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FAR-INFRARED RADIATIVE
PROPERTIES OF WATER VAPOR
AND CLOUDS IN ANTARCTICA
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Two years of spectral infrared measurements of downwelling radiation between 7 and

100 ym in wavelength at high altitude over the Antarctic Plateau are presented.

ater vapor and clouds are among the most

important components of the atmosphere that

modulate the Earth radiation budget by means
of the strong contributions to the greenhouse effect
and the planetary albedo. They trap a significant
amount of the longwave thermal infrared radiation
emitted by the underlying atmosphere and the sur-
face (greenhouse effect) and reflect back to space the
shortwave solar incoming radiation (albedo effect).
Water vapor and clouds are not usually considered
to be causes of anthropogenic climate forcing, but
instead they are critical components of feedback
processes owing to their strong greenhouse effect
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(Stocker et al. 2014). They are recognized as funda-
mental components whose radiative properties, and
their associated impact on the radiation budget, must
be better understood to improve climate predictions.
Nevertheless, while broadband observations that
can determine the overall radiative impact are per-
formed, the radiative properties of water vapor and
clouds are underexplored since spectrally resolved
measurements, able to link the radiative impact to
the underlying components, are missing.

Most uncertainties that are present in the charac-
terization of the longwave emission of the atmosphere
come from the lack of spectrally resolved measure-
ments in the far-infrared (FIR) spectral region from
100 to 667 cm™ (100-15 ym) (Turner and Mlawer
2010). Even though the FIR spectral region contains
more than 40% of the total longwave energy emitted
by Earth, and about 60% of the associated radiative
cooling occurs in the FIR (Clough et al. 1992), there
have been only a few spectral measurements and
datasets collected in this region [see Harries et al.
(2008) for an in-depth discussion]. This is partially
explained by 1) a lack of spaceborne spectrometers
operating in the FIR—in the 1970s only there was a
very early spaceborne sensor, the Infrared Interferom-
eter Spectrometer (IRIS) on board the Nimbus-3 and
-4 satellites, that provided relatively low-resolution
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spectra across a portion of the FIR (Conrath et al.
1970), and currently even if there are a few missions
under study, none of them are still deployed in space
(Rizzi et al. 2002; Mlynczak et al. 2002)—and 2)
that ground-based observations are hampered by
the strong water vapor absorption in this spectral
region and, thus, meaningful ground-based observa-
tions can only be made in high altitude or very dry
locations (as described in this paper) or from strato-
spheric balloons (Palchetti et al. 2006; Mlynczak
etal. 2006a,b).

As for water vapor spectroscopy, there are still
some uncertainties in the FIR concerning the knowl-
edge of the line shape for frequencies far from the cen-
ter of the lines. The contribution of this component
to the total absorption of the water vapor is known as
the “continuum absorption” and has a strong impact
on the total water vapor absorption. An in-depth dis-
cussion about the importance of the characterization
in the FIR spectral region and a clear explanation of
the continuum absorption can be found in Turner
and Mlawer (2010).

Also the radiative properties of ice particles in
clouds, such as cirrus or polar stratospheric clouds
(PSC), are not well known in the FIR and only a
few models were developed to cover this spectral
region (Yang et al. 2003, 2013). The FIR spectral
range will provide unique information about cirrus
clouds. Since the radiative properties of the ice par-
ticles drive the radiative balance of clouds, thereby
modulating the radiation escaping the planet, their
assessment is very important and many studies have
shown that the FIR could also be used to improve the
sounding of cirrus microphysical properties (e.g.,
Baran 2007).

Observations of the underexplored FIR spectral
region are expected to provide new information on
the radiative properties of water vapor and clouds
and their role in global warming and to improve our
ability to model and assess climate processes, such as
forcing and feedback effects.

The first two ground-based experiments devel-
oped to cover the FIR spectral region were the Earth
Cooling by Water Vapor Radiation (ECOWAR)
experiment (Bhawar et al. 2008) that took place in
the Italian Alps at 3,500 m MSL in a 2-week period
during March 2007 and, nearly simultaneously, the
Radiative Heating in Underexplored Bands Cam-
paigns (RHUBC-I) of the U.S. Atmospheric Radiation
Measurement (ARM) program at the ARM Climate
Research Facility (ACRF) North Slope of Alaska
site in Barrow (Turner and Mlawer 2010). A second
RHUBC-II campaign took place at Cerro Toco at
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5,380 m MSL in the Atacama Desert, Chile, from
August to October 2009 (Turner et al. 2012a). All
three experiments were mainly focused on perform-
ing measurements in clear-sky conditions with the
main aim to improve the water vapor spectroscopy
in the FIR region. Results from these experiments
have helped to refine the spectral characterization of
the pure rotational water vapor band with the revi-
sion of the continuum absorption coefficients in the
FIR between 180 and 600 cm™ (55.6-16.7 um) (Serio
et al. 2008; Delamere et al. 2010; Masiello et al. 2012;
Liuzzi et al. 2014). Turner et al. (2012b) demonstrated
that the changes made in the water vapor continuum
absorption model, after the RHUBC-I and ECOWAR
experiments, made a significant impact on both the
radiation and dynamics of a global climate model
simulation. However, a complete characterization of
the FIR component of the atmospheric thermal emis-
sion requires measurements in all-sky conditions and
for sufficient time to include daily, seasonal, and an-
nual signatures. This can be done from high-altitude
ground-based stations characterized by low-humidity
values for the whole year, a condition that occurs on
the Antarctic Plateau, which is thus an ideal place
for a permanent installation of instruments able to
perform this kind of measurements.

This paper describes the experiment named
Radiative Properties of Water Vapor and Clouds
in Antarctica (PRANA; acronym from the Italian
project name “Proprieta Radiative dell’Atmosfera e
delle Nubi in Antartide”) that took place from the
high-altitude Antarctic station of Concordia, near
the Dome C site, and performed a spectral charac-
terization of the atmospheric downwelling longwave
radiance (DLR) from 100 to 1,400 cm™ (100-7.1 ym).
This project started in December 2011 and measure-
ments are continuing until the end of 2015 with daily
acquisitions systematically performed under different
sky conditions. The PRANA experiment supplies
the first complete dataset, available through a web
interface, of the spectral DLR including the unique
measurements in the FIR.

The spectral measurement of the DLR is per-
formed by the Radiation Explorer in the Far Infra-
red—Prototype for Applications and Development
(REFIR-PAD) spectrometer, which was developed
in house for field applications from remote sites. To
support the spectral measurement, a cloud coverage
characterization is performed by using a backscatter
and depolarization lidar system. Both instruments
have a long record of measurement campaigns:
REFIR-PAD was deployed the first time in Brazil with
a stratospheric balloon flight in 2005 (Palchetti et al.

2006, 2008a) and then in several ground-based cam-
paigns from high-altitude sites, among which there
are ECOWAR and RHUBC-II campaigns cited above,
in the 2007-11 period; the lidar system was operated
from 2003 to 2006 on board the “Italica” ship in the
Ross Sea, and it has been operative at Concordia sta-
tion since 2007. Both instruments allow full automatic
operations over 24 h a day for all the year with remote
control from Italy to adjust configuration parameters.

MEASUREMENT SITE AND DEPLOYED
INSTRUMENTS. Concordia station is an Ant-
arctic research base located in the Dome C region
(75°06'S, 123°23'E) over the Antarctic Plateau at
3,230 m of elevation (Fig. 1). The station was opened
in 2005 within an international cooperation project
between the Italian National Program for Research in
Antarctica (PNRA) and the Institut Polaire Francais
Paul Emile Victor (IPEV). Concordia station is open
all year, hosting about 65 people in summer and 16
people during winter. Experiments conducted in the
station span from glaciology to atmospheric physics
and astrophysics, and instrumentation is deployed in
different installations over an area of 1,500 m*around
the main buildings (Fig. 2).

The REFIR-PAD spectrometer and the lidar
system used in the PRANA project are installed in
the “Physics Shelter” (PS), which is located about
half a kilometer south of the main station buildings,
in the so-called clear area, which is typically wind-
ward with respect to the predominant southward
winds, minimizing the air contamination due to
the exhaust gases coming
from the power generator.
Measurements are per-
formed through rooftop
apertures: Fig. 3 shows a
picture from above the
shelter rooftop, where the
different observation ports
are visible. REFIR-PAD
looks at the sky through a
clear aperture without any
window, since in the ther-
mal infrared any material
will introduce important
absorption/reflection ef-
fects that can reduce the
calibration accuracy. An
insulating material chim-
ney connects internally the
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Fic. |. Location of Concordia station at Dome C over

the Antarctic Plateau.

the shelter from exposure to the cold air outside.
On the rooftop, a wood barrier protects the REFIR-
PAD port from winds and snow. The lidar uses two
double-glass windows mounted on the rooftop of the
shelter. Both windows are kept clean from ice and
snow by means of a dry airflow. Figure 3 also shows
the location of the line of sight of other instruments
installed on the rooftop of the PS that will be briefly
introduced in the following section “Other instru-
ments on the site.”

instruments to the mea- FiG. 2. View of the main buildings of the station. Courtesy of PNRA/IPEV (L.

surement port protecting Palchetti).
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REFIR-PAD

The REFIR-PAD main specifica-
tions during the Antarctic campaign
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are summarized in Table 1. The

instrument covers 100-1,400 cm™
(100-7.1 ym) with a nominal spectral
resolution of 0.4 cm™. The measure-
ment sequence is composed of four
calibration acquisitions, in which the
instrument looks at the internal ref-

FiG. 3. Line-of-sight location of the main instruments above the Phys-

ics Shelter rooftop. Courtesy of PNRA/IPEV (L. Palchetti).

The REFIR-PAD spectrometer. The REFIR-PAD instru-
ment is based on a spectrometer designed for a satel-
lite mission proposed in 1998 in the Fourth European
Framework Programme and is called Radiation Ex-
plorer in the Far Infrared (Rizzi et al. 2002). REFIR-
PAD is the prototype of the main instrument of the
REFIR mission and it is a compact and easy to use
Fourier transform spectrometer developed both for
laboratory and for field applications (Bianchini et al.
2006) with the support of the Italian and European
Space Agencies. The spectrometer operates at room
temperature using pyroelectric detectors and bilayer
amplitude dividing beam splitters that enable good
performance over the full thermal infrared.

In the Antarctic deployment, REFIR-PAD oper-
ates continuously for 24 h a day with an automatic

erence blackbody sources, and four
sky observations. Each single acqui-
sition takes about 80 s and the whole
sequence has a duration of about 14 min, including
delays for detector settling after scene changes. The
REFIR-PAD standard product is the calibrated spec-
trum of the DLR obtained from a single measurement
sequence, averaged on the two detectors and four
sky observations (eight spectra total) with associated
random and calibration errors. Figure 4 shows some
examples of spectra acquired in clear and cloudy sky
(top panel), for a cirrus cloud, and for a low-level thick
cloud, as well as the typical noise performances (bot-
tom panel) over the full instrumental spectral range.

The measurement of the whole atmospheric ther-
mal emission spectral range allows one to obtain infor-
mation about the relevant atmospheric components,
which contribute to the longwave energy balance. The
emitted radiance is modulated by the spectral features

effect of a thin cirrus cloud (red curve
in Fig. 4) to the strong emission of
a completely opaque atmosphere
typical of low clouds (black curve
in Fig. 4). As shown in Fig. 4, all the
atmospheric spectral features are
well resolved by the REFIR-PAD
measurements. The positive signal
peaks above the blackbody curve
corresponding to the thick clouds
are a local effect due to the emission
of the first part of the measurement
path, which is inside the protected
chimney, just above the instrument,
and therefore at higher temperature
than outside (chimney effect).
Measurement error is estimated
for each average spectrum, following
the approach outlined in Bianchini
and Palchetti (2008), by calculating
the radiometric noise equivalent
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FiG. 4. (top) Wideband spectra taken under different sky conditions
and (bottom) typical noise performance measured on 2 Jan 2013.

spectral radiance (NESR) due to detector noise, the ~Weather station. The ground atmospheric conditions
calibration error (Cal Err) due to the calibration uncer-  are supplied by a weather station (Vaisala WXT520)
tainty, and the standard deviation of the mean (STD).  installed on the rooftop of the PS at a few meters
STD is an a posteriori estimation, which includes the ~ from the REFIR-PAD view aperture. The station is
instrument NESR (cited above) and also takes into  configured to supply the measurement of six weather
account possible scene variations that can be present  parameters: wind speed and direction, precipitation,
during the acquisition in cloudy conditions. As shown atmospheric pressure P, temperature T, and relative
in the figure, the noise components are typically humidity U every 10 s. These ancillary parameters

procedure that controls the acquisition, the prelimi-  of the water vapor (H,0), carbon dioxide (CO,), ozone
nary analysis, and the data transmission to Italy. The ~ (O,), and clouds, which produce the largest effects. In
acquisition is performed in cycles of 9 h with a 66%  clear-sky conditions, the measured radiance in the
duty cycle, where 3 h are used for calibrating the spec-  spectral regions where the atmosphere is completely
tra (level-1 analysis) that are delivered to the main transparent is equal to the emission of the deep space
server in Italy by email. The 9-h cycle was chosen  (blue curve in Fig. 4)—that is, negligible. In the other
to cover different local times over the year, avoiding  cases, the presence of clouds increases the emission,
systematic biases and thus capturing possible daily ~ with a contribution that is visible primarily in the
signatures. transparent windows, and ranging from the small

between 0.001 and 0.002 W m™ cm sr' and increase  can be used to constrain the ground atmospheric
in the strong absorption lines of pure rotational H,O  layer seen by the spectrometer.

band below 600 cm™ (above 16.7 yum) and CO, band

around 667 cm™ (15 ym) as a result of gases inside the ~ Other instruments on the site. As far as atmospheric
instrument path that reduce its efficiency. The strong  studies are concerned, Concordia station hosts
absorption bands of the polyethylene terephthalate many projects, which routinely supply a large set of
(PET) substrate, with which the wideband beam split-  atmospheric parameters. Here we summarize the
ters are made, also reduce the instrument efficiency. In
particular, the PET absorption intervals of 1,095-1,140
and 1,230-1,285 cm™ (9.13-8.77 and 8.13-7.78 ym, re-
spectively) have been removed from the plotted spectra
because of the high value of the measured noise.
100—1,400 cm™' (100-7.1 pm) Channels
Lidar system. The lidar is a backscatter and depolariza-
tion system currently operating at Concordia station | Wavelength

TABLE 2. Lidar system main specifications used in
the Antarctic measurements.

TasLe |I. REFIR-PAD main specifications used in the PRANA experiment.

Parameter Value Parameter Value

Backscatter and depolarization
channels

Spectral bandwidth

Spectral resolution 0.4 cm™' (double-sided interferograms)

532 nm (linear polarization)

Optical throughput 0.0l cm?sr ) ) ) ]
ot eah o Toakine w2 field of view of aboue 100 mrad in the framework of different projects (http://lidarmax | Measurement range 30-7,000 m AGL

Ine of sight enith looking with a field of view of about mra altervista.org/lidar/_Antarctic%20LIDAR.php). Ital- [ vertical resolution 7.5-m resolution
Single-spectrum integration time 80s lows the continuous measurement of vertical profiles - - - - -

- - - - - . Line of sight Zenith looking through a window
Measurement time 6.5 min (average of four observations), every 14 min (sequence duration) of aerosol and the cloud structure and the determina- all weather
NESR About 10 W m™ cm sr™' at 400 cm™' (25 pm) tion of the physical phase of particles. Daily plots in Telescope 10-cm diameter. f = 30-cm
false colors, obtained with an automatic procedure, ) 7

Instrument mass 55 kg refractive optics

are delivered to Italy to monitor the scene and for
checking instrument operations. The main specifica-
tions that characterize the lidar are shown in Table 2.

62 cm % 50 cm X 26 cm Filter 0.15-nm interference filter

50 W (average), 70 W (peak)

Instrument size

Power supply Laser Quantel (Brio)
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TasLE 3. Other instruments deployed at Concordia station for different projects. PS indicates the Physics
Shelter, where REFIR-PAD is installed.

Instrument

Reference

Location

Key features

Routine meteorological
observations: radiosondes

IPEV/PNRA

Main buildings at
500 m from PS

P, T, U, and wind; daily vertical
profiles at 1200 UTC

Baseline Surface Radiation Network Dr.V.Vitale, ISAC-CNR, Italy 100 m from PS Downwelling and upwelling

(BSRN) shortwave and longwave
radiation

H,O Antarctica Microwave Dr. P. Ricaud, Météo-France, PS Tropospheric vertical

Stratospheric and Tropospheric GAME/CNRS, Toulouse, France profiles of water vapor and

Radiometers (HAMSTRAD) temperature

Systéme d’Analyze par Observation Dr. J.-P. Pommereau, LATMOS- PS Total O, and NO,; vertical

Zénithale (SAOZ)

IPSL, France

columns from UV-visible

spectrometer

Ice scan camera (ICE-CAMERA)

Italy

Dr. M. Del Guasta, INO-CNR, PS

Crystal shape images

6

instruments and the available datasets (see Table 3)
that can add complementary or synergistic informa-
tion to exploit the scientific objectives of the PRANA
project.

Radio soundings (RS) observations are per-
formed daily at 1200 UTC by IPEV/PNRA within
the project “Routine Meteorological Observation
at Station Concordia” (www.climantartide.it/index
.php?lang=en). The measurements include the vertical
profiles of pressure, temperature, humidity, and wind
speed and direction from ground to the altitude of
25-30 km, typically. These measurements can be used
to supply ancillary information on the atmospheric
state and to validate the profiles retrieved from the
REFIR-PAD spectra (see section “Initial results”).
Given the importance of using this information
to better exploit REFIR-PAD observations, the RS
profiles are made available together with the REFIR-
PAD dataset.

A series of standard radiometers, located at about
100 m from REFIR-PAD, measure the downwelling
and upwelling radiation, in both the shortwave and
the longwave ranges, within the Baseline Surface
Radiation Network (BSRN) of the World Climate
Research Programme. These measurements give
information about the radiation budget at ground
level and are available since 2006 for the downwelling
component and since 2007 for the upwelling com-
ponent (Lanconelli et al. 2011) (http://bsrn.awi.de).
The interest for these measurements is related to
the possibility of performing a comparison between
the BSRN longwave downwelling measurement and
the analogous quantity derived from the spectrally
resolved observation performed by REFIR-PAD.

| BAMS SEPTEMBER 2015

This comparison will allow the identification of the
contribution of the different species, by means of the
spectral measurements, on the surface radiation
budget.

The H,O Antarctica Microwave Stratospheric and
Tropospheric Radiometers (HAMSTRAD), deployed
in 2009, is a microwave radiometer (two bands at 60
and 183 GHz) that supplies vertical profiles of water
vapor and temperature every 7 min, from 0 to about
10 km above ground level with a vertical resolution
from about 30 to 50 m in the planetary boundary
layer, and about 500 m in the upper troposphere-
lower stratosphere with the aim to study possible
trends (Ricaud et al. 2013) (www.cnrm-game-meteo
fr/?7lang=en). The measured profiles can be used to
perform a cross check with the analogous products
derived by the REFIR-PAD measurements.

The Systéme d’Analyze par Observation Zénithale
(SAOZ) is operative at Dome C since 2007 and sup-
plies ozone and nitrogen dioxide columns in daytime
(Pommereau and Goutail 1988) (http://saoz.obs.uvsq
fr/). For the PRANA project, the ozone measurement
can be useful to constrain the species concentration
in the analysis of the REFIR-PAD spectra.

Finally, the ice scan camera (ICE-CAMERA),
installed in 2012, is an image scanner modified to
capture high-resolution images of the shape of ice
crystals, which precipitate over the instrument (http:/
lidarmax.altervista.org/lidar/_Precipitazioni%20
in%20Antartide.php). The ICE-CAMERA instrument
gives an automatic classification of the precipitation
that can be used to identify possible spectral signature
in the REFIR-PAD thermal infrared spectrum of the
precipitating particles.

-Sr-cm

2

Radiance [W/m

Fic. 5. Mean radiance in the 828-839-cm™ (12.077-11.919 ym) spectral
channels over 2 years, during the Antarctic spring (green), summer
(red), fall (black), and winter (blue). Missing points are due to power

The plot of the average radiance in
the 828-839-cm™ channels, shown

| in Fig. 5, is therefore an estimation

L ¥ %%ﬁﬁﬁ

of the sky cloudiness and, in the
1 case of clear sky, an estimation of
the absolute calibration error of the

Jan-2012  Apr-2012  Jul-2012

measurement. Since most of the ob-

servations are in clear sky and most

0.06
0.04

of the measurements have a signal
in the 828-839-cm™ channels below

0.02

0.0015 W m™=cm sr'', to find an esti-

0 b--

mation of the calibration error, only
spectra having the 828-839-cm™
radiance below this value have been

Apr-2013  Jul-2013
Date

J an—QO 1 3

supply failure.

INITIAL RESULTS. During the 2 years of the
PRANA project, REFIR-PAD was operated almost
continuously every day. Only a few interruptions
occurred as a result of the failure of the main power
supply of the shelter or for the instrument mainte-
nance during the summer campaigns in December.
The most important loss of measurements of a few
days occurred in March and

Oct-2013  Jan-2014

considered. This condition could
select not only the clear-sky cases
but also some cases with very thin
clouds. However, the frequency of
very thin clouds is very low, and the
average radiance in the 828-839-
cm™ channels can be considered a
good estimation of the calibration
error, even with a small overestimation. The plot of
the monthly averages of this quantity is shown in
black in Fig. 6 with the error bars corresponding to
the standard deviation of the mean. The curve shows
that a small bias over the 2-yr measurements of about
0.0005 W (m? sr cm™)™! p==sesponding to 0.5 K for a
blackbody at 240 K is pr . This value obtained in

July 2012 and March 2013.

To give an estimation of the 0.004
absolute accuracy of the mea-
surements, an average of the

_1]

5o
o
S
s}

radiance measured in the at-
mospheric window, in the spec-
tral channels between 828 and

2

0.002

839 cm™ (12.077-11.919 ym),
is calculated for each measure-
ment for the whole dataset. In

0.001 &=

this narrow spectral region,
the atmosphere is completely

Radiance error [W/m™-sr-cm

transparent since no emission

line is present; therefore, in Lot J

clear-sky conditions the mea-

-0.001

sured radiance is equal to zero,
corresponding to the nearly zero
emission of the deep space. In
cloudy conditions, the mea-
sured radiance is due to the
emission of clouds and is sub-
stantially different from zero.

AMERICAN METEOROLOGICAL SOCIETY

Jan-2012

Jul-2012  Jan-2013

Date

Jul-2013  Jan-2014

Fic. 6. Monthly averages of the absolute radiance error with standard
errors (black curves) measured in the 828-839-cm™ spectral chan-
nels for the 2-yr dataset. The corresponding mean values of NESR
(red curve) and Cal Err (green curve) of a single measurement are
also shown for comparison.
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Spectral DLR [W/mz—sr—cm_l]

Fic. 7. Seasonal averages of the DLR spectrum (solid lines) during
the Antarctic summer (red), fall (black), winter (blue), and spring
(green) 2012, compared with the blackbody emission curves (dashed
lines) at the temperatures of the air near the instrument.
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the radiance is higher, since it pri-
marily comes from emission in the
lowest few layers of the atmosphere
near the surface and follows the typi-

0.1
0.08

cal emission curve of a blackbody at
a temperature near the instrument,

0.06
0.04}
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0

as shown, in the case of spring time,
by the green curves of Fig. 7. In fall
and wintertime, when the vertical

temperature structure has a strong

0.1
0.08

inversion layer (up to 25 K) near
the surface, which is typical of the

0.06
0.04}
0.02

0

Antarctic atmosphere, the measured
spectrum shows a dip around the
central peak of the CO, band due
to the colder lower levels. The black

0.1
0.08

(fall) and blue (winter) curves in
Fig. 7 show the occurrence of this
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Wavenumber [cm ]
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effect. Another detail revealed by
the seasonal averages is the higher
| transparency in the FIR region that

1300 allows us to observe spectral features
in the pure rotational water vapor

T x x x x
100 50 30 20 15 10
Wavelength [um]

the 828-839-cm™ spectral channels can be considered
a good estimate also for the other spectral regions,
since the main source of the calibration error is the
uncertainty with which the temperature of the refer-
ence blackbodies is known (Palchetti et al. 2008b). We
notice that the accuracy is higher in the summertime
after the annual maintenance (December-January)
operations in which the alignment is optimized and
the optics are cleaned. This effect is more evident in
the estimation of Cal Err of each single measurement,
monthly averaged in the red curve of Fig. 6, which is
an a priori estimation of the single measurement ac-
curacy based on the effective instrument efficiency
and therefore strongly dependent on misalignment
and quality of the optics in particular at 828-839 cm™.

Figure 7 shows the seasonal averages (3-month
average) of spectra acquired with the in clear-sky
conditions during 2012. In the spectral regions where
the atmosphere is opaque—that is, in the CO, band
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\ band down to 180 cm™ (55.6 ym) in
7.1 wintertime when the precipitable
water vapor is as low as 0.1 mm.

A 2-yr map of the clear-sky spec-
tra converted in brightness tempera-
ture (BT) is shown in Fig. 8. The map
shows temperature increases during
the summertime at the wavenumber
where the emission of H,0,CO,, and
0, are located. The figure also shows that for many
days in winter, between May and September, the BT
in the FIR is very low owing to the high transparency
of the atmospheric windows. The high number of
transparency windows from 230 to 1,200 cm™ (43.5-
8.3 um) allows not only improvement of the character-
ization of the rotational water vapor band (Liuzzi et al.
2014) but also extension of the characterization of the
radiative effects of clouds to the FIR region. In this
region some models exist (Yang et al. 2013), but only
a few measurements were performed from the ground
because of the high opacity of the atmosphere due to
the water vapor absorption. Finally, Fig. 8 also shows
a very interesting difference in the downwelling radi-
ance observed in the ozone band at 1,043 cm™ (9.6 ym)
during the two winters, with the data near September
2012 showing a lower signal than in the same months
in 2013. Indeed, in 2012 the Antarctic ozone hole
was larger than in 2013 and extended over the site of
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Fic. 8. Map of the spectral brightness temperatures from 230 to 1,200
cm™ (43.5-8.3 ym) in clear sky over 2-yr measurements.

Concordia station almost every day. Actually the radi-
ance depends not only on the ozone concentration but
also on the stratospheric temperature, which must be
provided by independent measurements to perform
a retrieval of the ozone concentration. However, this
example shows how spectrally resolved measurements
of the DLR could also be useful to study stratospheric
processes within the Antarctic polar vortex, such as
the ozone chemistry and its relation with the polar
stratospheric clouds, all over the

Jan2012 May Sept Jan2013 May Sept Jan2014

in clear-sky conditions. The calcula-
tion is performed by minimizing the
difference between the measure-
ment and the simulation using the
least squares method (Bianchini
et al. 2011). The measurement does
not allow high vertical sensitivity;
only a few independent levels can
be retrieved. The simulation was
performed using 37 atmospheric
levels, but only 5 independent levels
for H,0O and 4 for the temperature
150 (including 1 level for describing

the local chimney effect due to the

2-m-long path propagation through

the observation chimney inside
100 the shelter) were fitted. Figure 9
shows the fit results for a measure-
ment performed in wintertime on
27 June 2013. The residual difference
between measurement and model
(green curve) is always within the
noise estimation (black curves) with y* = 0.75. The
fitted vertical profiles of H,O and temperature, ob-
tained for this case, are shown in Fig. 10, where they
are compared with the climatological profiles used as
initial guesses to initialize the fit procedure and the
radiosonde profiles measured at the same time. While
the fitting procedure provides profiles throughout
the troposphere, the observations are most sensitive
to the lower-atmospheric structure in both water

year, complementing the standard
measurements performed by UV ra-
diometry that are possible only dur-
ing the period of solar illumination.

The main atmospheric param-
eters that have an effect in the mea-
sured spectral range—that is, H,O
and temperature (through CO,)

o
)
=)

g
o
oy

o
S
)

— Measurement
— Fit 1

profiles, ozone columnar amount,
and cloud microphysics—can be

Radiance [W/mz—sr—cm_l]
o
=)
e

retrieved by fitting the measure- 0 ‘ ‘
ment against the radiance provided = 0.01- T ‘ ‘ — Residuals|
by a radiative transfer model. As g L — Noise
an example, REFIR-PAD mea- LLI 0
surements were used to retrieve _c?s [
~ -0.01}

vertical profiles of H O and tem-

perature by fitting the measurement
in the 230-980-cm™ (43.5-10.2
pm) spectral range with the Line-
By-Line Radiative Transfer Model
(LBLRTM, v12.2; Clough et al. 2005)
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FiG. 9. (top) Measured and fitted spectra for the REFIR-PAD observa-
tion at 1152 UTC 27 Jun 2013 and (bottom) the residual difference
compared with the measurement noise.
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Fic. 10. Comparison between the RS and the fitted vertical profiles
for (left) the water vapor and (right) the temperature obtained for
the spectrum in Fig. 9. The initial-guess profiles used in the fit pro-

3000

(13.3 pym). It should be noted that

T \ : ;
\ \ — RS

\ \ O Fitted levels
\\ W\ [ Initial guess
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are discontinuous. Here we analyze
the measurement at 1817 UTC, identi-
fied in Fig. 11 by a black vertical line,

by performing a fit with a simultane-
ous determination of the atmospheric
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profiles and the cirrus microphysics.
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to model the effect of the atmo-
\ spheric status (as described above
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cedure are also shown.

10

vapor and temperature. The retrieval profiles are
also strongly affected by the warmer and more hu-
mid area above the shelter and inside the observation
chimney. The presence of this layer, characterized
by extremely different conditions with respect to the
outside, especially in the wintertime,

complicates the geometry structure

Temperature [°C]

\\ for the water vapor and temperature

} \ J‘ED profiles) and the available scattering

_— e \ and absorption property databases to

qO 100 1000 -60 -40 -20 model the properties of cirrus clouds

covering the extended spectral range
of REFIR-PAD. In particular, for ice
particles, we use the semiempirical
model developed by Fu et al. (1998)
and, for water droplets, we use the
database supplied by Hu and Stamnes
(1993). In this way the cloud microphysics are retrieved
as the effective particle diameter, the ice water path,
the fractional ice content with respect to liquid water,
and the effective cloud temperature. In the model, the
cirrus is approximated by a single uniform layer with

10

chosen for the fitting. Nevertheless, 10
the comparison with radiosonde
measurements, shown in Fig. 10,
where the lower-layer values due to 103}
the chimney effect were not plotted,
demonstrate the capability to take
the main features of the vertical 102!
profiles, even taking into account
the low vertical resolution.

As a case study in cloudy-sky con-
ditions, the measurements performed
on 6 October 2013 are considered. 1031
The lidar maps in Fig. 11 show the
presence of different cloud struc-
tures during the day: a precipitating
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the thickness given by the lidar measurement and the
temperature given by the effective value calculated by
weighting the vertical temperature profile with the li-
dar backscatter cloud profile (left and center panels of
Fig. 13). In this way, the cloud effective temperature is
closely related in the fitting procedure to the retrieved
atmospheric vertical temperature profile. The fit for
the analyzed case gives an effective cloud temperature
of —37.8°C, an ice effective diameter of 20 ym, a total
water path of 9 g m™, and an ice fraction of 84%. The
corresponding optical depth turns out to be 1.5. Even
though these parameters cannot be completely vali-
dated for the lack of direct measurements of the cloud
microphysics, nevertheless the approach of using the
spectrally resolved full-spectral-band thermal emission
measurements shows the feasibility of performing the
remote sensing of cloud parameters, provided that a
validated cloud model is supplied. As far as the fitting
of the atmospheric state is concerned, the resulting
vertical profiles are compared in center and right
panels of Fig. 13 for validation with the collocated ra-
diosonde measurements performed at 1200 UTC. The
comparison shows a good agreement considering that
the radiosonde was launched a few hours before and
that the larger discrepancies in the lower layers are due
to the known local warming effects of the first layer
inside the shelter.

AVAILABLE DATASET. The 2-yr acquisitions
dataset provided by the PRANA project is composed
by the REFIR-PAD calibrated spectra of the DLR, the
Physics Shelter weather station, the lidar backscatter
and depolarization ratio measurements, and the RS
vertical profiles. The list of the available measure-
ments with acquisition time information is shown
in Table 4. The REFIR-PAD, weather station data,
and RS data are supplied in ASCII format with UTC
timestamp, whereas the lidar parameters are supplied
in daily color maps, as in Fig. 11.

The dataset is being made publicly available at
the REFIR website (http:/refir.fi.ino.it) for the emis-
sion spectra, the weather parameters, and the RS
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Fic. 12. REFIR-PAD spectral brightness temperature
(right ordinate) plotted for the fitting spectral interval
230-980 cm™' (43.5-10.2 ym:; left ordinate) measured
on 6 Oct 2013. The instrument takes atmospheric
measurements for 6 out of 9 h. For the remaining 3 h,
data analysis is performed and observations are not

available (white bars in the plot).

profiles and online (http://lidarmax.altervista.org
/lidar/_Antarctic%20LIDAR.php) for the lidar maps.
The access to spectral, weather, and RS data requires
permission, which will be granted to everyone who is
interested in working on these data.

CONCLUSIONS. We present a unique dataset of
spectral measurements in the thermal infrared, which
covers the longwave region of the downwelling atmo-
spheric emission with systematic acquisitions taken
almost continuously for 2 years from the Antarctic
site of the Concordia station at Dome C. Thanks to the
extremely low temperature and humidity of this site,
the acquired spectra have sufficient transparency to
cover all the relevant spectral range of the longwave
thermal emission from the FIR at 100 cm™ (100 ym)
up to the middle IR at 1,400 cm™ (7.1 ym).

This spectral range contains the signatures of
the main absorbers of the atmosphere: water vapor,

TasLE 4. 2012/13 PRANA dataset.

ice cloud early in the morning and
high cirrus in the afternoon starting
to precipitate around 1900 UTC. A
similar picture can be observed in
the spectral BT map in Fig. 12, where
the presence of cloud is identified by
the increasing BT in the transparent
windows, in particular above 750 cm™

| BAMS SEPTEMBER 2015

Time [UTC]

FiG. I1. (top) Lidar backscatter and (bottom) depolarization ratio
measured on 6 Oct 2013. The black vertical line identifies the REFIR-
PAD measurement at 1817 UTC used for the fitting. The “temporal
horizontal stripes” are a spurious effect due to a bad electrical contact
among signal cables, which hit the acquisition in 2013.

Instrument Measured quantity Time resolution Operating time
REFIR-PAD Downwelling spectral radiances 14 min 6 0of 9h
Lidar Vertical backscatter profiles 10 min 24 of 24 h
Lidar Vertical depolarization ratio profiles 10 min 24 of 24 h
Ground weather station Ground P, T,and U 10s 24 of 24 h
Radio sounding P, T, U, and wind vertical profiles (from | day 1200 UTC

the ground to 25-30 km)
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Fic. 13. (left) Lidar backscatter profile and (center) temperature and (right) water vapor fitted
profiles compared with RS and initial guess profiles for the observation performed at 1817 UTC 6
Oct 2013. The center panel also shows the fitted cloud effective temperature T=-37.8°C (green).

carbon dioxide, and cirrus clouds from the tropo-
sphere and ozone and PSC from the stratosphere. The
measurement therefore provides radiative informa-
tion about all these components and the radiative
coupling among the different layers of the atmosphere
from the surface up to the stratosphere. The cover-
age of the FIR range, for the first time over the very
dry Antarctic Plateau and under different seasons
and atmospheric conditions, can improve greatly
our knowledge of the radiative properties of these
components in the longest wave range of the emission.

We qualify the measurement by calculating the
calibration error, measured for the whole dataset—
that is, of about 0.5 K in brightness temperature with
respect to the emission of a blackbody at 240 K. We
also show how this kind of measurement can be used
for the remote sensing of the atmospheric state by
retrieving both the vertical profiles of water vapor
and temperature and the cloud microphysics. The
obtained atmospheric profiles are also compared,
both in clear-sky and cloudy conditions, with mea-
surements performed by the collocated radiosound-
ing, showing a general good agreement among
measurements.

Finally, after the PRANA project ended in May
2014, REFIR-PAD continues to be operated and sup-
plies the same kind of measurements in the framework
of a new project named Concordia Multi-Process At-
mospheric Studies (CoMPASs), which was designed to
study the vertical structure of the Antarctic atmosphere
with a synergy of different remote sensing techniques.

| BAMS SEPTEMBER 2015

Within new projects, the REFIR-PAD spectral dataset
will be continuosly expanded with other measure-
ments. Currently the acquired spectra are shown every
day after a preliminary analysis online (http://refir.
fi.ino.it/rtDomeC).

It is expected that a better characterization of the
FIR spectrum of water vapor and thin clouds, such
as cirrus and polar stratospheric clouds, and ozone
performed with this measurement covering many
years and different weather conditions, will contribute
to improve the accuracy of climate model previsions.
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ABSTRACT

Water vapor and clouds are among the most important greenhouse components whose radiative features
cover all the broad spectral range of the thermal emission of the atmosphere. Typically more than 40% of the total
thermal emission of Earth occurs in the far-infrared (FIR) spectral region from 12040 500 cm™ (wavelengths from
100 to 20 um). Nevertheless, this spectral region has not ever been fully covered n to 100 cm™ by space missions,
and only a few ground-based experiments exist because of the difficulty of performing measurements from high
altitude and very dry locations where the atmosphere is sufficiently transparent to observe the FIR emission features.
To cover this lack of observations, the Italian experiment “Radiative Properties of Water Vapor and Clouds in
Antarctica” has collected a 2-yr dataset of spectral measurements of the radiance emitted by the atmosphere and by
clouds, such as cirrus and polar stratospheric clouds, from 100 to 1,400 cm™ (100-7 um of wavelength), including the
underexplored FIR region, along with polarization-sensitive lidar observations, daily radiosondes, and other ancillary
information to characterize the atmosphere above the site. Measurements have been performed almost continuously
with a duty cycle of 6 out of 9 h, from the Italian-French base of Concordia at Dome C over the Antarctic Plateau
at 3,230 m MSL, in all-sky conditions since 2012. Because of the uniqueness of the observations, this dataset will
be extremely valuable for evaluating the accuracy of atmospheric absorption models (both gas and clouds) in the
underexplored FIR and to detect possible daily, seasonal, and annual climate signatures.
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