (6)-(12) fitted
to the experimental and calculated temperature dependencies of
the line shape parameters for the self- and air-broadened 183-GHz
water line for regular- and speed dependent Voigt profiles, respec-
tively. Data obtained on the line broadening and shifting are dis-
cussed in comparison with each other and with previously known
data in the two following subsections.

Pressure-broadening
Self- and air-broadening parameters of the 183-GHz line ob-
tained from the fit of the Voigt profile to observed spectra and
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approximated by the power law function (8) are shown in Fig. 5
in comparison with previously reported experimental data [72,73].
Fig. 6 compares the measured and calculated parameters of this
study in a broad temperature range. The relative difference be-
tween MCRB and measured y(296) is 1.6 and 2.1 % for air- and
self- broadening, respectively.

Table 7 presents a comparison of the 183-GHz line pressure-
broadening parameters and their temperature behavior with the
earlier experimental studies [56,72-74]. One should note that only
VP values are available in the literature and have been consid-
ered for comparison. Experimental data from the paper of Bauer
et al. [72] for both perturbers demonstrate some difference from
our results (Fig. 5). In the case of self-broadening, the value of
Yself (296) from [72] is almost 2% higher than our result, but the
temperature exponent ny, . is in agreement with our value within
experimental uncertainties. For air-broadening the situation is the
opposite: our value of y,;(296) is more than 4% higher than that
from [72]; however, the temperature exponents n,, are again in

agreement. However, for both self- and air-broadening parameters,
our results and those of [72] can be considered consistent within
the three-fold quoted uncertainties. Another experimental n,, ob-
tained by Goyette and De Lucia [73] from data in the wide tem-
perature range 144-597 K, is about 20% higher than our value,
while y,;(296) coincides with our value within the experimental
errors. The discrepancy between the pressure broadening parame-
ters and temperature exponents obtained in different studies can
only be explained by unknown systematic errors of the techniques
and methods of measurement.

The temperature exponent, 1y, , from the PL fit to the MCRB
calculations is 0.750 compared with the value of 0.632 from the
measurements presented here. The theoretical value is closer to
those of Goyette et al [73] and Payne et al [74]. For self-broadening
the theoretical value of ny_, . is 0.823, less than 1% smaller than
measured in the present work. Note that the DPL and PL fit results
for the calculated half-width coincide with each other in Fig. 6 up
to the thickness of the line, suggesting that the power law is suit-
able for the 183-GHz line pressure broadening in a broad temper-
ature range.

A comprehensive compilation of the y,;-(296) and y(296)
of the 183-GHz water line according to the results of various
studies is presented in Tretyakov [14]. To avoid repetition of this
analysis we compare our results only with the best estimated
values y;;(296) = 3.926(20) MHz/Torr and yq;(296) = 19.7(5)
MHz/Torr (see [14] for details). Our values in Table 7 are in ex-
cellent agreement with the values recommended in Tretyakov [14],
indicating the reliability of our present results.

Pressure-shift

Temperature dependence of the measured self- and air-shift pa-
rameters of the 183-GHz water line are presented in Fig. 7. It was
found for the first time that the self-shift parameter of the line
changes sign at about 280 K from negative to positive as temper-
ature increases. The air-shift remains negative in the studied tem-
perature range.

The measured and MCRB calculated values of the line shift can
be compared in Fig. 8. It is remarkable that the theoretical and ex-
perimental data demonstrate similar temperature dependence for
both pertubers. The calculated self-shift also changes its sign but
at a somewhat higher temperature of about 420 K. Comparing the
measured and MCRB §(296) values gives differences of —0.034 and
—1.05 MHz/Torr for air- and self- broadening respectively, which
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Table 7
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Comparison of the measured self- and air-broadening parameters, ¥ (296) and y,;(296), and their PL temperature exponents

Ny,,, and n,, with earlier results.

Parameter This study Previous study Difference
Absolute? Relative®
Vself (296), MHz/[Torr 19.746(22) 20.11(8) [72] -0.364 -1.8
19.72(4)° [56] 0.026 0.13
Nyr 0.831(9) 0.85(5) [72] -0.019 -23
Yair (296), MHz[Torr 3.945(6) 3.78(6) [72] 0.165 4.1
3.815(7)<,9 [56] 0.130 33
3.93(14) [73] 0.015 0.4
3.99 [74] —0.045 -1.1
Ny, 0.632 0.64(10) [72] —0.008 -1.3
0.76(3) [73] -0.128 -20.2
0.769 [74] -0.137 -21.7

2 Absolute difference was calculated as (This study - Previous study).
b Relative difference in % was calculated as ((This study - Previous study)/This study)-100.
¢ Recalculated to 296 K using power law and coefficients from Table 5.

4 Calculated as yg; = 0.78yn, 4+ 0.21y0, +0.01y4,.
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Fig. 7. Measured temperature dependence of the self-shift (upper panel) and air-
shift (lower panel) parameters of the 183-GHz line obtained from fitting the Voigt
profile. Experimental data of the present study are shown by diamonds. Solid red
lines are results of the fit of Frost's formula (10) to the data; solid black and dashed
grey lines demonstrate the power law with ng fitted and calculated by means of
Pickett’s formula (9), respectively. Error bars correspond to +30 uncertainty deter-
mined from the line-shape fitting.

can be considered good agreement (especially for air- broadening)
taking into account the smallness of the effect and the complexity
of the line shifting phenomenon for theoretical calculations.

The data on the self-shift cannot be reproduced by the power
law Eq. (8) with the use of P either calculated by Pickett’s

formula (9) from the experimental ny_, s or fitted. Frost’s formula
(10) fits well the experimental dependences (Fig. 8). Moreover, for
the self-shift both formulae demonstrate reasonable extrapolation
ability beyond the range of measurements (Fig. 8, upper panel).

Our data on measured self-shift validate both of the experimen-
tal results known from the literature. The first one was obtained by
Bauer et al. [72] in the temperature range 300-390 K. Where (we
quote) “attempts were made to measure the very small pressure-
shift of the 183 GHz pure water vapor line. The line-shift was de-
termined to be positive and smaller than +0.7 MHz/Torr.” The sec-
ond value of +0.23(3) MHz/Torr reported by Golubiatnikov [56] for
300 K (and used as the suggested value in Tretyakov [14]) agrees
with our data within 2o.

In contrast with the self-shift, the relationships (8)-(12) re-
produce well the observed air-shifting temperature dependence,
with comparable accuracy. The difference between the fit qual-
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Fig. 8. Broad band temperature dependence of the 183-GHz line shifts for H,O-
H,O0 (upper panel) and H,0-air (lower panel). Shown are the measured (blue
crosses) and the calculated (red circles) values, the double power law fits (red solid
curves) for calculated data, and Eq. (10) fits (blue dashed lines) for experimental
data.

ity (standard deviation of exp.-calc.) of the worst and the best
fitted models is only 35%. Note that the power law with the
temperature exponent ns = 1.2, calculated by means of Pickett’s
formula (9) from the experimental ny, , and fitted &4 (296) =
—0.100(1) MHz/Torr suits the experimental points on the temper-
ature dependence of the air-shift. Frost’s formula demonstrated the
best fit quality.

An excellent agreement can be noted between the air-pressure
shift values measured in this work and suggested in Tretyakov
[14] (—0.0965(10) vs. —0.096(10) MHz/Torr, respectively) on the ba-
sis of the data from [56].

Speed-dependence of pressure-broadening and pressure-shift

The SD broadening yo(T) and shifting 6o(T) should be only
slightly different from y(T) and &(T) because of relative weak-
ness of the effect. Indeed, the measured y, (as expected from
previous experimental studies) is higher than y by about 1.3%
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for self-broadening and 1.5% for air-broadening. Their temperature
exponents coincide within the experimental uncertainties. The
corresponding differences between MCRB values are —-2.3 and
—3% for self- and air-broadening, respectively. (The opposite sign
of the difference is probably related to the fact that y calculated
by Eq. (2) is for molecules moving with the mean relative thermal
velocity, whereas y obtained from fitting the Voigt profile to the
observed spectrum is just an ad hoc parameter, which inherently
takes into account the velocity distribution.) The calculated value
of ny, is smaller than n, by about 4.5% for both perturbers. The
measured §, values are also somewhat higher than & for both
perturbers, although these parameters as well as their temperature
dependences coincide with each other within one and two o for
air- and self-broadening, respectively. The calculated values of
8o have slightly faster temperature dependence and are smaller
than § by about 1.6 and 38% for air- and self-pressure broadening
respectively. We believe that such different behavior of the line
shift from the measured data is due to the same reason mentioned
above for the line broadening.

The measured dependencies of the speed-dependent broaden-
ing ), and shifting 8, parameters versus temperature are shown
in Fig. 9. It might be expected [75,76] that ), has the same
temperature dependence as speed-averaged broadening y,. How-
ever, the PL function (8) fitted to our results demonstrates that n,,
is almost 30% smaller than ny, for both self- and air-broadening,
which is in general agreement with other studies (e.g., [68]). The
mean temperature-independent values y{?:l;’” =1.97(18) MHz/Torr
and y2"a’§“" =0.551(43) MHz/Torr can be used as a less-accurate
experimental estimate of the SD effect.

For SD shifts 82591 ; and dp,, only mean values can be deter-
mined from the experimental data (Table 6), and used for model-
ing the SD effect within the temperature interval under considera-
tion.

The SD parameters ), and §,, calculated in a broad tempera-
ture range, are shown in Fig. 10 in comparison with the discussed
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Fig. 10. Measured (crosses) and calculated (circles) parameters of the speed-
dependence, y; (top panel) and §, (bottom panel) for the 183-GHz line in air (blue
color) and in water vapor (red color) versus temperature. The power-law and the
double-power-law fits are shown by solid and dashed curves, respectively. Fits of
PL to experimental data are shown in black for clarity.

experimental data. The agreement between calculated and mea-
sured data within experimental uncertainty is prominent. Calcu-
lations show that n,, is very close to ny, for both self- and air-
broadening. The same can be stated for ng, in the case of air-
pressure shifting. For the self-shifting the temperature dependence
of §, is more complicated. The DPL model fits the calculated data
better than the PL model but it is certainly ambiguous for fitting
noisy experimental data (Fig. 10).

In spite of some difference between the measured and cal-
culated values, we believe that good general agreement between
measured and calculated SD parameters can be stated, taking into
account the smallness of the SD effect, the complexity of its the-
oretical calculation and imperfection of its representation by the
quadratic model (Fig. 4). Bearing in mind deviation between MCRB
and measured line shift values and taking into account known dif-
ficulties in calculating this effect we would like to emphasize the
importance of accurate laboratory measurements of this parameter
for atmospheric applications.

6. Impact on radiative transfer modeling and water vapor
retrievals

This section reports the impact of the updated spectroscopic
parameter values on radiative-transfer calculations and atmo-
spheric water-vapor retrievals. In fact, line shape and the asso-
ciated spectroscopic parameters are at the core of atmospheric-
absorption and radiative-transfer models. Radiative-transfer mod-
els are extensively used to simulate passive remote-sensing ob-
servations. Simulations are used for a variety of applications, in-
cluding the validation of real observations and the solution of the
inverse problem, i.e., the retrieval of atmospheric variables from
radiometric observations. In particular, the shape and the associ-
ated spectroscopic parameters of the 183-GHz water-vapor line af-
fect the simulated radiometric observations in a wide frequency
range and consequently the retrievals of atmospheric water-vapor
profiles requiring radiative-transfer calculations. In the following,
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Fig. 12. Same as in Fig. 11 but for top-of-atmosphere upwelling T,

radiative-transfer calculations are based on the line-by-line mi-
crowave radiative-transfer routines available from [77]. Using the
same radiative-transfer code, three different absorption models are
implemented to quantify the impact of the parameterisation re-
ported here:

- A) the reference implementation assumes the standard Van
Vleck and Weisskopf (VVW) line shape [78] with the set of pa-
rameters given in Tretyakov [14]. Note that the VVW line shape
is used instead of the Voigt profile because Doppler broaden-
ing of the line can be neglected at the relatively high pressures
typical of the Earth’s lower atmosphere;

- B) the updated VVW implementation assumes the same line
shape as the reference, but with the set of measured param-
eters proposed in this work (Table 5, Voigt profile);

- () this implementation assumes the quadratic speed-dependent
VVW profile (qSDVVW) with the set of measured parameters
reported in this work (Table 6, speed-dependent Voigt pro-
file). Note that the qSDVVW includes both the positive- and
negative- frequency resonances and takes into account fre-
quency dependence of the radiation term [15], whereas qSDVP
includes only the positive-frequency resonance and neglects the
impact of the radiation term.

1

The software used in Rosenkranz and Cimini [15] was mod-
ified to incorporate Eq. (10) for the temperature dependence
of line shift. We use the recommended parameter values high-
lighted in bold in Tables 5 and 6, except that for y,, we used
the mean values shown in Fig. 9, considering that our purpose
is to illustrate the approximate size of their effect. The water-
vapor continuum coefficients were then readjusted to compen-
sate for the changes in line parameters, as discussed in Cimini
et al. [16].

Both up- and down-looking observing geometries are con-
sidered to address typical ground-based, airborne, and satellite
applications. Fig. 11 shows bottom-of-atmosphere downwelling
brightness temperature (T,) differences obtained processing the
same atmospheric temperature and water-vapor profile with
two of the absorption-model implementations, A and B (i.e. ref-
erence and updated VVW line shape parameters, respectively).
The T, difference AT, is computed for six typical atmospheric
climatology conditions (tropical, midlatitude summer, midlatitude
winter, subarctic summer, subarctic winter, US standard). Simi-
larly, Fig. 12 shows top-of-atmosphere upwelling T, differences
for the same two model implementations, A and B. For both
bottom-of-atmosphere and top-of-atmosphere simulations, the
impact is minimum for tropical (warm and humid) conditions
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Fig. 13. Difference between simulated bottom-of-atmosphere downwelling T, obtained using the qSDVVW and the VVW line shapes with the parameters proposed here
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Fig. 15. Water vapor mixing ratio retrieval impact of qSDVVW vs. VVW for downwelling T, around 183 GHz. Left: AWV (g/kg). Right: AWV/WV (%).

and maximum

for subarctic winter (cold and dry) conditions.

tation B) is shown in Figs. 13 and 14, respectively for bottom-

The maximum impact is reached around 195 GHz, ~ 1.8% for

bottom-of-atmosphere T;,, while < 0.4% for top-of-atmosphere Tj,.
The effect of the qSDVVW with respect to the VVW (with pa-

rameters as in Table 5, i.e. implementation C minus implemen-

12

of-atmosphere downwelling and top-of-atmosphere upwelling T,,.
Here, T, differences are nearly symmetrical with respect to the line
center. Again, the impact is minimum for tropical and maximum
for subarctic winter conditions. The maximum impact is reached
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around 172 and 193 GHz, ~ 0.6% for bottom-of-atmosphere T,
while < 0.14% for top-of-atmosphere T;.

To quantify the impact of line model and updated param-
eterisation on atmospheric water vapor retrievals, a simple in-
verse method is implemented here, exploiting linear regression.
The method is similar to that used in Rosenkranz and Cimini
[15] and Cimini et al. [16]. A dataset of diverse atmospheric pro-
files [79,80] is processed to produce simulated T}, (using B, i.e. VVW
line shape with Voigt profile parameters from Table 5) at channels
typically exploited for water vapor retrievals from ground-based
(GVRP [2,81]) and satellite (ATMS [82,83]) observations. The water
vapor profiles from the diverse dataset and the corresponding sim-
ulated T, are used to train the regression coefficients. Water vapor
profiles are then retrieved by feeding the regression matrix with
the T, simulated with either implementation B (VVW) or C (qS-
DVVW). The difference between the water profiles retrieved from
B and C shows the impact of gSDVVW versus VVW on water vapor
retrievals, i.e. the additional error one would have to accept when
neglecting the speed-dependent effect on line shape.

Such an impact is shown in Figs. 15 and 16 for ground-based
and satellite-based retrievals, respectively. Percentage differences
are up to 2.0% for ground-based retrievals, while up to 1.5% for
satellite retrievals. These percentages are larger than the percent-
age change in T,, which reflects amplification of relative error as
a consequence of reconstruction of the vertical profile from the
spectrum. Note that the sign depends on climatology and viewing
geometry: the difference in warmer/moister environments tends
to be positive for the ground-based retrievals while negative for
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satellite retrievals. The opposite seems true for colder/drier envi-
ronments, although less clear.

The uncertainty of the measured spectroscopic parameters re-
ported in Table 6 can be propagated through the radiative-transfer
calculations, following the approach described in Cimini et al. [16].
The full covariance matrix has been estimated in order to take into
account the correlation between spectroscopic parameters. Calling
Kp the Jacobian of the radiative transfer model with respect to each
parameter (i.e. the matrix of partial derivatives of model output
with respect to model parameters p), and Cov(p) the covariance
matrix of parameter uncertainty, the covariance matrix of T,
uncertainties due to absorption-model parameters is computed as:
Cov(T,) = K,Cov(p)K} (13)
where T indicates the matrix transpose. Fig. 17 shows the T,
uncertainty due to uncertainties in SD parameters, in terms of the
square root of the diagonal terms of Cov(T,) for both vertically
downwelling and upwelling geometry.

The two panels of Fig. 17 show that the contribution of SD pa-
rameters to the T, uncertainty is fairly small, indicatively lower
than a tenth of a Kelvin throughout the frequency range and at-
mospheric conditions for both downwelling and upwelling Tj,. Con-
versely, other spectroscopic parameters, in particular those related
to water-vapor (WV) continuum and 183-GHz line intensity, con-
tribute more substantially to the uncertainty of T, simulations. To
demonstrate this, we performed a sensitivity study, as described in
Cimini et al. [16], and selected the five most relevant parameters
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been used to compute K. Left: Vertically downwelling T,,. Right: Vertically upwelling T,,.

to be considered for computing the uncertainty impact. The result-
ing five parameters are: WV continuum self- (Cs) and foreign- (Cy)
pressure induced coefficients and their temperature-dependence
exponents (ng,, ncf), and line integrated intensity (S;). The full co-
variance matrix for these parameters has been estimated follow-
ing [16], and the corresponding covariance matrix of T, uncertain-
ties was computed. The T, uncertainty due to uncertainties in the
above five parameters is reported in Fig. 18, similarly to Fig. 17.

It is evident that the uncertainty contribution of the continuum
and line intensity parameters largely exceeds that of SD parame-
ters, especially on the line wings.

7. Discussion and conclusions

As follows from the previous section, further improvement in
the accuracy of atmospheric water-vapor retrieval will require re-
vision of the line intensity and the water-vapor continuum. Ex-
perimental refinement of the corresponding parameters is feasible.
That assumes the use of a cavity ring-down spectrometer (CRDS)
or resonator spectrometer, since only such types of instruments
can measure an absorption coefficient with the necessary accuracy.
For example, Fleisher et al. [84]| reports CRDS measurements of
CO,, line intensity in the infrared range with unprecedented uncer-
tainty of 0.06%. The main difficulty of a similar study of the 183-
GHz H,0 line is a strong correlation between line intensity and
coefficients of the underlying continuum, if these parameters are
retrieved from fitting the model to the total observed absorption.
Moreover, the continuum spectrum is not smooth in the vicinity of
the line due to water-dimer rotational structure (see from [24] and
references therein) which limits the signal-to-noise ratio and wors-
ens the accuracy of the line parameters’ retrieval. To avoid these
problems, the line-profile recordings should be performed at pres-
sures such that the continuum absorption is negligible. This range
of pressures is usually not used in the microwave range, because
it requires mechanical adjustment of the cavity length at each fre-
quency step, which leads to significant complication in the spec-
trometer construction and measurement method. The problem can
be resolved if the line’s integrated intensity becomes available
from ab initio calculations with sub-percent uncertainty. Such cal-
culations seem feasible (see, e.g. [85]). The line intensity obtained
from such calculations would allow removing the line profile from
the observed spectrum and refining the continuum parameters.

In conclusion let us highlight the main findings of this work.
We performed a state-of-the-art experimental and theoretical
study of collisional parameters of one of the two most important
microwave diagnostic lines used in remote sensing of atmospheric
water vapor. The measurements thus obtained are in good agree-
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ment with previously known values, but have smaller uncertainty.
The data include the first measurement of speed-dependent colli-
sional broadening and shifting of the 183-GHz line for both self-
and air-broadening in the temperature range from about 220 to
360 K. Supporting calculations of the line parameters using the
MCRB approach were performed for temperatures ranging from
200 to 3000 K. There is very good general agreement between
measured and calculated broadening parameters and their temper-
ature dependencies, but the study revealed difficulties in accurate
calculations of line shifting, although its temperature dependence
is reproduced rather well. The agreement between calculated and
measured shifts is better for the H,0-air collision system than for
H,0-H,0, which is probably due to a much more complex interac-
tion potential in the latter case. In contrast to the line shift value,
the calculations reproduce very well the impact of the SD effect.
The agreement within measurement uncertainty between mea-
sured and calculated parameters ), and J, for both air- and self-
broadening, including their temperature dependence, confirms the
capability of quantitative theoretical evaluation of this weak colli-
sional effect. The impact of the updated spectroscopic parameters
on radiative-transfer calculations and atmospheric water-vapor re-
trievals is calculated. We demonstrate that consideration of the SD
effect is necessary for accurate estimation of water amount with
this line, especially for the case of ground-based or limb-scanning
radiometry. Non-negligible systematic errors (1-2%) are introduced
if SD is neglected. Finally, we analyzed the contribution of spec-
troscopic parameters uncertainties to the uncertainty of radiative-
transfer calculations and thus atmospheric water-vapor retrievals.
It shows that the line’s integrated intensity and water-vapor con-
tinuum parameters are the major contributors to the uncertainty
of atmospheric water-vapor retrievals and thus shall be considered
of primary importance for further specialized laboratory studies.
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