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What:	 Members of the atmospheric and astronomical 
science communities met to review the current 
state of the art of the submillimeter spectral 
region. Knowledge of gas spectroscopy 
is still questionable at these frequencies 
but is important to fully exploit upcoming 
meteorological satellite measurements.
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T	 he first of the European Organisation for the  
	 Exploitation of Meteorologica l Satel l ites  
	 (EUMETSAT) Polar System (EPS) Second 

Generation (EPS-SG) meteorological satellites will be 
launched in the 2023 timeframe and will include the 
Ice Cloud Imager (ICI), a passive conical-scanning 
radiometer observing in the microwave to submil-
limeter wave range of the spectrum with 11 channels 
from 183 to 664 GHz. It will be the first operational 
meteorological instrument with frequencies in the 
submillimeter range, which is between the micro-
wave and infrared spectrums. These frequencies are 
sensitive to atmospheric temperature, moisture, and 
hydrometeors, with unique information on cloud ice. 
The primary objective of the ICI is the quantification 
of cloud ice in support of climate monitoring, the vali-
dation of ice cloud models, and the parameterization 
of ice clouds in weather and climate models.

To make quantitative use of observations pro-
vided by this innovative sensor requires a thorough 
understanding of atmospheric gas absorption and 
emission, dominated at these frequencies by oxygen 
and water vapor. Figure 1 shows downward-looking 
clear-sky brightness temperature calculations at the 
ICI viewing angle. Absorption models represent-
ing the absorption and emission of electromagnetic 
radiation by atmospheric gas constituents must be 

properly characterized in order to simulate the 
clear-sky background within which cloud-induced 
scattering signals will be detected. An error in the 
absorption model will impact ICI’s ability to detect 
thin ice clouds, and will also affect the quality of 
information obtained on humidity. However, to date, 
there has been little validation of atmospheric absorp-
tion models in the submillimeter wave range (above 
300 GHz), and even at high microwave frequencies 
like 183 GHz there are questions on the quality of the 
current spectroscopy knowledge.

EUMETSAT organized a workshop on the state 
of atmospheric gas absorption modeling, with 24 
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attendees from the atmospheric and astronomical sci-
ence communities, bringing together spectroscopists, 
experimentalists, radiative transfer modelers, and 
operational meteorologists. The aim of the workshop 
was to review available field measurements, key 
absorption models, their strengths and limitations, 
and methods to evaluate these models with the ulti-
mate goal of narrowing down their uncertainties in 
the microwave to submillimeter range.

FIELD MEASUREMENTS. Field measurements 
include up-looking (ground-based and aircraft) 
and down-looking (from aircraft) perspectives 
and are available within both atmospheric and 
astronomical communities. Due to the strong water 
vapor absorption at submillimeter wavelengths, 

ground-based measure-
ments are limited to very 
dry conditions. Therefore, 
submillimeter telescopes 
for astronomy are situ-
ated or planned at altitudes 
above the wet scale height 
of ~2 km, preferentially in 
dry climates: Chajnantor, 
Chi le (ALMA, APEX), 
Mauna Kea, Hawaii (SMA, 
JCMT), Pico Veleta, Spain 
(IRAM-30M), Plateau de 
Bure, France (NOEMA), 
Summit Station, Greenland 
(GLT), and South Pole 
Station, Antarctica (SPT). 

The U.S. Department of Energy (DoE) Atmospheric 
Radiation Measurement (ARM) Program’s (www 
.arm.gov/) ground-based radiometers have decadal 
time series of observations between 22 and 183 GHz 
and have been used to validate several parameters and 
coefficients of absorption models, including H2O line 
parameters, water vapor continuum, O2 line coupling 
coefficients, and supercooled liquid water by simul-
taneous measurements of the atmospheric state and 
brightness temperatures. The international Arctic 
drift expedition MOSAIC (www.mosaic-expedition 
.org/) planned for 2019/20 will provide high-quality 
atmospheric profiles together with microwave mea-
surements up to 340 GHz.

For astronomy, models are required to correct 
for atmospheric transmission and phase delays at 
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Fig. 1. Brightness temperature simulations calculated at the ICI viewing angle 
for a midlatitude summer scenario in the frequency range covered by ICI. ICI 
double sideband channels are highlighted as gray bars. (Based on data from 
HITRAN, calculated by the ARTS software.)

ES292 DECEMBER 2019|

http://www.arm.gov/
http://www.arm.gov/
http://www.mosaic-expedition.org/
http://www.mosaic-expedition.org/
mailto:vinia.mattioli%40eumetsat.int?subject=
https://doi.org/10.1175/BAMS-D-19-0074.1
http://www.ametsoc.org/PUBSReuseLicenses


submillimeter wavelengths. The astronomical commu-
nity has extensive ground-based observation datasets 
from submillimeter telescopes and other instruments 
(http://archive.eso.org/wdb/wdb/asm/meteo_apex 
/form) used to infer the atmospheric profile, making 
use of both Fourier transform spectrometers and 
broadband radiometers well into the Terahertz range. 
These could be very useful to refine and evaluate 
absorption models.

Aircraft down-looking measurements are available 
among others from the International Submillimetre 
Airborne Radiometer (ISMAR) on board the U.K. 
Facility for Airborne Atmospheric Measurements 
(FAAM) aircraft with channels between 118 and 
664 GHZ, and up to 874 GHz in the future (Fox et al. 
2017). Aircraft flights can replicate the satellite view, 
are flexible in altitude, and can provide in situ and 
dropsonde data. However, for down-looking views the 
uncertainty in the surface contribution and the rela-
tively small temperature contrast between the surface 
and atmosphere reduces the sensitivity to the atmo-
spheric absorption models. The up-looking approach 
has the advantage of avoiding surface contributions 
and the background brightness temperature is very 
low, thus providing higher sensitivity to atmospheric 
absorption models.

LACK OF A REFERENCE MODEL. Radiative 
transfer models (RTMs) implement the radiative 
transfer equation to compute simulated brightness 
temperatures, resorting to atmospheric absorp-
tion models to determine the contribution of the 
atmospheric gases. RTMs are used for the retrieval 
of atmospheric parameters, the validation of instru-
ment measurements, and their assimilation in NWP 
models.

Line-by-line RTMs contain absorption models 
that numerically integrate individual absorption 
lines. These include the knowledge of resonant line 
strengths from quantum mechanics, line profiles, and 
line widths from spectroscopic laboratory measure-
ments, and a nonresonant continuous absorption 
usually known as “continuum,” which is empiri-
cally derived from fits to measurements. The way the 
continuum is modeled depends upon line choices, 
and line shape frequency cutoff. Given profiles of 
temperature, moisture, and other absorbers (most 
relevantly oxygen and ozone) line-by-line models 
first compute the atmospheric transmittance for 
each layer. From these, the up- and down-looking 
radiances and brightness temperatures are computed, 
as well as the full atmospheric transmittance at any 
given frequency.

Conversely, fast RTMs use parameterized trans-
mittance, trained with statistical fit against line-
by-line transmittance for diverse atmospheres and 
for specific instrument characteristics. NWP ap-
plications require fast parameterized RTMs, and 
their evaluation is a prerequisite before operational 
deployment.

Underlying most of the RTMs used by the atmo-
spheric science community is a combination of the 
high-resolution transmission molecular absorption 
(HITRAN) line database and lines as in Atmospheric 
and Environmental Research’s MonoRTM (Clough 
et al. 2005), Liebe’s Millimeter-Wave Propagation 
Model (MPM), and Rosenkranz’s absorption model 
(Rosenkranz 2017). Widely adopted by astronomers 
as reference is the Atmospheric Transmission at 
Microwaves (ATM) model (Pardo et al. 2001), which 
has its own quantum-mechanical calculations and 
experimental continuum based on Fourier Transform 
Spectroscopy (FTS) experiments.

However, due to continuous developments in 
laboratory spectroscopy and the uncertainty associ-
ated with individual model parameters, no consensus 
on a “reference” model in the submillimeter range 
exists yet.

AMSUTRAN (Turner et al. 2019) was a criti-
cal part of our survey because it is the line-by-line 
model used for the training of the fast parameterized 
radiative transfer model Radiative Transfer for TOVS 
(RTTOV; Saunders et al. 2018), which will be used in 
the operational exploitation of ICI data. AMSUTRAN 
is currently undergoing significant redevelopment 
with a focus above 200 GHz. This potentially in-
cludes the addition of more lines including ozone, 
updated line parameters, and a new water vapor 
continuum parameterization. Line-by-line RTMs 
such as Atmospheric Radiative Transfer Simulator 
(ARTS; Buehler et al. 2018) and Passive and Active 
Microwave Transfer model (PAMTRA; http://github 
.com/igmk/pamtra/) offer different selections of ab-
sorption models with line parameters and continuum 
parameterizations, which is required for character-
ization of modeling uncertainties and for flexibility 
when performing comparisons between simulation 
tools. An intercomparison of different options for 
line and continuum parameters showed encouraging 
results for down-looking satellite simulations, with 
differences lower than 0.5 K for the absorption lines 
and within –0.5 to +1.5 K for different continuum 
candidates. Omitting ozone lines could lead to errors 
of up to tens of kelvin in brightness temperature. For 
ICI specifically, the error is up to 1.5 K in the 664 
GHz channels.
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Evidence of ongoing uncertainties was seen in 
Atmospheric and Environmental Research’s devel-
opment of the MT_CKD continuum model, which 
is not observationally constrained between 183 and 
600 GHz. Here the latest validation results, made at 
higher water vapor amounts than before, are chal-
lenging earlier confidence in the model.

QUANTIFYING UNCERTAINTY. Uncertainty 
in our spectroscopic knowledge may be investigated 
through several different approaches. One route is 
comparing simulations against reference measure-
ments (such as airborne ISMAR or astronomical 
measurements). Up-looking observations (either from 
ground or aircraft) are preferable, as they are nearly 
unaffected by the surface emission and reflection, 
and thus are more sensitive than down-looking to 
spectroscopy differences. However, this approach 
depends critically on the quality of the atmospheric 
profile data that are used as input to the calculation. 
For example, measurement uncertainty in radiosonde 
water vapor profiles is of the same magnitude as the 
spectroscopic uncertainty we want to resolve. One 
proposal to mitigate this issue was to investigate the 
consistency of 1D-Var retrievals from the radiances 
themselves.

Along similar lines, NWP centers directly com-
pare modeled and observed radiances producing the 
observation minus background (O–B) statistics that 
are part of the data assimilation process. O–B statis-
tics have been used to detect instrument calibration 
issues and to identify possible spectroscopic errors, 
but it can be hard to separate systematic errors in the 
forecast model and observational data that go into the 
data assimilation process.

An alternative approach is to propagate the uncer-
tainties of the spectroscopic parameters within ab-
sorption models into RTM computations. Rigorously, 
not only the uncertainty but the full covariance 
among the spectroscopic parameters is needed, since 
uncertainties in spectroscopic parameters can be 
strongly (positively and negatively) correlated. Such 
a method has been applied to ground-based simula-
tions at 20–60 GHz (Cimini et al. 2018) and the initial 
extension to down-looking millimeter-wave range 
was proposed at the workshop.

CONCLUSIONS AND RECOMMENDA-
TION. At present there is no consensus over a ref-
erence atmospheric absorption model. Further, the 
choice of absorption model is not always separable 
from the choice of RTM. During the workshop, 
the following RTMs were selected for further 

investigation, and they encapsulate a range of absorp-
tion models. The Atmospheric and Environmental 
Research MonoRTM is widely used and provided 
good results in the analysis for the AMSUTRAN 
development and when compared with ISMAR 
data. Still, recent developments showed during the 
workshop are currently challenging Atmospheric 
and Environmental Research’s previous confidence. 
Rosenkranz’s (2017) recent update has been used in 
the uncertainty propagation analysis and in the devel-
opment of the ground-based version of RTTOV. ATM 
is widely tested by the astronomers and is also offered 
for comparison. Further, the choice of atmospheric 
constituents included in the model is important: apart 
from oxygen and water vapor, ozone lines have a non-
negligible impact, and need to be included.

New laboratory measurements aiming at refin-
ing the values and uncertainties of spectroscopy 
parameters are highly desirable. It is recommended 
that spectroscopists provide full uncertainty on the 
parameters including possible correlations with other 
relevant parameters.

It was proposed to collate a carefully selected 
database of different observations for further inter-
comparison studies of those models. There is a need 
for consistency: across frequencies, up- and down-
looking, ground-based (including data from radio 
telescopes), and space-based observations.

Also, it was noted that radiosonde uncertainty is 
now carefully quantified within the Global Climate 
Observing System (GCOS) Reference Upper-Air 
Network (GRUAN) efforts. It might therefore be 
worth repeating or reprocessing data from previous 
ground-based field campaigns at GRUAN sites.

Additionally, it could also be valuable validating 
simulations against limb sounding submillimeter 
observations, as provided by the Submillimeter 
Radiometer aboard the Odin mission (http://odin.rss 
.chalmers.se/) or the Aura Microwave Limb Sounder 
(https://mls.jpl.nasa.gov/). Comparison against limb 
sounding submillimeter observations data has not 
yet been performed.

The agreement on a reference absorption model 
within the community was identified as the highest 
priority. Once this is available the methodology to 
derive a fast model can be optimized.
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